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The nucleotide sequence of a cloned 2.8-kilobase-pair BamHI-PstI fragment containing dcmA, the dichloro-
methane dehalogenase structural gene from Methylobacterium sp. strain DM4, was determined. An open
reading frame with a coding capacity of 287 amino acids (molecular weight, 37,430) was identified as demA by
its agreement with the N-terminal amino acid sequence, the total amino acid composition, and the subunit size
of the purified enzyme. Alignment of the deduced dichloromethane dehalogenase amino acid sequence with
amino acid sequences of the functionally related eucaryotic glutathione S-transferases revealed three regions
containing highly conserved amino acid residues and indicated that dcmA is a member of the glutathione
S-transferase supergene family. The 5' terminus of in vivo dcmA transcripts was determined by nuclease Si
mapping to be 82 base pairs upstream of the GTG initiation codon of dcmA. Despite a putative promoter
sequence with high resemblance to the Escherichia coli -10 and -35 consensus sequences, located at an
appropriate distance from the transcription start point, dcmA was only marginally expressed in E. coli. The
strong induction of dichloromethane dehalogenase in Methylobacterium sp. by dichloromethane was abolished
by deleting the 1.3-kilobase-pair upstream region of demA. Plasmid constructs devoid of this region directed
expression of dichloromethane dehalogenase at a constitutively induced level.

Methylobacterium sp. strain DM4 is a pink-pigmented
facultative methylotrophic bacterium utilizing dichlorometh-
ane (DCM) as the sole source of carbon and energy (16, 27).
The first step in the degradation of this xenobiotic compound
is catalyzed by DCM dehalogenase. This glutathione (GSH)-
dependent enzyme dechlorinates DCM to formaldehyde and
inorganic chloride (31). DCM dehalogenase has a hexameric
structure with a subunit molecular weight of approximately
33,000. Its catalytic activity is low, but the enzyme is
strongly inducible by DCM. Upon growth on DCM, 15 to
20% of the total soluble protein consist of DCM dehaloge-
nase. The purified enzymes of four different facultative
methylotrophic bacteria, including Methylobacterium sp.
strain DM4, have been shown to be catalytically and immu-
nologically similar and to have identical N-terminal amino
acid sequences and subunit molecular weights (16). These
observations suggested that the genes for DCM utilization
were horizontally distributed among facultative methylo-
trophic bacteria. The DCM utilization genes of Methylobac-
terium sp. strain DM4 were isolated by complementation of
the DCM-nonutilizing (DCM-) mutant strain DM4-2cr with
a clone of a cosmid library of DM4 wild-type DNA in the
broad-host-range vector pVK100 (10). It was also demon-
strated that the genes for DCM utilization are located on the
chromosome or on a megaplasmid and that none of the three
cryptic plasmids carried by strain DM4 is involved in DCM
metabolism (10).
The evolutionary origin of DCM dehalogenase and its

potential relatedness to known bacterial enzymes are a
matter of speculation. To explore these questions and to
provide a basis for studies on the expression of the enzyme,
we determined the nucleotide sequence of the dcmA gene,
the structural gene of DCM dehalogenase, and its flanking
regions. We found that this enzyme had regions of amino
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acid sequences that were conserved in eucaryotic GSH
S-transferases and that it exhibited the same percentage of
amino acid sequence similarity to eucaryotic GSH S-trans-
ferases as the eucaryotic GSH S-transferases among them-
selves.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The
bacteria and plasmids used in this study are listed in Table 1.
Escherichia coli strains were grown at 37°C in nutrient yeast
broth (NYB) or on nutrient agar (30) containing the appro-
priate antibiotics at the following concentrations: ampicillin,
100 to 200 jig/ml; kanamycin, 25 ,ug/ml; tetracycline, 25
,ug/ml. Methylobacterium strains were grown at 30°C on
liquid minimal medium containing DCM or methanol as a
carbon source as previously described (16). Solid media
were methylamine agar (10) and DCM indicator agar (10) to
test for DCM utilization.

Construction of plasmids. Plasmids constructed in this
work are shown in Fig. 1 and 5 or listed in Table 1. Plasmids
pME1526, pME1527, pME1528, pME1530, pME1547, pME
1548, and pME1549 are pUC18 derivatives containing vari-
ous restriction fragments of the 4.2-kilobase (kb) BamHI
insert of pME1518. Plasmids pME1529 and pME1531 were
constructed in pUC19 by insertion of restriction fragments
from pME1518 (Fig. 1B).

Plasmids pME1532 (Table 1), pME1541, pME1542, pME
1543, pME1544, and pME1545 (see Fig. 5) were constructed
by cloning BglII-HindIII or BamHI-HindIII fragments into
pVK100, which contains no multiple cloning site (15). To
create the fragments for cloning, the original restriction
fragments of pME1518 were first cloned into pUC18, such
that its multiple cloning site provided BglII-HindIII or
BamHI-HindIII fragments suitable for cloning into pVK100.

Plasmid pVK100-E (Table 1) represents a pVK100 deriv-
ative whose single EcoRI site was removed by EcoRI
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TABLE 1. Bacterial strains, phages, and plasmids used in this work

Strain, phage, or plasmid Relevant genotype or phenotypea Source or referenceb

E. coli
JM105 thi rpsL endA sbcBJ5 hsdR4 A(lac-proAB)(F'traD36 proA+B+ lacIq 37

lacZAM15)
RR28 pheSJ2 F- thi leu pro lac gal ara mtl xyl supE44 endA r m thyA+, recA 13
S17-1 thi pro hsdR hsdM+ recA, chromosomally integrated RP4-2 (Tc::Mu, 28

Km::Tn7)

Methylobacterium strains
DM4 DCM+ 9
DM4-2cr DCM- Smr, derived from DM4 10
DM4-2cr(pME1510) DCM+ Smr Tcr 10
DM4-2cr(pME1523) DCM+ Smr Tcr Kmr

Phage
M13mpl8, M13mpl9 Amersham

Plasmids
pUC18, pUC19 Ampr, pBR322-derived expression vector 36
pBLS, bluescript KS (+) Ampr, pBR322-derived expression vector containing an intergenic region Stratagene, San Diego,

of phage M13 Calif.
pVK100 Kmr Tcr, mobilizable cloning vector derived from RK2 15
pVK100-E pVK100, deleted in its single EcoRI site
pME1510 Tcr DCM+ recombinant plasmid of pVK100 containing a 21-kb HindlIl 10

fragment from DM4
pME1518 DCM+, 4.2-kb BamHI fragment of pME1510 in pUC18
pME1523 DCM+, 4.2-kb BamHI fragment of pME1510 in pVK100
pME1532 DCM+, 2.2-kb BglII-PstI fragment of pME1518 in pVK100
pME1533 DCM-, 1.7-kb BglII-EcoRI fragment of pME1518 in pVK100-E
a DCM+, DCM utilizing; DCM-, DCM nonutilizing.
b From this work if not otherwise indicated.

digestion, filling up of sticky ends with Klenow polymerase,
and religation. It was used as a vector in the construction of
pME1533. This plasmid was created by cloning the 2.2-kb
BglII-PstI fragment of pME1518 (as a polylinker-adapted
BglII-HindIII fragment; see above) into pVK100-E, diges-
tion of the construct with EcoRI and HindIII, filling up of the
ends with Klenow polymerase, and religation.

Mobilization of plasmids. For expression studies, recom-
binant plasmids were mobilized from E. coli into Methylo-
bacterium sp. strain DM4-2cr. Colonies of E. coli S17-1
containing the plasmid to be mobilized were replicated onto
a lawn of strain DM4-2cr on nutrient agar (Difco Laborato-
ries, Detroit, Mich.). After 2 days of coculture at 30°C,
selection for transconjugants was carried out by replication
onto methylamine agar containing the appropriate antibiotic.
Methylamine as the sole carbon source provided contrase-
lection against the E. coli donor strain.

Assay for polypeptides with DCM dehalogenase antigenic
determinants. The E. coli strains to be analyzed for the
production of material cross-reacting with DCM dehaloge-
nase antiserum were grown on nutrient agar, and single
colonies were subjected to the previously described assay
procedure (10). The same procedure was also used to detect
cross-reacting material in crude extracts blotted on nitrocel-
lulose membranes (BA 85/20; Schleicher and Schuell).

Preparation of crude extract. Methylobacterium sp. was
grown in 1-liter fed-batch cultures contained in 5-liter Erlen-
meyer flasks closed with rubber stoppers. A total of 32 mmol
ofDCM was added in four portions of 8 mmol each, after the
pH had been adjusted with 1 M sodium hydroxide to 7.0.
Alternatively, 30 mmol of methanol, added in three portions
of 10 mmol, served as the carbon source. E. coli cells were
grown overnight in 1 liter of NYB containing ampicillin and
5 mM isopropyl-p-D-thiogalactopyranoside. After centrifu-

gation (4,000 x g at 4°C for 50 min), cells were suspended at
30% (wt/vol) in 50 mM Tris sulfate (pH 7.5)-2 mM dithio-
threitol-0.5 mM EDTA and passed twice through a French
pressure cell at a pressure of 35 MPa. Cell debris was
removed by centrifugation (16,000 x g at 4°C for 30 min).
Enzyme assays with Methylobacterium extracts were car-
ried out the same day, since freezing the crude extract
resulted in a loss of activity.
Enzyme assay. DCM dehalogenase activity was deter-

mined by assaying the rate of formaldehyde production.
Formaldehyde was detected colorimetrically after reaction
with acetylacetone to 2,6-dimethyl-3,5-diacetyl-1,4-dihydro-
pyridine (31). The assay mixture (2 ml) contained 120 to 200
[lI of crude extract (10 to 15 ,ug of total protein, determined
by the method of Bradford [4]) in 0.1 mM Tris sulfate (pH
8.2)-8 mM reduced GSH-8 mM DCM. Enzyme activity is
expressed in millikatals (mkat); 1 mkat corresponds to the
amount of activity catalyzing the conversion of 1 mmol of
substrate per s.
DNA sequence analysis. The DCM dehalogenase structural

gene and its upstream region were sequenced by the dide-
oxy-chain termination method (26) with the M13mpl8 and
M13mpl9 system of Amersham (Amersham, United King-
dom) with Sequenase (U.S. Biochemical Corp., Cleveland,
Ohio) by following the protocol of the manufacturer. Two
sets of progressive deletions of the 2.2-kb BglI-PstI frag-
ment (Fig. 1B and 2) were constructed with exonuclease III
and mung bean nuclease in the vector pBLS as recom-
mended by Stratagene (San Diego, Calif.) and subcloned into
M13mpl8 or M13mpl9. Appropriate restriction fragments
were also cloned into these M13 derivatives. The nucleotide
sequence was analyzed on the VAX by using the Genetics
Computer Group program package (University of Wiscon-
sin, Madison) (6) and some programs of the PC/Gene pack-

VOL. 172, 1990



166 LA ROCHE AND LEISINGER

B S H

1 kb

z_ _ _~~u f
*I ii:

1 kb
lI

anti-DCMD
crossreactivity

4.

pME 1549

pME 1548 i1 -

pME 1547 i _

FIG. 1. Subcloning of the DCM utilization genes of Methylobacterium sp. strain DM4. (A) Restriction map of pME1510, the recombinant
plasmid that complemented the DCM-nonutilizing mutant strain DM4-2cr (10). B, BamHI; Bg, BgII; E, EcoRI; H, HindIII; P, PstI; S, SalI.
(B) Subcloned restriction fragments of the 4.2-kb BamHI fragment of plasmid pME1518 into the expression vector pUC18 or pUC19. The
cross-reactivities of the polypeptides produced by the subclones with DCM dehalogenase antiserum are indicated.

age (Genofit S.A., Geneva, Switzerland). The amino acid
sequence alignment was carried out with the programs GAP
and LINE UP (Genetics Computer Group, University of
Wisconsin, Madison), and the similarity was calculated by
the GAP program of Gribskov and Burgess (11).

Isolation of cellular RNA. Methylobacterium cells were
grown on 50 mM methanol or on 24 mM DCM (3 times 8
mM, with pH correction) in 30-ml cultures with gas-tight
screw caps (Precision Sampling, Baton Rouge, La.) to an

A6. of 0.8. Cell lysis and isolation of RNA were performed
as described by Machlin and Hanson (20), and the RNA was
stored at -20°C as an isopropanol precipitate (0.1 volume 3
M sodium acetate, 1 volume isopropanol).

Nuclease Si mapping. Samples of 20 ,ug of cellular RNA
were mixed with 2 x 105 cpm of 5'-32P-end-labeled DNA
(approximately 0.1 Rxg) and incubated at 85°C for 15 min in 30
,ul of hybridization solution (8). The mixture was transferred
to 57°C, and hybridization was continued by incubation
overnight. Hybridization was stopped by dilution with 300 RI
of ice-cold S1 digestion buffer (21), and the mixture was
chilled on ice. Nuclease S1 (100 U) was added, and diges-
tions were performed at 37°C for 30 min. The reaction was
terminated by adding 75 ,ul of termination solution (8), and
the nucleic acids were precipitated with isopropanol after the
addition of 50 ,ug of carrier yeast RNA. After an additional
isopropanol precipitation, the length of the nuclease S1-
resistant hybrids was analyzed on a denaturing sequencing
gel with a Maxam-Gilbert (A+G reaction) sequencing ladder
(22) of the 5'-end-labeled DNA fragment used in the exper-
iment.

RESULTS
Confining the DCM dehalogenase structural gene dcmA.

The expression in E. coli of DCM dehalogenase from low-

copy-number recombinant plasmids carrying the Methylo-
bacterium sp. strain DM4 DCM utilization genes has previ-
ously been found to lie below the detection limit (10).
However, the multicopy nature of the pUC18 and pUC19
vectors used in the present study ensured the formation of
sufficient DCM dehalogenase for detection of the enzyme by
the antibody assay. It was thus possible to use the assay for
polypeptides with DCM dehalogenase antigenic determi-
nants in assigning the dcmA gene to a particular fragment of
the 4.2-kb insert contained on plasmid pME1518. The results
of such subcloning experiments in E. coli are shown in Fig.
1. They revealed that the 1.7-kb BglII-EcoRI insert of
pME1530 and ofpME1531 is the smallest fragment leading to
the production of material cross-reacting with DCM dehalo-
genase antiserum. This analysis thus placed the entire demA
gene or the major part of it on this fragment. Since the
BglII-EcoRI fragment cloned in either direction (pME1530
and pME1531) conferred production of cross-reacting mate-
rial to the E. coli host, transcription seems to be initiated
from a promoter on the insert. To determine the direction of
transcription of dcmA, crude extracts of isopropyl-p-D-
thiogalactopyranoside-induced E. coli strains containing the
pUC derivatives pME1528, pME1529, pME1530, and
pME1531 were prepared, and their cross-reactivity with
DCM dehalogenase antiserum was tested. Only the E. coli
strains containing pME1528 or pME1531, in which transcrip-
tion by the lac promoter proceeded from BglII toward EcoRI
and PstI (Fig. 1B), produced large amounts of cross-reacting
material. This indicated that dcmA is transcribed in the
direction from left to right in Fig. 1.
To verify the assignment of the dcmA gene, a set of

progressively smaller fragments derived from the original
cosmid pME1510 were subcloned in pVK100, mobilized into
the DCM- Methylobacterium sp. strain DM4-2cr, and as-
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TABLE 2. Specific enzyme activity of DCM dehalogenase,
measured in crude extracts of different Methylobacterium strains

Size of DCM dehalogenase sp act
Methylobacterium cloned (mkat/kg of protein)

strain fragment
(kb) Induceda Noninducedb

DM4 4.0 0.05
DM4-2cr(pME1510) 21 9.4 0.20
DM4-2cr(pME1523) 4.2 9.0 0.15
DM4-2cr(pME1532) 2.2 8.2 1.90
DM4-2cr(pME1533) 1.7 NDC <0.005
DM4-2cr ND <0.005

a Cells grown on DCM.
b Cells grown on methanol.
c ND, Not determined.

sayed for the DCM dehalogenase activity conferred on the
host. The 2.2-kb BglII-PstI fragment of plasmid pME1532,
but not the 1.7-kb BglII-EcoRI fragment of pME1533, re-
stored dehalogenase activity (Table 2). The fact that the
BglII-EcoRI fragment encoded an antigenically active but
catalytically inactive demA polypeptide (Fig. 1B) and the
direction of transcription of dcmA suggested that the C-
terminal region of DCM dehalogenase covers the EcoRI site
at the insert-vector junction of pME1533. Upon introduction

Barn H I1 GGATCCTCCAAGGCTTGAACTAAATACAACAATCTCTCAGTCGATACTTCTAGCTATCTT 60

61 CATGACTCTTGAGCGCATCAAGTATTCCCTTACTCGAAAAAACTCTAACATCGTACTGAC 120

121 AGAGACTTATTATCGGGAAGCGATGGCCAAGACTGTTATTATATTCTAGCTCCTATTCAT 180

Sal I
181 ATACTTCCTGTTCGCTCCAGTCGACGGACAGCGCCCACTCCATATCACCAACAAGCCGCA 240

241 GCTTTTCTTCACCGGAATATGTGGCCTTAAGAAACATCTCTTCCAGTTGATCGAGCATTT 300

301 CCGCTTTATTTCTTTTAAGTGCGGGGAAAATTAACTGACCATCTTTAATGGCTTTGTGCA 360

361 CGTCGGGGTAAACCTCGCGCAAGACCTTTAGAATGTGAGCCTTGCCAGGTTGGGTGGCAT 420

421 TAAGAAAGCATATGTCCCCGGCCTTTAGGCCCTCTCTTAACAACGGGACAGAAAGTTTAA 480

481 GACGGCCGGCAGGCCGTCCATAGATCGCCCAAATATGATCGTGGTATGCTATGTCCATTC 540

541 CGGCGACTTGAGTTTTCGCCGCGTTCTTTACAGAGTCCGGTCGATCCGCGCCCTGGGCCG 600

601 GGCTGGCCGTCTCCTGAGACACGCTGACGAAGGCGACAA&TCTTCACCCCGAAACCGCC 660

661 GCCGCCCGCTGATCCCCGACCCGATAGCAGGGCAGTTTTCCCGAATCGGTCCACCGCCGAA 720

721 GTGATGCCTCGCTTACGTTGAGCAGGCTCGCTGCCTGTTTAATGTCTAACAGCTCCTCTT 780

781 CGCTACGCTTCGCTGCGCGTGATCTTTCTTTGGTCATCCGTTTCTTCCTCGCAAGCCCCC 840

841 TCTCCTGGGACGGGTAAGCCCCCGACGCCGACAGCCCGTCGAGACCCTTGTAGTTACGCT 900

901 ATCCATCAGAATAGCGCAACGCTGCGTAAGTTTGATATATCGTGACTCCGAAACGCTGGA 960

961 GGGACTCGGTGGGTCCGATGAGTAAAGCGCCTTCGGCCGCAACGTCAAAAGCTTTATGTC 1020

1021 GGGAAGATGAGGGGTGGGCACAGCCCGCCACCACTCGGATCGGGCTCAGGCGCCGGGTGT 1080

1081 GCAGCCGCCCGACTGATGTCACCGGAGTCGGTCAAGAGCCGACGCCGAGAGCCTCCCGTT 1140

1141 ACGCCTTCCTCCCCGCGCCCCATCCCCTTCGATATGCTGGTTAATCGCCGACGCCAGCCA 1200

1201 CGTCCAAAGCCCTTGTTTCCGCCAGGGCATTCGTCGCGGCGGTGGCCCTCCTCATTCGAA 1260

1261 ACGCGCGCAATAAGCGCTTOTOGTCGTCCCCGCACTTGCACAAAAGGGCCTCCTCTTCTC 1320

1321 GTGAATGAtAACCGTGCGCTATCTGTTCTCGCTTTCGCTGCTAATAGCTATGCAATTCCG 1380

-35 -0 +1
1381 TCACATAGAGCTT0ACAGAGATGCATAGCCTTGTATAGAACTAGCCCGCCGACATCTGGA 1440

0. ~~~~~~~~~SD
1441 TCCCGCGCCACAAGCCAATAACCGAGCGGCCTGATGCGGTTAGCAAACCACAGTAAGGGA 1500

1501 GGATAACGTGAGCCCCAATCCAACGAACATACATACGGGTAAGACCTTGCGCCTACTTTA 1560
M S P N P T N I H T G K T L R L L Y

of the cloned DCM utilization genes on the vector pVK100
into strain DM4-2cr, a twofold increase in DCM dehaloge-
nase specific activity over the wild-type level was observed
(Table 2). Due to this gene dosage effect, 30 to 40% of the
total soluble protein of the transconjugants consisted of
DCM dehalogenase.

Nucleotide sequence of demA and flanking regions. The
nucleotide sequence of the 2.8-kb BamHI-PstI fragment
(Fig. 1B) with the deduced amino acid sequence of DCM
dehalogenase is shown in Fig. 2, and the sequencing strategy
is summarized in Fig. 3. The open reading frame extending
from nucleotides 1508 to 2374 encodes a protein of 287 amino
acids. This coding sequence was assigned to dcmA, since the
deduced amino acid sequence of its 5' end corresponded to
the N-terminal amino acid sequence of the purified DCM
dehalogenase (16). The molecular weight of the protein
encoded by dcmA amounted to 37,430, which compared well
with the molecular weight of 33,000 determined by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (27), and
the previously determined amino acid composition of DCM
dehalogenase (27) was identical to the composition deduced
from the nucleic acid sequence. Translation of dcmA started
at the GTG codon at position 1508. Screening of the amino
acid sequence upstream of position 1508 revealed no evi-
dence for a signal peptide, and a hydropathy plot (not

1561 TCATCCGGCGTCCCAGCCATGCCGCTCAGCACATCAATTCATGTATGAGATTGACGTTCC
H P A S Q P C R S A H Q F H Y E I D V P

1621 CTTCGAGGAAGAAGTCGTGGACATCTCCACGGACATCACCGAGAGGCAAGAGTTCAGGGA
F E E E V V D I S T D I T E R Q E F R D

1681 TAAGTACAACCCGACGGGGCAGGTTCCGATTCTCGTTGATGGTGAGTTCACCGTTTGGCA
K Y N P T G Q V P I L V D G E F T V U E

1741 GAGCGTAGCCATCGCGCGCTACGTGAACGAGAAGTTCGACGGCGCCGGCAACTGGTTCGG
S V A I A R Y V N E K F D G A G N W F G

1801 ACGCGGCACGCAAGAGAGGGCGCAGATCAACCAGTTTCTACAATGGTACGCCTATACTCT
R G T Q E R A Q I N Q F L Q W Y A Y T L

1861 CCGCCTTGGAGGTGGGGCGTTCCACTGGAACATCTTCGGCTGTTTGATCTATGGGGAGAA
R L G C G A F H W N I F G C L I Y G E K

1921 GCCGTACAGTCCAAAATTCACCGCGGAGCAAAACAAAGGGCGCACCCTTTTGTACGAAGC
P Y S P K F T A E Q N K G R T L L Y E A

1981 CATGGGGACGCTAGAGAATTACTGGCTGAGGGACCGCGAATATCTTTCCCGGGATGACGT
M G T L E N Y W L R D R E Y V C G D E V

2041 CAGCTATGCGGATTTGGCCGCTTTCCATGAGTTCGTGTCGCATGAGGCCGGCAAGATCAT
S Y A D L A A F H E F V S H E A G K I I

2101 TCCGGACCGTGTCTGGCAAGGATTCCCCAAAATCGCGGCATGGTTCAAGAAACTATCTGA
P D R V U Q G F P K I A A W F K K L S E

2161 ACGGCCTCACGCGAAGACCGTGAGCGAGTGGCAGTATACGAACGTCGGGAAAATAATCCG
R P H A K T V S E W Q Y T N V G K I I R

2221 AGGCGAGTTAACGCGAGTATGTTTAAGCGCAAGACGGCTGTGTTGAAGGGGACGGAGGT
G E L T A S M F K R K T A V L K G T E V

Eco RI
2281 CTTCAGCGGACACAACCATGGAATTCCTTACTTGAACGAGAAGGCAGAGGACTACTTCAA

F S G H N H G I P Y L N E K A E D Y F K

2341 GCGGGTTGAGAAGGAGGGCGCGGCAGTCGCTTAGACCGCGCTATCGCGCAGGATAACTTG
R V E K E G A A V A *

2401 CGTGCACGGCCTCGGCGCCGCCAA2CCTCGGAGCAAGATCCTTTCTCGATCCG
2461 GAAGCCCGAATAGACGGTCTCCGTCCCTTCTGTTCATCGCATTCCTTCGATCACCGGACA

2521 ATGTCAATCCTTCGATAACCGGACAATGTCAATGCTCGAGTCACCTACCCATGGACGACT

2581 CACCTACCTCGCGAAATCCGTAGAGTCTTCGCTCTATCGAACGGCAAGGTCTTCGCTCG
2641 CCGTCACCCTGACGGCAACGACGGCGCGCATCACGGGGCGGTGATCGAACATCGGGACGT
2701 TGTGATCAATGACGCGCGGCAGCGCAACCTCGATCAATCCTGGCGACAGTTCAATGTACG
2761 CGGTTTCGAACTGCTTCATCGGCCTCTGCAG
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FIG. 2. Nucleotide sequence of the 2,790-bp BamHI-PstI fragment containing the DCM dehalogenase structural gene dcmA and its
upstream region. The deduced amino acid sequence ofDCM dehalogenase is written below the nucleotide sequence. Homologies with E. coli
in a possible Shine-Dalgarno sequence (SD) are marked by continuous underlining. Two putative stem-loop structures are denoted with
arrows, and the transcription start point (+1) and the putative promoter region (-10 and -35) are underlined.
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FIG. 3. Restriction map of the 2.8-kb BamHI-PstI fragment
containing the DCM dehalogenase structural gene dcmA and sum-
mary of the sequencing strategy. The arrows indicate the direction
of sequencing and the extent of sequence obtained from individual
clones. Arrows starting with an asterisk indicate clones obtained
after subcloning of deletion fragments (exonuclease III and mung-
bean nuclease) from pBLS into M13mpl8 or M13mpl9. Arrows
without aterisks represent restriction fragments cloned from pUC
derivatives into M13mpl8 or M13mp19.

shown) obtained by using the Genetics Computer Group
program package indicated an overall hydrophilic character
of DCM dehalogenase. In accordance with our earlier ob-
servations (17), the enzyme thus appears to be located in the
cytoplasm.
The open reading frame encoding DCM dehalogenase was

preceded by a potential ribosome-binding site (Fig. 2). A
34-base-pair (bp) G+C-rich sequence of imperfect dyad
symmetry with the potential to form a stem-loop structure
(AG' = -43 kcal/mol) was located 40 bp downstream of the
dcmA termination codon. Approximately 100 bp upstream of
the translation start point another imperfect inverted repeat
(AG0 = -36 kcallmol) was situated, covering the -35 region
of the potential dcmA promoter (Fig. 2).

Transcriptional start point of dcmA. The 5' end of the in
vivo dcmA transcripts was determined by nuclease Si map-
ping as described in Materials and Methods. Cellular RNA
was isolated from Methylobacterium sp. strains DM4 and
DM4-2cr(pME1523), each grown on methanol or on DCM.
The 5'-32P-end-labeled DNA probe used for hybridization
was a 414-bp fragment reaching from positions 1694 to 1280
(Fig. 2). Three strong signals at positions 1435, 1436, and
1437 were observed with RNA originating from DCM-grown
cells (Fig. 2; Fig. 4, lanes 1 and 2). The same bands at much
lower intensity were observed with RNA from methanol-
grown cells (Fig. 4, lanes 5 and 6), a result reflecting
transcriptional control of demA expression. Since the DCM
utilization genes are deleted in the DCM- strain DM4-2cr
(10), no signals were observed when the nuclease S1 map-
ping was carried out with RNA from this organism (Fig. 4,
lane 4). Identical results confirming a single transcription
start site around position 1436, 82 bp upstream of the
translation start, were obtained with a hybridization probe
extending 868 bp upstream from the GTG codon at position
1508 (not shown).
At 6 bp upstream of the transcription start site is a

hexamer with considerable homology (four of six bases) to
the -10 consensus sequence of E. coli, and 16 bp further
upstream is a perfect -35 E. coli consensus sequence. This
putative dcmA promoter is indicated by underscoring in Fig.
2. Its 6-bp distance from the transcription start site and the
16-bp spacing between the -10 and -35 sequences are
within the E. coli norm (12).

Regulation of dcmA expression. The DCM dehalogenase
activity encoded by some of the recombinant plasmids

FIG. 4. Nuclease Si mapping of the 5' terminus of the dcmA
transcript. RNA (20 ,ug per experiment and lane) was taken from
Methylobacterium sp. strain DM4 (wild type) grown on DCM (lane
1) or methanol (lane 5) Methylobacterium sp. strain DM4-
2cr(pME1523) grown on DCM (lane 2) or on methanol (lane 6), or
Methylobacterium sp. strain DM4-2cr grown on methanol (lane 4).
Lane 3 shows the Maxam and Gilbert sequencing ladder (A+G
reaction) of the 5'-end-labeled probe.

shown in Table 2 was induced by DCM. Intact regulation of
dcmA was conferred on the DCM- host only by plasmids
pME1510 and pME1523 but not by pME1532 (Table 2). This
made it likely that the 4.2-kb fragment carried by plasmid
pME1523 encodes, in addition to dcmA, a regulatory gene(s)
governing induction of DCM dehalogenase. Alternatively,
the trans-acting protein(s) involved in the specific induction
of the enzyme by DCM could be encoded at some other
location(s) on the genome of strain DM4-2cr. To distinguish
between these two possibilities, plasmid pME1523 was sub-
jected to deletion analysis. Deletion of the 1.4-kb PstI-
BamHI fragment downstream of dcmA did not affect the
regulation of dehalogenase formation (Fig. 5). Figure 5 also
shows a series of pME1523 derivatives with progressive
deletions reaching into the 1.5-kb region upstream of dcmA
and the inducibility of DCM dehalogenase conferred by
these constructs. Deletion of the first 200 bp of the dcmA
upstream region (pME1542) was without effect on DCM
dehalogenase inducibility. Deletions covering the 0- to 920-
bp segment of this region (pME1543 and pME1544) resulted
in partial constitutivity of the enzyme, and a deletion extend-
ing from 0 to 1,280 bp (pME1545) completely abolished the
regulated expression of dcmA, leading to a strain with a
constitutively induced enzyme level. When pME1545 was
mobilized into the DM4 wild-type strain, partially constitu-
tive DCM dehalogenase expression upon growth on metha-
nol was observed (1.3 mkat/kg of protein). This suggests the
presence of a trans-acting regulatory protein in the wild type
but not in strain DM4-2cr. Interaction of this protein with
pME1545 would explain the partial constitutivity of DCM
dehalogenase in DM4(pME1545).

DISCUSSION
The nucleotide sequence of the DCM dehalogenase struc-

tural gene from Methylobacterium sp. strain DM4 presented
in this report is, to our knowledge, the first nucleotide
sequence of a bacterial gene encoding an enzyme specifically
and exclusively involved in a dehalogenation reaction. It is
therefore not possible to compare this sequence with se-
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FIG. 5. Effect of deletions in the dcmA upstream region on the regulation of DCM dehalogenase expression. The depicted plasmids were

constructed in pVK100 and mobilized from E. coli S17-1 into Methylobacterium sp. strain DM4-2cr, a DCM-nonutilizing mutant. Crude
extracts of methanol- and DCM-grown cells were prepared, and the specific activity of DCM dehalogenase (DCMD) was measured.
Nucleotide positions (Fig. 2) are indicated on the restriction map of pME1523. Positions marked with a triangle are clones originally
constructed by deletion with exonuclease III and mungbean nuclease. The arrow-shaped boxes indicate the position of dcmA.

quences of functionally related bacterial genes. A computer
search for sequences homologous to dcmA in the DNA
sequence libraries available by the Genetics Computer
Group yielded no results. However, since the reaction
mechanism of DCM dehalogenase is postulated (17) to be
similar to the reaction mechanism of GSH S-transferases
(EC 2.5.1.18), we have compared its deduced amino acid
sequence with the amino acid sequences of members of the
GSH S-transferase supergene family (24). Like Methylobac-
terium DCM dehalogenase, rat liver cytosolic GSH S-trans-
ferase dehalogenates DCM with GSH to formaldehyde (1).
A search in the Swissprot databank yielded amino acid

sequences of GSH S-transferases from humans, rats, the
helminth parasite Schistosoma japonicum, and maize. Bac-
terial GSH S-transferases have been detected in crude
extracts (2, 17), and three forms of GSH S-transferases from
Proteus mirabilis have been purified (7), but there are no
amino acid sequences of the bacterial enzymes available.
The alignment of the deduced DCM dehalogenase amino
acid sequence with the amino acid sequences of four repre-
sentative eucaryotic GSH S-transferases (Fig. 6) shows
three regions containing highly conserved amino acid resi-
dues. These regions extend from amino acid positions 64 to
106, 171 to 182, and 205 to 220. Within the first region lies a

heptadecapeptide (positions 77 to 93) that has been hypoth-
esized to represent part of a GSH-binding site common to all
GSH S-transferases (14, 34, 35). The arginine residue pro-
posed as a point of GSH anion binding is present at position
83 of the Methylobacterium DCM dehalogenase.

Table 3 lists the percent similarities between the amino
acid sequences of human, rat, helminth, maize, and bacterial
GSH S-transferases. The amino acid sequences used for this
comparison were chosen to represent GSH S-transferases
from different species and from the three multigene families
that have been defined in mammals (24). The three represen-
tatives of the a-class multigene family had similarities above
80% among themselves (Table 3). The similarities of the
remaining sequences listed in Table 3 ranged between 32 and
63%, and the similarities of the bacterial DCM dehalogenase
(38 to 51%) were well within this range. This analysis, like
the alignment presented in Fig. 6, demonstrates that the
bacterial DCM dehalogenase is as related to eucaryotic GSH
S-transferases as all of the eucaryotic enzymes from dif-

ferent multigene families are related among themselves. It
thus confirms the functional relationship of DCM dehaloge-
nase to eucaryotic GSH S-transferases (16) at the structural
level. This is remarkable, since the Methylobacterium DCM
dehalogenase differs in at least two important properties
from eucaryotic GSH S-transferases: it does not react with
1-chloro-2,4-dinitrobenzene, a compound serving as the
"universal" substrate for GSH S-transferases, and its hex-
americ structure with a subunit molecular weight of 37,430
differs from the dimeric structure with molecular weights
between 23,000 and 26,000 reported for all eucaryotic GSH
S-transferases (14).
Our understanding of the elements controlling the expres-

sion of dcmA in its proper host and in E. coli is fragmentary.
A putative promoter sequence with high resemblance to the
E. coli -10 and -35 consensus sequences (12) is located
appropriately spaced from the transcription start point (Fig.
2). This element (TTGACA-16 bp-TATAGA-5 to 7 bp),
despite its deviation in only two bases of the -10 region from

TABLE 3. Percent similaritya between the amino acid sequence
of DCM dehalogenase and the amino acid sequences of human,

rat, helminth, and maize GSH S-transferases

GSH S- % similarity with GSH S-transferaseb:
transferase H2 Ya Yc Yb Yp S M D

H2 100 87 86 44 49 47 36 47
Ya 87 100 81 44 47 48 35 47
Yc 86 81 100 42 50 46 34 45
Yb 44 44 42 100 54 63 32 38
Yp 49 47 50 54 100 54 34 51
S 47 48 46 63 54 100 33 43
M 36 35 34 32 34 33 100 42
D 47 47 45 38 51 43 42 100

a Percent similarity was calculated by the method of Gribskov and Burgess
(11) with the GAP program. Similar amino acids were Ile, Leu, Val, Met/Lys,
His, Arg/Asp, Glur, Asn, Gln/Phe, Trp, Tyr/Ser, Thr.

b Abbreviations and references of the GSH S-transferases analyzed: H2:
GSH S-transferase 2 of Homo sapiens (3); Ya, Yc, Yb, and Yp, GSH
S-transferase subunits of Rattus norvegicus (18, 19, 32, 33); S, GSH S-
transferase of Schistosoma japonicum (29); M: GSH S-transferase III of Zea
mays (23); D, DCM dehalogenase of Methylobacterium sp. strain DM4 (this
work). The values in boldface type are similarities among members of the GST
a-class multigene family.
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SLLTS LLK AFKSRISS NVK ..... KF
SLIS SflLLK ALKTRISNJ TVK..... KF

GCLIYGEKPY
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.........AY
QLVICPPDQK
LLPVCPPEEK
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AIS GTSS RSPTPTTRSY LLYLSKTPRP
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KLTR HLLELLL YVEE.. .FDA
KLSR IHLVELLY YVEE. .. LDS

249
TNVGKIIRGE LTASMFKRKT
KTVAAIPLPP PPSSSA....
..... LKSSK YIAWPLQGWQ

LQPGSQRKLP MDAKQIEEAR
LQPGSPRKPP MDEKSLEEAR

250 289
Dcmddm4 AVLKGTEVFS GHNHGIPYLN EKAEDYFKRV EKEGAAVA*

Gst$Maize .......... .......... .......... ..........

GstSSchja ATFGGGDHPP K ........ ......... .........

GstalSRat KIFKF ..... .......... .......... .........

Gst$Hum KIFRF ..... .......... .......... .........

FIG. 6. Alignment of the amino acid sequences of DCM dehalogenase and GSH S-transferases from humans, rats, helminths, and maize.
The sequence comparison was carried out using the programs GAP and LINE UP, and similarity was calculated by the method of Gribskov
and Burgess (11) with the GAP program (Table 3). Similar amino acids are Ile, Leu, Val, Met/Lys, His, Arg/Asp, Glu, Asn, Gln/Phe, Trp,
Tyr/Ser, Thr. Identical amino acids with at most one mismatch are boxed, and similar amino acids with at most one mismatch are underlined.
Abbreviations and references of the sequences used: Dcmddm4, DCM dehalogenase of Methylobacterium sp. strain DM4 (this work);
Gst$Maize, GSH S-transferase III of Z. mays (23); Gst$Schja, GSH S-transferase (SJ26 antigen) of S. japonicum (29); Gstal$Rat,
GSH-S-transferase subunit Ya of R. norvegicus (19); Gst$Hum: GSH S-transferase 2 of H. sapiens (3).

the E. coli consensus, permitted only marginal expression of
dcmA in E. coli. Strains of E. coli carrying plasmids with the
dcmA gene and its upstream region produced DCM dehalo-
genase at a low level, detectable only by the qualitative
antibody assay. Weak expression of dcmA in E. coli may be
due to one or more of the following factors: (i) to the
deviation of the putative dcmA promoter in the 3' terminus
of the -10 hexamer from the E. coli consensus promoter (T
in this position has been observed to be the most strongly
conserved base among positively controlled and constitutive
E. coli promoters [12, 25]); (ii) to the requirement for a

positive regulatory element; (iii) to restrictions in tRNA
availability imposed by differences in codon usage between
E. coli (5) and demA; and (iv) to failure of dcmA expression
due to the binding of a putative repressor encoded in the
dcmA upstream region. The toxicity of DCM for E. coli has
precluded induction experiments with E. coli strains harbor-
ing dcmA recombinant plasmids to refute or support this
possibility. However, functional regulation of dcmA in E.
coli would be testable by measuring DCM dehalogenase

expression in E. coli from plasmid pME1545 (Fig. 5), which
directs constitutive enzyme formation in Methylobacterium
sp. strain DM4-2cr.

In Methylobacterium sp. strain DM4, DCM dehalogenase
is induced 50- to 80-fold by DCM and about 5-fold by the
gratuitous inducer 1,2-dichloroethane (16). Since the con-
centration ofRNA hybridizing to dcmA is strongly increased
in cells grown on DCM as compared with that in methanol-
grown cells (Fig. 4), part or all of this regulation seems to
occur on the transcriptional level. Truncation of the dcmA
upstream region led to partially constitutive expression and
its complete removal led to fully constitutive expression of
DCM dehalogenase (Fig. 5). This observation makes it seem
likely that dcmA expression is subject to negative control.
trans-acting and/or cis-acting regulatory elements encoded
in the upstream region of dcmA (nucleotides 200 to 1280 in
Fig. 2) remain to be explored. This region contains four
possible open reading frames that range between 44 and 123
amino acids (data not shown).
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