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The structural gene for heroin esterase was cloned from Rhodococcus sp. strain H1 and expressed in
Escherichia coli BL21(DE3). The purified enzyme was found to be a tetramer with an M, of 137,000 and an
apparent K,, of 0.88 mM for 6-acetylmorphine. The G-x-S-x-G motif was observed in the deduced amino acid
sequence, suggesting that the enzyme is a serine esterase.

Heroin (diacetylmorphine) is a semisynthetic opiate drug
that has important applications as a powerful analgesic but is
also notorious as an abused drug. We have developed a num-
ber of systems for the detection of heroin (10-12, 14, 15),
which rely on two microbial enzymes as the biorecognition
components, namely, a heroin esterase from Rhodococcus sp.
strain H1 (6) and a morphine dehydrogenase from Pseudomo-
nas putida M10 (2-5, 23) (Fig. 1). Heroin esterase deacetylates
both the C-3 and the C-6 groups of heroin, forming morphine.
The substrate specificity of morphine dehydrogenase, which
converts morphine to morphinone, provides the high specificity
of the sensor.

We previously reported the partial purification of the solu-
ble heroin esterase from Rhodococcus sp. strain H1 (6). This
enzyme was found to be heroin inducible and present at rela-
tively low levels in cells, making enzyme preparations undesir-
able on anything but a small laboratory scale. The cloning and
recombinant expression of the heroin esterase structural gene,
her, was necessary to enable larger-scale purification and pro-
tein analysis.

Cloning and sequence analysis of ker. The N-terminal amino
acid sequence of partially purified heroin esterase was deter-
mined previously to be Thr-Thr-Phe-Pro-Thr-Leu-Asp-Pro-
Glu-Leu-Ala-Ala-Ala-Leu-Thr-Met-Leu-Pro-Lys-Val-Asp-
Phe (6). The following mixed oligonucleotide probe was de-
signed based on the underlined region: 5’ ATGCTICCIAA
SGTIGASTT-3'. Rhodococcus sp. strain H1 genomlc DNA
was prepared (1) and Southern blotted (17) The complete her
gene was cloned on a 6.3-kb PstI genomic DNA fragment and
subcloned into pBluescript SK+ (Stratagene) to give pDR01
(Fig. 2).

Analysis of the DNA sequence of her (Fig. 3) showed the
molar G+C content to be 62.94%, which is typical of Rhodo-
coccus genes (9). An open reading frame was apparent, with
the initiation codon ATG at +1 bp in Fig. 3 and the TAG stop
codon at 969 bp. This gave an encoded polypeptide with an
estimated M, of 34,239. Deduced amino acids 2 to 23 agreed
with the N-terminal amino acid sequence of the mature protein
determined previously, suggesting that the initial methionine
residue is processed. The deduced amino acid sequence of
heroin esterase comprised almost 70% uncharged residues and
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8.5% aromatic residues, which is indicative of a strongly hy-
drophobic polypeptide (18).

No Escherichia coli-type expression regulation motifs were
observed in the DNA sequence upstream of 4er, nor did there
appear to be a downstream typical transcription termination
motif. It is likely that transcription of ker is regulated by a
Rhodococcus species-specific mechanism, the motif sequences
of which are as yet undetermined.

Comparisons with sequences in the SwissProt protein se-
quence database were carried out by using the program FASTA
or BLAST (8). The G-x-S-x-G sequence motif (where x is any
amino acid) was readily apparent, which is typical of a type B
carboxylesterase serine active-site consensus sequence (8, 20,
22). Amino acid sequence comparisons (Fig. 4) highlighted
three other enzymes showing considerable sequence homology
to heroin esterase, namely, a lipase-esterase from a Moraxella
sp. (28.89% identity, 47.62% similarity) (7), an N-acetylphos-
phinothricin-tripeptide-deacetylase from Streptomyces virido-
chromogenes (30.66% identity, 50.17% similarity) (19), and an
acetyl hydrolase from Streptomyces hygroscopicus (27.74%
identity, 48.97% similarity) (13). The His-86 of heroin esterase
is conserved throughout the other sequences (Fig. 4); in site-
directed mutagenesis experiments with the lipase-esterase from
the Moraxella sp., this residue was changed to Gln, resulting in
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FIG. 1. Activities of the two enzymes, heroin esterase and morphine dehy-
drogenase, which may be coupled to form the biorecognition components of a
heroin biosensor.
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FIG. 2. Construction of plasmids pDRO1 (a) and pDRO03 (b). rbs, vector ribosome binding site; bla, B-lactamase gene; &7, T7 RNA polymerase promoter, arrows,

positions of forward (F) and reverse (R) PCR primers.

the loss of all lipase and esterase activity (7). The sequence
surrounding His-86 is very much conserved throughout all four
enzymes, indicating that this may be a catalytically important
residue, possibly a member of the established Ser-Asp-His
catalytic triad involved in the charge transfer mechanism of
serine hydrolases-esterases (16).

Expression and purification of recombinant heroin esterase.
The construct pDRO1 was transformed into E. coli IM109 (24)
and analyzed for expression of heroin esterase. A culture of the
recombinant organism was grown to late log phase at 37°C in
SOB medium (17). Cells were harvested and washed, and a
crude cell extract was prepared by sonication and clarified by
centrifugation at 4°C. Incubations with mixtures comprising 1
to 5 mg of protein, 5 mM 6-acetylmorphine, and 100 mM
bicine buffer (pH 8.5) in a final volume of 3 ml were carried out
at 30°C. Samples (200 wl) were collected at intervals, and the
reaction was stopped by precipitation with 5 pl of glacial acetic
acid. High-pressure liquid chromatography analysis was car-
ried out as described previously (6). Heroin esterase activity
was not observed in this extract, even with the addition of 2
mM heroin at mid-log phase of growth of the cells. The ab-
sence of typical E. coli-type ribosome binding site and pro-
moter motifs probably explains the lack of heroin esterase
activity. PCR was employed to subclone her into pT7-7 (Cam-
bridge Bioscience), an expression vector containing an E. coli-
type ribosome binding site and T7 RNA polymerase promoter.

PCR was carried out with the forward primer 5'-GACGT
CACATATGACAACATTCCCCACTCTCG-3' and the re-
verse primer 5'-GATCGATTCCCAGTTCCTCG-3' (posi-
tions shown in Fig. 3) to amplify the first 450 bp of her and
introduce an Ndel restriction site upstream of the ATG start
codon (17). The amplified DNA was digested with Ndel and
BamHI, creating a 0.25-kb fragment, and ligated with the re-
maining portion of the gene on a 0.85-kb BamHI/Clal frag-

ment into pT7-7. The resulting construct was designated
pDRO3 (Fig. 2) and contained the entire ker gene 9 bp down-
stream of the vector ribosome binding site.

High levels of heroin esterase activity were observed when
pDRO3 was transformed into E. coli BL21(DE3) (21) and
cultures were induced at an approximate optical density at 600
nm (ODg,) of 0.8 with 0.5 mM IPTG (isopropyl--D-thioga-
lactopyranoside) and grown to an ODg, of 1.8. Cells harvested
from induced cultures were washed and resuspended in buffer
A [50 mM 3-(N-morpholino)propanesulfonic acid (MOPS),
pH 7.0] at a concentration of 0.5 g (wet weight) per ml of
buffer. Clarified cell extracts were found to contain heroin
esterase activity at 0.347 U/mg with 6-acetylmorphine as the
substrate. One unit of heroin esterase activity is defined as the
amount of enzyme necessary to produce 1 pmol of morphine
from 6-acetylmorphine in 1 min at 30°C.

Recombinant heroin esterase was purified to apparent ho-
mogeneity by hydrophobic chromatography followed by anion-
exchange fast protein liquid chromatography (FPLC). Ammo-
nium sulfate (20% [wt/vol]) was added to stirred crude extract
samples at 4°C, and the samples were then centrifuged
(47,800 X g for 30 min at 4°C). The supernatant was loaded
onto an octyl-agarose 6XL (Affinity Chromatography Ltd.,
Ballasalla, United Kingdom) column (10 by 26 cm) preequili-
brated with 1 M ammonium sulfate in buffer B (25 mM MOPS,
pH 7.0). The column was washed at a flow rate of 2 ml/min with
1 M ammonium sulfate in buffer B until the OD,g, of the
eluent was less than 0.01. The column was then washed with a
1.0 to 0 M ammonium sulfate gradient in buffer B (approxi-
mately 300 ml) followed by approximately 50 ml of water. The
remaining adsorbed protein was eluted from the column with
10% (vol/vol) dimethyl sulfoxide in water. Fractions were
checked against phenyl acetate for esterase activity (6). Am-
monium sulfate (70% [wt/vol]) was stirred into pooled active

TABLE 1. Purification of heroin esterase from E. coli BL21(DE3)/pDR03“

Vol Activity Protein concn Sp act Total protein Purification Recovery
Step (m)  (Um) (mg/ml) (Umg) oY (mg) (fold) (%)
Crude extract 30 7.08 20.39 0.347 212.40 611.70
20% (wt/vol) ammonium sulfate 35 5.51 15.73 0.350 192.85 550.55 1.01 90.79
Octyl agarose 30 5.60 1.43 3.916 168.00 42.90 11.29 79.10
Mono Q FPLC 15 9.40 1.10 8.545 141.00 16.50 24.63 66.38

“ One unit of heroin esterase activity is defined as the amount of enzyme necessary to produce 1 pmol of morphine from 6-acetylmorphine in 1 min at 30°C.
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-571 ATTGAATCTGGGACAGGGAACGATTCCCGTCCCCCTCCGACGGCCATCGGCGTAGGCGGETTCATTTTG ~503
-502 TATGAGTACCCGGTTTCGGCCCCGGACCCAACCCCCACGGCATCACTTTCTCGTCTTGCGGGGAAGATT -434
-433 GGACCCCAACCCGCCTCCCCAGGCCCTTCGTTGAGTGCCGGGCCGGATTCCGGCACCTTTCGTGATGAC -365
-364 GGCGGGGTGCAGGGCCTTTCCCTTAACCCCCGATGTCCGEGGTAATTCGGAGGTCGTTCTTCACCGGAT ~296
-295 GGAGAATCCCCGACGGAATGAAGACGGGAGAGCTCTCGCGCACCGAGCCACGGAGCCETETGCGCCTCG -227
-226 AGGTCAAGAGATACTCATGCGTCTGTAAAATCGGCTGACCAGCGAAAACCTGCGGCGGGCGTCCACCGA -158
-157 TCCTGGACCCAACTTCCGAATCGCTCGAACCCACCCCGAGATGTACTCTGTCCACCGGCGTCATCCTAG -89

-88 GGAGATCCGACGGGCGTCGGAGGAAGGCTCTCCGATTTCCTACAAACCACTGGTGACGTAGGCCACATT -20
5’ ~GACGTCACATGACAACATTCCCCACTCTCG-3 "
-19 CAGGCTCGATGATGAGTGCATGACAACATTCCCCACTCTCGACCCCGAACTCGCCGCAGCGCTCACCAT 50
M I T FE 2 T L R PRPELLAAALTZIUMN 17
51 GCTCCCGAAGGTGGACTTCGCTGACCTCCCCAACGCGCGGGCCACCTACGACGCTCTGATCGGCGCCAT 119
18 L P K ¥ D FADUILUPNA ARATTYU DA ATILTIGA AWM 40
120 GTTGGCCGACCTGTCATTCGACGGAGTCTCGCTTCGTGAACTGTCCGCTCCTGGCCTGGACGGCGATCC 188
4 L A DL S F D GV S L RETULSAZPGTILTUDTGTDUP 63
189  GGAGGTCAAGATTCGTTTCGTCACCCCGGACAACACCGCCGGCCCTGTCCCCGTTCTGCTCTGGATCCA 257
6 E V K I R F VvV T P DN TAG PV PV L L W I gﬁ 86
258 CGGCGGCGGATTCGCAATCGGCACCGCAGAGTCCAGCGATCCATTTTGTGTCGAGGTAGCGCGCGAACT 326
8 G G G F A I G T A E S S D PF CV EV ARE L 109
327  CGGATTCGCCGTTGCAAACGTGGAGTACCGCCTCGCCCCCGAAACCACCTTTCCCGGCCCCGTCAACGA 395
110 ¢ F A V A N V E Y R L A P E T T F P G P V N .}1{ 132
3’ ~GCTCCTTGACCCTTAGCTAG-5 "
396 CTGCTACGCAGCACTCCTCTACATCCACGCCCATGCCGAGGAACTGGGAATCGATCCCAGCCGCATCGC 464
133 ¢ Y A A L L Y I HA HAEZETLGTIDU PSR I A 155
465 AGTGGGGEGGAGAGAGTGCAGGCGGCGGATTGGCCGCAGGCACTGTCCTCAAAGCCCGCGACGAGGGCGT 533
156 Vv G|G E S A G{G 6 L A A G T V L KA URUDE G V 178
534 TGTGCCTGTGGCATTCCAATTCCTCGAAATTCCTGAACTCGACGACCGTCTGGAGACGGTCTCGATGAC 602
179 Vv P V A F Q F L E I P E L D DR L E T V S8 M T 201
603 GAACTTCGTCGACACACCGTTGTGGCACCGCCCCAACGCCATCCTGTCGTGGAAGTACTACCTCGGCGA 671
202 N F VDT P L WHU RPN ATITILSTWI KT Y Y L G E 224
672 GTCGTATTCAGGTCCCGAAGATCCTGACGTCTCCATTTACGCTGCACCGTCCCGGGCGACCGACCTCAC 740
225 S Y S 6 P EDUPDV S I Y AAUPSI RATTUDTL T 247
741 CGGTCTGCCGCCGACCTACCTGTCCACCATGGAACTCGACCCGCTCCGCGACGAAGGAATCGAATACGC 809
248 6 L P P T Y L S TMETULUDUZPTLU RUDTETGTITETVY A 270
810 CCTTCGACTGCTGCAAGCGGGAGTCAGCGTCGAATTGCACTCCTTCCCCGGAACCTTTCACGGGTCGGC 878
277 L R L L Q A G V $§$ V E L H S F P G TP F H G S A 293
879 ACTAGTCGCGACCGCAGGGGTCAGAGAAAGAGGTGCCGCGAAGCCTCACTGCGATCCGGAGAGGETTGE 947
294 L V A T A G V R ER G A A K PHCODUPETR V A 316
948 GTTCGCTGTCGCTGTCTCGTAGCGTTGAGAGATGCAAGGACTGATGTACCGGGTTGGCGAACTCGATGC 1016
317 F A V A V § * 322
1017 AGACTCGGGAGGCCTGGTACGTGTCATCGATTACTTCGACACGCTCGTGCGGCACGGCTCCGACACCGT 1085
1086 ATCTCTGCTTCGCGCGAGCGCGCAGTTGGCGGACTGCGTTGTAGGTATCGAGATCGTGGAACACGGTAG 1154
1155 AAGCAAGAAGAATTTGCGCCGATGTGACCCACGCGG 1190

FIG. 3. DNA sequence of her. The nucleotide sequence is numbered with the initiation codon ATG at +1 bp and the termination codon TAG (indicated by an
asterisk) at 969 bp. The deduced amino acid sequence is shown below the first base of each codon. The putative active-site motif is boxed with a solid line, with the
serine residue being the active-site serine, while the putative catalytic triad amino acid residues His-86 and Asp-132 are boxed with dashed lines. The positions and
sequences of forward and reverse PCR primers are indicated in italics above the DNA sequence. The deduced amino acids confirmed by automated amino acid

sequencing of purified heroin esterase are underlined.

fractions at 4°C and centrifuged. The supernatant was dis-
carded, and the protein pellet was resuspended in 1 to 5 ml of
buffer B and dialyzed overnight against buffer B at 4°C.

The enzyme was further purified by FPLC with a Mono Q
H/R 10/10 anion-exchange column (1.6 by 8.0 cm) (Pharmacia
Ltd., Uppsala, Sweden). A maximum of 10 ml of dialyzed en-
zyme preparation was loaded onto the column, which was
preequilibrated with buffer B. The column was washed with
buffer B followed by buffer B plus 0.3 M KCl, and protein was
eluted over a gradient of 0.3 to 0.5 M KCl in buffer B. Protein
elution was monitored by OD,g,, and fractions were collected
and checked against phenyl acetate for esterase activity.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
analysis (17) revealed a single protein band with an M, of
38,700 = 700. Table 1 summarizes the results of the purifica-

tion. The purified enzyme had a specific activity of 8.5 U/mg of
protein.

Native M,. The native M, of purified heroin esterase was
determined by gel filtration chromatography, using protein
standards (Pharmacia Ltd.) and 50 U of enzyme (8.5 U/mg)
applied to a Sephacryl S-200 column (Pharmacia Ltd.) (94 by
1.6 cm). The running buffer was buffer B at a flow rate of 0.15
ml/min, with 1-ml fractions being collected. An average of
three independent measurements gave the native M, as
137,000 = 7,000, suggesting that the native protein probably
exists as a tetramer of equal subunits and not a trimer as
published previously (6).

Kinetic studies of heroin esterase. 6-Acetylmorphine was
used instead of heroin in kinetic studies, since the variable and
rapid spontaneous hydrolysis of the heroin C-3 acetyl ester
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Rhod T T T T O T
Morax 1 MPILPVPALNALLTKTIKTIKTGAAKNAHQHHVLHHTLKGLDNLP
Strpl T T T T T T T
Strp2 e e
Rhod MTTFPTLDPELAAALTMLPK----VDFADL
Morax 46 APVLERINRRLKASTAEQYPLADAHLRLILAISNKLKRPLAIDKL
Strpl e
Strp2 T T T T T ISP
Rhod 27 PNAR[EATYDALIGAMOAD[SE - - - - - - - - - - - DGVSLRELSAPGMD
Morax 91 PKLRQKFGTDA[V][SLOAPSVWQONADASGS TEN[A]VSWQDKTIANAD
Strpl 1 - - - SSELELVREIGN HTRNGDVEPRRVAYDRAQEAFGHG
Strp2 1 - - -MalspPELELVR E[L1 E|JLINWJH TRNGEMEPRR I[A]YDR A Q EA FGN[L|G
Rhod 61 GD[PFJEVKIRFV - - - - - TPDNTAGPVPV[Lw I[HGG|c F[A] 1[G]T A E[S]s D P
Morax 136 GG -DMT[V[RCYQKSTQNSERKS T[D]JE A AML|F F{H G G{G F.C 1|G|D 1 D TJHJH E
Stpl 43 LPGETVVIGDCSAEWVRPAQE GRTLLYLHGGSYLGSPQ R H
Stp2 43 VPPJGDVIV/[TVGHC TAEWVR PARQ|D|GR TIL L)Y L{H G Gs Y|afL|G|s P Q R H
Rhod 101 FCVEVARE L[GIF[A V]a NV E[Y R|L A[P E]T_1[E P|G P[VIN[D]JC Y[A AL LY IHAHA E
Morax 180 FCH TV C A Q T|gW|a v]v s v D]y rRIM a]p E[y[P[a] P| T]A[L K|D|C L]a A Y]A W[L]A[E]H s @
Supl 88 L SSALGAA A|G|a|a viL A L H|Y R|R P]P E[s|PF P[a]a V]E|D|A V] A Y|R MLIR[E|R - -
Strp2 88 LS SALGDAA|GIA|A VL A LH{Y R|R PP E|s|P F p|ala v]E[DlA via A ¥|rR MLJLIElQ - -
Rhod 146 E L|G|l1 D[P}s|R I]A VG[G]E[sAG|G[GLA]A - - - - - - - - - - o o o oo oL
Morax 225 S L|G|A S|P|S[R I[VL sS[cDsSAG|GC]LAJALVA[QJQVIKPIDALWQDNNQAPAA
Stpl 131 - -|G|L P[PlG|R T FAl[GD sAGA[GLA[vAALfQVL - - - - - - o - oo oo oL
Stp2 131 - -[Glc PlRfGIRIVTLAl[GD sAGIAlc LAfvAALlgAL - - - - - - o oo oo oo
Rhod 168 - - - -GTVLKA E[Glvv P Vv[A]JFQ F L E I[PJE LID|ID R L[E]T V[SIM TN FVD TP L
Morax 270 DKKVND T FKN S LJA[D L[P|R[P[L]A]Q L P L Y|P|v T|D|Y EA|ElY P[SWELYGEGLL
Strpl 157 - - - - - - -4 - - D A G|D|P|L|P A Ala v e 1 s|pjw alp|L A c|EjG AlsSlHV TRK ER E 1
Strp2 157 - - - - 4 - - - - - pag|Tiplilp aalavce 1 s|pwalp]L A ClE[G AlSJH TTRKARE I
Rhod 209 WHRPNAILSWKYYLGES[F]SG D AP SRATDLTG TY
Morax 315 [LIDHNDAEVFENSAYTQH SG|L]P H p[N] T[] SY
Stpl 192 |LJLDTEDLLR - - - -MAGR A D DLTG LL
Stp2 192 |LJLDTADLRR - - - - MA ER A D DLTG LL
Rhod 254 LSTMELDP[TR[DJEG 1 EY A LR L[T]g[A A TA
Morax 355 [1]v[V]a E LD 1|L|R|D{E G L[A]Y A E L L Q[K[E] LM
Strpl 231 |1]Q|vle s EEV|L|yY|DjD AR|A|[LEQ A A PV
strp2 231 lijolvic s EEV|LHIDID AR[AILEQA A PV
Rhod 299 G VR E[R]IG[A]A K PH C D P E[R]JV[A]F A
Morax 398 SVHQGLGNQTTY I INEF|AlcL
Strpl 276 LPEGAVETAGVFLRATE
Stp2 276 L P EG|R|R{AlT EvAaca FLR|TIAlTG

FIG. 4. Comparison of amino acid sequences of serine esterases. Rhod, Rhodococcus sp. strain H1 heroin esterase; Morax, Moraxella sp. strain TA144 lipase (7);
Strpl, S. viridochromogenes N-acetylphosphinothricin-tripeptide-deacetylase (19); Strp2, S. hygroscopicus acetyl hydrolase (13). Conserved residues are boxed.

group invalidated kinetic measurements for this substrate. Ac-
tivities were measured by high-pressure liquid chromatography
analysis of incubation mixtures containing various concentra-
tions of substrate (0.3 to 2 mM) in 100 mM bicine buffer (pH
8.5) with 5 U of purified enzyme (8.5 U/mg). Apparent kinetic
constants for 6-acetylmorphine were obtained by analysis of
Eadie-Hofstee and Lineweaver-Burk double-reciprocal plots.
The apparent K,, and V,,,, for 6-acetylmorphine were 0.88 =
0.04 mM and 8.9 = 0.33 U/mg, respectively.

pH profile of heroin esterase activity. Heroin esterase (5 U;
8.5 U/mg) was incubated with heroin and 6-acetylmorphine
over a pH range of 6 to 9.5 at intervals of 0.5 pH unit in 1 ml
of 100 mM bis-Tris propane buffer at 30°C for 10 min. The pH
profiles obtained exhibited similar trends, with maximum ac-
tivity being observed at pH 8.5.

Conclusion. In summary, this is the first reported nucleotide
sequence encoding a microbial heroin esterase. The full se-
quence of the gene has revealed that heroin esterase belongs to
the type B serine esterase family. The high level of expression
of the her gene in E. coli has facilitated the purification of the
enzyme to homogeneity and the development of a highly spe-
cific heroin biosensor when coupled with morphine dehydro-

genase (10, 11, 14, 15). The availability of significant quantities
of recombinant heroin esterase will now allow detailed inves-
tigation and modification of the mechanism and properties of
the enzyme by protein engineering.

Nucleotide sequence accession number. The GenBank ac-
cession number for the nucleotide sequence of her is U70619.

This work was supported by Her Majesty’s Customs and Excise.
The encouragement and assistance of Peter Baker at the Laboratory
of Government Chemists are warmly acknowledged.

REFERENCES

1. Ausubel, F. M., R. Brent, R. E. Kingston, D. D. Moore, J. G. Seidman, J. A.
Smith, and K. Struhl (ed.). 1995. Current protocols in molecular biology,
2nd ed. John Wiley & Sons Inc., New York, N.Y.

2. Bruce, N. C., D. A. Caswell, C. E. French, A. M. Hailes, M. T. Long, and D. L.
Willey. 1994. Towards engineering pathways for the synthesis of analgesics
and antitussives. Ann. N.Y. Acad. Sci. 721:85-99.

3. Bruce, N. C., D. L. Willey, A. F. W. Coulson, and J. Jeffery. 1994. Bacterial
morphine dehydrogenase further defines a distinct superfamily of oxi-
doreductases with diverse functional activities. Biochem. J. 299:805-811.

4. Bruce, N. C., C. J. Wilmot, K. N. Jordan, L. D. Gray Stephens, and C. R.
Lowe. 1991. Microbial degradation of the morphine alkaloids: purification
and characterisation of morphine dehydrogenase from Pseudomonas putida
M10. Biochem. J. 274:875-880.



2066

5.

10.
11.
12.

13.

14.

15.

RATHBONE ET AL.

Bruce, N. C., C. J. Wilmot, K. N. Jordan, A. E. Trebilcock, L. D. Gray
Stephens, and C. R. Lowe. 1990. Microbial degradation of the morphine
alkaloids: identification of morphinone as an intermediate in the metabolism
of morphine by Pseudomonas putida M10. Arch. Microbiol. 154:465-470.

. Cameron, G. W. W,, K. N. Jordan, P.-J. Holt, P. B. Baker, C. R. Lowe, and

N. C. Bruce. 1994. Identification of a heroin esterase in Rhodococcus sp.
strain H1. Appl. Environ. Microbiol. 60:3881-3883.

. Feller, G., M. Thiry, and C. Gerday. 1991. Nucleotide sequence of the lipase

gene lip2 from the antarctic psychrotroph moraxella TA144 and site-specific
mutagenesis of the conserved serine and histidine residues. DNA Cell Biol.
10:381-388.

. Genetics Computer Group. 1991. Program manual for the GCG package,

version 8, Genetics Computer Group, Madison, Wis.

. Hart, S., R. Kirby, and D. R. Woods. 1990. Structure of a Rhodococcus gene

encoding pigment production in Escherichia coli. J. Gen. Microbiol. 136:
1357-1363.

Holt, P.-J. 1996. Ph.D. thesis. Institute of Biotechnology, University of Cam-
bridge, Cambridge, United Kingdom.

Holt, P.-J., N. C. Bruce, and C. R. Lowe. 1996. A bioluminescent assay for
heroin and its metabolites. Anal. Chem. 68:1877-1882.

Holt, P.-J., L. D. Gray Stephens, N. C. Bruce, and C. R. Lowe. 1995. An
electrochemical opiate assay. Biosensors Bioelectronics. 10:517-526.
Raibaud, A., M. Zalacain, T. G. Holt, R. Tizard, and C. J. Thompson. 1991.
Nucleotide sequence analysis reveals linked N-acetyl hydrolase, thioesterase,
transport, and regulatory genes encoded by the bialaphos biosynthetic gene
cluster of Streptomyces hygroscopicus. J. Bacteriol. 173:4454-4463.
Rathbone, D. A., P.-J. Holt, N. C. Bruce, and C. R. Lowe. 1996. The use of
recombinant DNA technology in the design of a highly specific heroin sen-
sor. Ann. N.Y. Acad. Sci. 782:534-543.

Rathbone, D. A., P.-J. Holt, C. R. Lowe, and N. C. Bruce. 1996. The use of

16.

17.

18.

20.

21.

22.

23.

24.

APPL. ENVIRON. MICROBIOL.

a novel recombinant heroin esterase in the development of an illicit drugs
biosensor. Ann. N.Y. Acad. Sci. 799:90-96.

Salvi, S., M. Trieni, L. Lanfaloni, and C. L. Pon. 1994. The cloning and
characterization of the gene encoding an esterase from Spirulina platensis.
Mol. Gen. Genet. 243:124-126.

Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y.

Schirmer, A., and D. Jendrossek. 1994. Molecular characterization of the
extracellular Poly(3-hydroxyoctanoic acid) [poly(3-hydroxy)] depolymerase
gene of Pseudomonas fluorescens GK13 and of its gene product. J. Bacteriol.
176:7065-7073.

. Schwartz, D., R. Alijah, B. Nussbaumer, S. Pelzer, and W. Wohlleben. 1996.

The peptide synthetase gene phsA from Streptomyces viridochromogenes is
not juxtaposed with other genes involved in nonribosomal biosynthesis of
peptides. Appl. Environ. Microbiol. 62:570-577.

Sobek, H., and H. Gérisch. 1988. Purification and characterisation of a
heat-stable esterase from the thermoacidophilic archaebacteria Sulpholobus
acidocalderius. Biochem. J. 250:435-458.

Studier, F. W., and B. A. Moffatt. 1986. Use of bacteriophage T7 RNA
polymerase to direct selective high level expression of cloned genes. J. Mol.
Biol. 189:113-130.

Walker, C. H., and M. I. Mackness. 1983. Esterases: problems of identifica-
tion and classification. Biochem. Pharm. 32:3265-3269.

Willey, D. L., D. A. Caswell, C. R. Lowe, and N. C. Bruce. 1993. Nucleotide
sequence and overexpression of morphine dehydrogenase, a plasmid en-
coded gene from Pseudomonas putida M10. Biochem. J. 290:539-544.
Yanisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved M13 phage
cloning vectors and host strains: nucleotide sequences of the M13mp18 and
pUC19 vectors. Gene 33:103-119.



