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cDNA clones encoding rat enkephalinase (neutral endopeptidase, EC 3.4.24.11) have been isolated in Agt10 libraries
from both brain and kidney mRNAs and the complete 742 amino acid sequence of rat enkephalinase is presented. The
enzyme possesses a single transmembrane spanning domain near the N-terminal of the molecule but lacks a signal
sequence. Because enkephalinase has its active site located extracellularly and is thus an ectopeptidase, we suggest
that the N-terminal transmembrane region of the enzyme anchors the protein in membranes and that the majority of
the protein, including the carboxy terminus, is extracellular. Enkephalinase, a zinc-containing metallo enzyme,
displays homology with other zinc metallo enzymes such as carboxypeptidase A, B and E, suggesting enzymatic
similarities in these enzymes. © 1987 Academic Press, Inc.

Enkephalinase (neutral endopeptidase; EC 3.4.24.11) is a cell membrane-associated enzyme which hydrolyses the
Gly3-Phe4 amide bond of enkephalins jn vitro and in vivo (1-4). Thus, pharmacologically useful inhibitors of
enkephalinase such as thiorphan (5) and phosphoryl-Leu-Phe (6) have been shown to produce naloxone-reversible
analgesia in mice. In addition, acetorphan, a parenterally active enkephalinase inhibitor (7), displays analgesic
properties in humans (8). Enkephalinase preferentially hydrolyses peptide bonds on the amino side of hydrophobic
residues, and its substrate specificity is sufficiently broad that it is able to hydrolyse, in_vitro, many short
neuropeptides and peptide hormones (9-11). Although initially characterized in the brain (1), enkephalinase was later
found to be present in many tissues, in particular the kidney (12), where it was shown to be identical to an enzyme
identified several years before using the B chain of insulin as substrate (13), the so called "neutral endopeptidase”
(14-17). We have isolated cDNAs encoding enkephalinase from both rat brain and kidney mRNAs and present the
complete 742 amino acid sequence of rat enkephalinase.

MATERIALS AND METHODS

Purification 1) lysis of rat kidn kephalingse: Rat enkephalinase was purified as described (17) by
differential solubilization of kidney membranes with Triton X-100, followed by DEAE Sephadex chromatography,
Concanavalin A-Sepharose chromatography, and hydroxylapatite chromatography. Fractions eluted from the
hydroxylapatite column and containing enkephalinase activity were loaded onto a 10x10 mm Concanavalin
A-Sepharose column, and the enzyme was eluted in several 1ml fractions with 5 mM, pH 7.4 HEPES buffer
containing 0.1% Triton X-100 and 500 mM methyl-a-D-Glucopyrannoside. Eight 1ml fractions, containing a total of
450 pg of protein as determined by the Coomassie blue method using bovine serum albumin as standard, were
obtained. One of these fractions containing an estimated 100 pg of protein was concentrated to 200 ul using a
Centricon 30 device, and loaded onto a Superose 6 (Pharmacia) column equilibrated in 5 mM, pH 7.4 phosphate/Na
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buffer containing 150 mM NaCl and 0.1% Triton X-100. The column was eluted in the same buffer at a flow rate of
200 pl/min and the fractions obtained (300 pl) were assayed for enkephalinase activity (18). Aliquots of fractions
displaying enkephalinase activity were subjected to SDS-polyacrylamide (7.5%) electrophoresis and the gels, stained
with coomassie blue, revealed a unique band of molecular weight ca 90 kD. These fractions were used for N-terminal
amino acid analysis and for Lysine-C proteinase digest, of enkephalinase. N-terminal sequence was obtained by
applying the purified enzyme to a vapour phase protein sequencer (Model 470A, Applied Biosystem) (19), equipped
with an on-line amino acid PTH analyzer (Model 120A, Applied Biosystem). It was never possible to obtain reliable
protein sequence after 15 cycles. For Lysine-C proteinase digest, the purified enkephalinase, as eluted from the
Superose 6 column was digested overnight with the proteinase (10 ng per pg of enkephalinase) and the peptides
released were separated by HPLC on a Synchrom 2x100 mm, 300 A C4 column, eluted with a linear gradient of 0 to
70% 1-propanol (1% per min) in 0.1% trifluoroacetic acid at a flow rate of 400 pl per minute. The peptides
displaying a large 280 nm to 214 nm absorbance ratio were rechromatographed on the same column, using
acetonitrile instead of 1-propanol, and their amino acid sequence was determined using the vapour phase protein
sequencer.

Molecular cloning: RNA was prepared from rat kidney or brain (20) and polyadenylated mRNA was obtained by
oligo(dT) cellnlose chromatography. High complexity cDNA libraries were constructed in Agtl0 (21)as described
elsewhere (22). Three libraries were generated: random 8-mers were used to prime rat kidney poly(A)* mRNA,
generating a library of = 6x106 clones of size > 500 bp; oligo(dT) primed libraries of both rat kidney and brain

poly(A)+ mRNA, ~ 5x105 and 6x100 clones of size > 1500 bp, respectively, were also generated. Oligonucleotide

probes were designed based on the amino acid sequence of peptide KC2-18-4. A pool of 32x18-mers,
5-YTGYTGNGTCCACCARTC-3' (Y =T, C; R = G, A; N = G, A, T, C) (short probe), covering all non-coding
strand possibilities of the protein sequence DWWTQQ was used with the base composition independant method (23)

and a single long probe (45-mer) 5-GAAGTTGTTGGCGGACTGCTGGGTCCACCAGTCGACCAGGTCGCC-3',
complementary to the entire sequence of peptide KC2-18-4 except for its C-terminal lysine residue was also used.
Both the short and long probes were used to screen 5x105 clones of the randomly-primed rat kidney cDNA library.
Hybridization was carried out with 32P-phosphorylated probes in 5xSSC, 20% formamide at room temperature.

Filters were washed at room temperature in 0.5xSSC, 0.1% SDS for the long probe and in 3M
tetramethylammonium chloride at 51 ¢ C for the short probe. Inserts of A phage were subcloned into an M13
derivative and sequenced by the chain-termination method (24,25).

DNA- and RNA-blot analysis: Sprague-Dawley rat DNA, isolated by standard procedures, was digested with either
PstI, EcoRI or Bglll and electrophoresed on a 1% agarose gel. After Southern transfer (26) onto nitrocellulose the

blot was hybridized with a 32p._fabelled (27) 466 bp EcoRI-BgIII ¢cDNA fragment of clone AK3, in 5xSSC, 50%

formamide at 42 °C. The blot was washed at 65 °C in 0.1xSSC, 0.1% SDS, and exposed for 60 h. For Northern
blots, polyadenylated mRNA (5 pg) was electrophoresed in a formaldehyde-1.2% agarose gel (28) and blotted onto
nitrocellulose paper (29). The blot was hybridized with the 1459 bp EcoRI insert of AK3 in 5xSSC, 50% formamide

at 42 °C and washed in 0.1xSSC, 0.1% SDS at 65 °C.

RESULTS AND DISCUSSION
Rat kidney enkephalinase was purified to homogeneity and subjected to amino acid sequence analysis either directly or
after Lysine-C-proteinase digestion, followed by purification of peptide 'fragments generated by HPLC (Fig. 1). One
such peptide, KC2-18-4, containing two tryptophan residues, was used to design oligonucleotide probes for screening
¢DNA libraries. Both a complementary short pool (32x18 mers) containing all possible nucleotide assignments, for
screening by the base composition independant method (23), and a 45-mer long probe (30) were synthetized and used
to screen, in duplicate, a randomly primed rat kidney cDNA library constructed in Agt10. Two positive clones were
identified and the largest, AK3, was sequenced. This clone contains an open reading frame that encodes all peptide
fragments sequenced, except the N-terminus. This cDNA clone was in turn used as a probe to screen oligo(dT) primed

Agt10 ¢cDNA libraries constructed from either rat brain or kidney poly (A)* mRNA. Two clones, AK2 and AK5, were
identified from the kidney library, and two clones, AB10 and AB16, were identified from the brain library. Clones

K2, AK5 and AB10 contain a stop codon for the reading frame identified in clone AK3, while clone AB16 encodes the
N-terminal protein sequence. Thus a complete reading frame coding for the enkephalinase molecule was obtained from
overlapping clones, from brain and kidney (Fig. 2 a, b).

Brain and kidney cDNA clones overlap by a total of 2008 base pairs (bp) of the 3243 bp sequence. Two nucleotide

sequence differences were detected. At nucleotide 1917, a T occurs in kidney clone AK2 and in brain clone AB10 while
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Peptides Amino Acid Sequence
N-terminal Asp-Ile-Thr—Asp-Ile-Asn-Ala-Pro-Lys-Pro-Lys-Lys-Lys-Gln-Arg
KC8 Leu-Leu-Pro-Gly-Leu-Asp-Leu-Asn-His-Lys
KC2-12-6 Glu-Arg-Ile-Gly-Tyr-Pro-Asp-Asp-Ile-Ile-Ser-Asn-Glu-Asn-Lys
KC2-18-4 XXX-Gly-Asp-Leu-Val-Asp-Trp-Trp-Thr-Gln-Gln-Ser-Ala-Asn—-Asn-Phe-Lys
KC2-19 Glu-Glu-Glu-Tyr-Phe-Glu-Asn—Ile-Ile-Gln—-Asn-Leu-Lys
KC2-31 His-Gln-Asn-XXX-Phe-Ser—XXX-Glu-Ile-Asn-Gly-Lys
KC2-32 Ala-Val-Val-Glu-Asp-Leu-Ile—-Ala-Gln-Ile-Arg-Glu-Val-Phe-Ile-Gln-Thr-Leu

XXX:

no residue identified.

Figure 1. Rat kidney enkephalinage purification and protein sequence analysis,

(A) Coomassie blue-stained SDS-polyacrylamide gel of purified enkephalinase. The positions of molecular weight
standards are indicated. (B) Lysine-C proteinase map of purified enkephalinase. Upper trace is absorbance at 280 nm
and lower trace absorbance at 214 nm. Arrows indicate peaks that were rechromatographed and sequenced. (C) Amino
acid sequence of native enkephalinase (N-tenninal) and of Lysine-C proteinase peptides.

a C is found in a second kidney clone, AK3; at nucleotide 2930, a G or an A is found in either the kidney (AK2) or

brain (AB10) clones, respectively. Southern blot analysis (26) of rat genomic DNA using a small coding region

¢DNA probe was undertaken. The multiplicity of hybridyzing bands in only some restriction enzyme digests (Fig.

3a) suggests the presence of several intron sequences but not multiple genes. In the 3'-untranslated region of the

cDNA clones there is over 650 bp of overlapping kidney and brain sequence with total homology, except for the

singl:: nucleotide change at position 2930. Since the 3'-untranslated region is typically least strongly conserved

between related genes, this, and the Southern blot data, suggest that a single gene encodes both brain and kidney

enkephalinase. The nucleotide differences are thus probably errors of reverse transcriptase. This identity of kidney and

brain enkephalinase cDNA's fully supports the earlier contentions that the kidney and brain enzymes are identical
(15,16,31).
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GCGGAGATGTGCAAGTGGCGAAGCTGGA(CGHGTGCAGGCGCAAGCTGETGAGCGGCTGAGGCGAGGGATTTTAGGTG&IEGGAAGATCAGAAAGTCAGAIEGATATTACTGATATCAATGCTCCAAAGCCGAAGAAGAAACAGCGATGG

20 [ 30 40 50
ThreroLeuGlulleSerLeuSerValLeuValleuLeuleuThrllelleAlavalThrMet IleAlaleuTyrAlaThrTyrAspAspGlylleCyslysSerSerAspCysIlelysSerAlaAlaArgleul leGInAsnMetAsp
ACTCCACTGGAGATCAGCCTTTCTGTGCTCGTCTTGCTCCTGACTATCATAGCTGTGACAATGATTGCTCTCTATGCAACCTATGATGATGGTATTTGCAAATCATCAGACTGCATAAAATCAGCTGCTCGACTGATCCAGAACATGGAT

70 80 90 100 110
AlaSerAlaGluProCysThrAspPhePhelysTyrATaCysGlyGlyTrpLeul ysArgAsnVallleProGluThrSerSerArgTyrSerAsnPheAspl leLeuArgAspGluleuGluvallleleulysAspValleuGinGly
GCCTCTGCTBAGCCATGTACGGACTTCTTCAAATATGCTTGTGGAGGCTGGTTGAAAUGT AATGTCATCCCTGAGACCAGTTCCCGATACAGTAATTTTGACATTCTAAGAGATGAACTAGAAGT CATTTTGARAGATGTCCTTCAAGAA

120 130 V77140 150 160
ProLysThrGluAsplleValAlavalGinLysAlaLysThrLeuTyrArgSerCysIleAsnGTuSerAlalTeAspSerArgGlyGlyGinProLeuleuThrleuleuProAsplleTyrGlyTrpProvalAlaSerGinAsnTrf
CCLAAAACTGAGGACATAGTAGCAGTGCAGAAAGCARARACTTTGTACAGATCATGTATAAATGAATCTGCTATTGATAGCAGAGGTGGGCAACCTCTGCTCACACTGTTACCAGATATATATGGGTGGCCAGTAGCATCACARRACTGG

170 180 190 200 L7224 210
GluGInThrTyrGlyThrSerTrpThrAlaGluLysSerlleAlaGinleuAsnSerLysTyrGlyLysLysvalleul TeAsnPhePhevalGlyThrAspAsplysAsnSerThrGInHisI1elleHisPheAspGInProArgleu
GAACABACATATGGTACTTCTTGGACAGCTGAGAAATCTATTGCACAACTGAAT TCTAAATATGGGAAAAAGGTCCTCATTAATTTTTTTGTTGGCACTGATGATAAGAATTCTACCCAGCATATAATTCATTTTGACCAGCCTCGACTT

220 230 240 250 260
GlyLeuProSerArghspTyrTyrGluCysThrGlylleTyrlysGluAlaCysThrAlaTyrValAspPheMetIleServalAlaArgleulleArgGInGluGTnArgleuProl TeAspGluAsnGinLeuSerLeuGTuMetAsn
GGCCTULCTTCCAGAGACTACTATGAGTGTACAGGAATATATAAAGAGGCTTGCACAGCATATGTGGATTTTATGATTTCTGTGGCCAGACTGATTCGTCAGGAACAAAGATTGCCTATTGATGAARACCAGCTCTCTTTGGAAATGAAT

270 (277280 290 300 Z A 310
LysValMetGluleuGlulysGlulleAlaAsnATaThrThrLysProGluAspArgAsnAspProtetLeuleuTyrAsnlysMetThrLeuATalysLeuGTnAsnAsnPheSerLeuGluTTeAsnGlylysProPheSerTrpSer
ARAGTTATGGAATTGGAAAAAGARATTGCCAATGCCACAACTARALCAGAAGACCGAAATGACCCAATGLTGCTTTATAACARAATGACATTGGCCAAGCTCCAARATAACTTCTCTCTGGAGATCAATGGGAAGCCATTCAGCTGGTCA

L7777 Asz0 330 [— 340 ;350 360
AsnPheThrAsnGlul TeMetSer ThrvalasnlleAsnIleGInAsnGluGluGTuvalvalvalTyrAlaProGluTyrLeuThriysLeulysProl leLeuThrlysTyrSerProArgAspleuGTnAsnleuMet Ser TrpArg
AATTTCACAAATGARATCATGTCAACTGTGAATATTAATATTCAAAATGAGGAAGAAGTGETTGTTTATGCTCCAGAATATTTAACCAAACTTAAGCCTATTCTTACCAAATATTCTCCCAGAGATCTTCAAAATTTAATGTCCTGGAGG

370 380 390 400 410
PhelleMetAspleuvalSerSerLeuSerArgAsnTyrlysGluSerArgAsnAlaPheArglysAlaleuTyrGlyThrThrSerGluThrAlaThr TrpArgAraCysATafsnTyrValAsnGlyAsnMetGluAsnATaYalGly
TTCATAATGGATCTTGTAAGCAGCCTCAGCCGARACTACAAGGAGTCCAGAAATECTTTCCOCAAGGCCCTTTACGGGACTACATCCGAAACTGCAACCTGGAGACGETGTGCCAACTACGTCAATGGGAACATGGAGAATGCTGTGGGG

420 430 440 450
ArgLeuTyrva]G]uA]aA]aPheA]aG]yGluSerLysﬂisVa]ValG]uAspLeuIIeAlaGlnI1eArgGIuVa1PheI1eG1nThrLeuhspAspLeuThrTrpMetAspA]aGluThrLysLysLysA]aGIuGluLysA]aLeu
AGGCTTTATGTGGAAGCAGCTTTTGCTGGAGAGAGCAAGCACGTGGTTGAAGATTTGATTGCACAAATCCGTGAAGTTTTTATTCAGACTTTAGATGACCTCACTTGGATRGATGCTGAGACAAAAAAGAAAGCT GAAGAGAAGGCLCTG

476 48U 494 500 510
AlalleLysEWUArgITeGlyTerroAspAspI1eI1eSerAsnG]uAsnLysteuAsnAsnGluTereuG]uLeuAsnTerysGluGIuG]uTerheG]uAsnIleI1eGlnAsnLeuLysPheSerG]nSerLysG]nLeuLys
GCAATTARAGAAAGGATTGGCTATCCTGATGACATCATCTCCAATGAGARTAAACTGAATAATGAGTATCTTGAGTTGAACTACAAGGAAGAGGAATACT TTGAGAACATAATTCAAAATTTGAAATTCAGC CAAAGCAAGCAGCTAAAG

520 530 540 550 560
LysLeuArgGlulysvalAspLysAspGluTrplieSerGlyAlaAlavalvalAsnAlaPheTyrSerSerGlyArgAsnGinlleVal PheProAlaGlylleleuGInProProPhePheSerAlaArgGinSerAsnSerleuAs n
AAGCTCCGAGABAAGGTGGACARAGATGAGTGEATAAGTGGCGCGGCGGTAGTCAATGCATTTTATTCCTCAGGCAGARATCAGATCGTCTTCCCCOCCGGCATTTTGCAGCCCCCATTCTTTAGTGCTCGGCAGTCCAACTCATTGAAC

570 580 590 600 ;610
TyrGlyG]yIleGTyMetValIleGlyHisG]uI1eThrHisG7yPheAspAspAsnG1yArgAsnPheAsnLyéAsuGlyAspLeuVa1A5pTrpTrpThrG]nGInSerA1aAsnAsnPhef}EAspG]nSerGlnCysMetValTyr

TATGGE66CATCGGCATGETCATCGBACATGAAATCACACATGGCTT TGATGACAATGGCAGAAAT TTTAACARAGATGGAGACCTCGTTGACTGGTGGACTCAGCAGTCTGCAATART TTCARAGACCAATCCCAGTGTATGGTGTAC
c
FONNNY 630 640 650 660

GInTyrGlyAsnPheThr TrpAspleuAlaGlyGlyGInHisLeuhsnGlyl leAsnThrLeuGlyGluAsn]leAlaAspAsnGlyGlyl 1eGlyGinAlaTyrArgAlaTyrGInAsnTyrVallysLlysAsnGlyGluGlulysLeu
CAGTATGGAAACTTTACATGGGACCTAGCAGGTGOACAGCATCTCAATGGAATTAACACACTAGGAGAAAATATTGCTGATAATGGAGGGAT TGGCCAAGCATACAGAGCCTATCAGAATTATGTTAAAAAGAATGGTGAAGAARAATTA

670 q 680 630 . 700 710
LeuProG]yLeuAspLeuAanisLy§G1nLeuPhePheLeuAsnPheAlaGlnVa]TrprsGlyThrTyrArgProGTuTyrA]BValAsnSerI7eLysThrA5pVa1HisSerProGlyAsnPheArgI1eIleGIyThrLeuG]n
CTCCCTGGACTTGACCTCAATCACARACAACTATTCTTCTTGAACTTTGCCCAGGTGTGGTGTGGAACCTACCGGCCAGAGTATACAGT CAATTCCATTAAAACAGATGTACACAGTCCTGECAATTTCAGGATCATTGEGACTTTGCAG

ASnSerAlaé?gPheA]aASpA]aPheHiSCysArgLysZggSerTeretAsnPrOG]uArgLySCys;ﬁSVa]TrpOP*

AACTCTGCTGAGTTTGCGGATGCCTTTCATTGCCGCARGAACTCATACATGAATCCAGAAAGGARATGTCGGGTTTGBTGATCT TCACAGGAAGTGGAGCATCCATGGCAGGACTCGCCAAAGCCACAGARACAGGAAGTLTTCCCTCAG
AGAALbTGGGCCCLbGAAGTTTCTTCAGCTTLTTGGGGGAAATTCACAGAGATGAGCACGAGCTAACAAAAATGAAATTAGATTAIIA&&ACCGCTGTGAATGAAAGGGGAGAAAACCTACGATCTAGCAAATCAATCACTTCACTGTGT
AAATAATTACCTTCCAACGGTAATATTACCGTTCACTTCTGGTTCTCACACAGACTGCAGCTTTCATGCTGTCTGTAGAGAACAGTGTTAACACTTAAAGCAGGTTATGACT TCTGATCAAGAGGAGGAAGACGCTGAATACAGTTGGEE
ACCARAGTACAGATTTGCCTCTCAGCACTCACTTTTGTTTGCAACATTCAGCTCCTTCAAAATTCTCCCAAAGAACCCCCATGCATACTGTGECCTTCAGGCTCCTGCAGTGTGGAACTCATTTTACCATGCATAAATTATTCATTCATT

CLACATCATTTTAGTTTGAGCAUTCTTAGAGCTTAAALTAGAGAGTCTGAAATGGTTCCGCCATTTACCCACTTGAGTGGTGTTGAGACTCTTCAéCCCCCTACAGATTTTTGAGCAATTTCTTGCTCTCGCTGCCCCTCAGACTTAGTC
A

TTTTABAGGATTTGTAGTAATGTATARARAACATTCTATATTTAATTATTAACTACACATGACCAAATAAAL LATTGCTATAGGTAATCATTGAATATTGACATTATATGGCCAAGATAGATAGT TAAGAAGATCTGTAACATGATGTGL

AGATGARAATTTGARACTTTTTAAGCCTGTAAATCATATTGCTGAAAATCTTCAAACACAAACTCTGGGGTGAGCATTACCATTGAACAGTTG
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Northern blot analysis of poly(A)* mRNA from rat kidney and brain reveals a complex pattern of hybridization (Fig.
3b). In kidney, the major message is 3.4 kilobases (kb) in size, with other messages of 6.5, 6.0, 3.2 and 2.6 kb in
size. The brain messages are at least 10-fold less abundant and only two mRNA's, 6.5 and 3.4 kb in size, are detected.
This difference in intensity is in agreement with the much higher specific activity of enkephalinase in kidney as
compared to brain (12,16). Potential polyadenylation signals, ATTAAA and AATAAA at nucleotides 2485 and
3063, respectively (Fig. 2b), may correspond to the 2.6 and 3.2 kb kidney mRNA's.

The enkephalinase cDNA potentially encodes a 750 amino acid polypeptide, starting from Met-8 as numbered in Fig.
2. This reading frame has 78 bp of 5'-untranslated sequence and 912 bp of 3-untranslated sequence. An in-frame stop
codon is Iocated 6 bp upstream of the AUG codon for Met-3. A second, alternate initiation codon (Met-1y is found

downstream of the first ATG (Met'g). Neither of these two potential initiation codons, at Met-1 or Mer-8, conform

closely to the Kozak rule for predicting the site of protein initiation (32). Whereas most eukaryotic genes are
translated using the first AUG encountered in the mRNA, a number of examples where a second AUG is used have
been noted (32). N-terminal protein sequence data obtained using purified enkephalinase suggests that the second
initiation codon (Met-1) is used for the in vivo synthesis of mature enkephalinase. The polypeptide starting with

Asp1 at its amino terminus would be 742 amino acids in length, yielding a molecular weight of 85 kD. Molecular
weight estimates of enkephalinase, obtained through SDS polyacrylamide gel electrophoresis, have yiclded values in
the 90-94 kD range (11). Since enkephalinase is known to be a glycoprotein, the difference between these estimates
and the value deduced from the protein sequence presumably reflects N-linked glycosylation. There are six potential
N-linked glycosylation sites (Asn-X-Thr/Ser) in the rat enkephalinase sequence (Fig. 2b). The failure to detect an
asparagine residue in peptide KC2-31 (Fig. 1c) suggests that this residue, which forms a potential glycosylation site,
is indeed glycosylated.

Enkephalinase has been shown to be an ectopeptidase, with its active site in the extracellular space (11,33). The
hydropathic profile of the enzyme (Fig. 2c) shows the presence of a 23 amino acid long hydrophobic domain (residues
21-43) that is likely to span the lipid bilayer. Additionally, a very strong stop transfer sequence (34), PKPKKKQR,

C
>
=
@
o
o
ks
>
I
-30 L ! ! 1 ] i !
o] 100 200 300 400 500 600 700
Figure 2. Nycleoti in ny nkephalin: NA

(A) Schematic representation of enkephalinase mRNA. Untranslated sequences are represented by a line; coding
sequences are boxed. The scale is in nucleotides from the 5' end of the longest cDNA clone. Overlapping cDNA
clones used in sequence determination are shown below the diagram of the mRNA structure. (B) Nucleotide and
predicted amino acid sequence of rat enkephalinase. Nucleotides are numbered at the left, and amino acids are
numbered throughout. The amino acid sequences determined by protein sequencing (sec Fig. 1) are overscored. The
amino acid sequence at position 592-608 was used for designing oligonucleotide probes. The protein sequence is
numbered from Asp! as this is the N-terminal residue of the mature protein. Two potential initiation codons are
Met~1 and Met3 and are underscored, and an inframe 5' stop codon (TAG) is indicated by asterisks. The 8 amino acid
stop-transfer sequence (PKPKKKQR) is indicated by a black bar and the putative 23 amino acid signal
sequence/transmembrane spanning domain is indicated by an open bar. Six potential N-linked glycosylation sites are
shown by cross-hatched bars. Potential poly(A) addition signals ATTAAA and AATAAA are underlined. (C)
Hydropathy analysis of enkephalinase protein sequence. The method of Kyte and Doolittle (47) was used with a
window length of 10 residues and a jump of 2 residues. Hydrophobic regions (positive values) demonstrate the
presence of a single transmembrane spanning domain between residues 21 to 43.
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(A) Southern blot hybridization analysis of rat DNA, digested with PstI (lane a), EcoRI (lane b) or BgIII (lane ¢) and
hybridized with a 466 bp cDNA probe. Size standards (kb) are HindII-cleaved AcI857 DNA. (B) Northern blot
analysis of mRNA encoding rat enkephalinase. Rat kidney poly(A)* mRNA (lane a) and rat brain (minus cerebellum)
poly(A)t mRNA (lane b) were hybridized with a 32P-labelled 1459 bp cDNA probe (see Fig. 2) and exposed for
either 4 or 80 h at -70 ° C. Size standards (kb) are from a RNA ladder (BRL).

is located at residues 8-15 on the N-terminal side of the transmembrane spanning region. This stop transfer sequence
probably accounts for the fact that enkephalinase is very tightly bound to membranes (13,17). All these features
suggest that the enkephalinase N-terminus is located in the cytoplasm whereas the majority of the protein (704
amino acids, which would contain the active site) including the C-terminus, extends into the extracellular space. The
single transmembrane domain would therefore be required to act as a signal sequence as well as a transmembrane
spanning sequence. Several membrane-bound proteins possess those features proposed for enkephalinase, namely an
intracellular N-terminal sequence and an extracellular C-terminal sequence, a single hydrophobic domain acting as
both a signal sequence and transmembrane-spanning sequence, and a stop-transfer sequence located N-terminally of the
transmembrane-spanning sequence. These include transferrin receptor (35), asialoglycoprotein receptor (36),
HLA-DR-associated invariant chain (37), and influenza virus neuraminidase (38), although the latter possesses an
uncleaved signal sequence.

Enkephalinase is a zinc-containing metalloenzyme (13,39,40). Because it hydrolyzes peptide bonds at the amino side
of hydrophobic residues in its substrates, it has been suggested that enkephalinase resembles two other
zinc-containing peptidases, carboxypeptidase A and thermolysin (5,9-11,13,14,40-43). We compared the sequence of
enkephalinase with that of bovine carboxypeptidases A (44), B (45) and E (46). The carboxy terminal region of
enkephalinase (from residues 615 to 738) can be aligned with the N-terminal domain of all three carboxypeptidases
(Fig. 4). The best alignment is with carboxypeptidase A (22% homology, plus 14% conservative changes). A weaker
homology was also detected with the N-terminal region of thermolysin (12% homology, from residues 634 to 742 of
enkephalinase; not shown). These homologies suggest that the C-terminal domain of the enkephalinase molecule
may be functionally related to the N-terminal domains of the carboxypeptidases. The availability of cloned

enkephalinase will facilitate an understanding of the substrate specificity and function of this enzyme.
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Enkephalinase 610 KDJSQCMVYQMGNF TWDLAGGQHLNG INTLGENIADNGG AYQR --- L B

Carboxypeptidase & 1 ~ ARSTNTENYATYHTLDEIYDFMDLLVAEHPDLVSKLD 5 GRPT FSTG SNR—— 1

Carboxypeptidase B 1 TTGHSYEKYNNWET IEAWTEQVASENPDLTSRSATIGIT TFLGNT YLLKV GKP G
|

Carboxypeptidase E 1 REQEDGISFEYHRYPELRE--—ALVSVWLOCAAVSRIYT

Carboxypeptidase B 67 AREWISPAF

ISEEQREL ELSDN

VREAVR RETH TlFLDKLDFYVLPVVNIDGYIYTWTTNRM\ RSTRAGS

Enkephalinase 675 KQLEFLNFA TKTD- v SA DAFHC--RKNSYMNPER
Carboxypeptidase A 70 SREWITQAT AKKF s T IL 1 THSENRL RSVTSSS
C

Carboxypeptidase E 73 GNEAVGRELLIFLAQYLCNEYPKGNE-TJTVQLIHNTRIAIMPSLNPDGHEKARSOLGELKDWFVGRSNAQGTDLN
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Amino ac1ds are shown in the one—letter code and numbered at the left. Identxcal resxdues are boxed whilst conservative
changes, based on the following groupings: ILVM, DE, RKH, FWY, TS, GA, QN, P, C, are dotted.

help and advice during DNA sequencing, and Drs. Bryan Finkle, Ben Borson, Claude Gros and Jean-Charles Schwartz

for helpful discussions and encouragement.

W N =

v

REFERENCES

. Malfroy B., Swerts J.P., Guyon A., Roques B.P. and Schwartz J.-C. (1978) Nature 276, 523-526.
. Schwartz J.-C., Malfroy B. and De La Baume S. (1981) Life Sci. 29, 1715-1740.
. De LaBaume S., Yi C.C., Schwartz J.-C., Chaillet P., Marcais-Collado H. and Costentin J. (1983) Neuroscience

8, 143-151.

. Schwartz J.-C. (1983) Trends Neurosci. 6, 15-18.
. Roques B.P., Fournie-Zaluski M.C., Soroca E., Lecomte J.M., Malfroy B., Llorens C. and Schwartz J.-C.

(1980) Nature 288, 286-288.

. Altstein M., Bachar E., Vogel Z. and Blumberg S. (1983) Eur. J. Pharmacol. 91, 353-361.
. Lecomte J.M., Costentin J., Vlaiculescu A., Chaillet P., Marcais-Collado H., Llorens-Cortes C., Leboyer M.

and Schwartz J.-C. (1986) J. Pharmacol. Exp. Therap. 237, 937-944.

. Floras P., Bidabe A.M., Caille J.M., Simonnet G., Lecomte J.M. and Sabathie M. (1983) Amer. J.

Neuroradiology 4, 653-655.

. Matsas R., Fulcher LS., Kenny A.J. and Turner A.J. (1983) Proc. Natl. Acad. Sci. U.S.A. 80, 3111-3115.

. Gafford J.T., Skidgel R.A., Erdos E.G. and Hersh L.B. (1983) Biochemistry 22, 3265-3271.

. Kenny A.J. (1986) TIBS 11, 40-42.

. Llorens C. and Schwartz J.-C. (1981) Eur. J. Pharmacol. 69, 113-116.

. Kerr M.A. and Kenny A.J. (1974) Biochem. J. 137, 477-488.

. Almenoff J., Wilk S. and Orlowski M. (1981) Biochem. Biophys. Res. Commun. 102, 206-214.

. Fulcher LS., Matsas R., Turner A.J. and Kenny A.J. (1982) Biochem. J. 203, 519-522.

. Malfroy B. and Schwartz J.-C. (1982) Biochem. Biophys. Res. Commun, 106, 276-285.

. Malfroy B. and Schwartz J.-C. (1984) J. Biol. Chem. 259, 14365-14370.

. Llorens C., Malfroy B., Schwartz J.-C., Gacel G., Roques B.P., Roy J., Morgat J.L., Javoy-Agid F. and Agid

Y. (1982) J. Neurochem. 39, 1081-1089.

. Hewick R.M., Hunkapiller M.W., Hood L.E. and Dréyer W.J. (1981) J. Biol. Chem. 256, 7990-7997.
. Kaplan B.B., Bernstein S.L. and Gioio A.E. (1979) J. Biochem. 183, 181-184,
. Huynh T.V., Young R.A. and Davis R.W. (1985) in DNA Cloning Vol. 1, A Practical Approach (ed. Glover

D.) IRL, Oxford, 49-78.

. 'Wood W.I et al. (1984) Nature 312, 330-337.

. 'Wood W.L, Gitschier J., Lasky L.A. and Lawn R.M. (1985) Proc. Natl. Acad. Sci. U.S.A. 82, 1585-1588.

. Messing J., Crea R. and Seeburg P.H. (1981) Nucleic Acids Res. 9, 309-321,

. Sanger F., Nicklen S. and Coulson AR. (1977) Proc. Natl. Acad. Sci. U.S.A. 74, 5463-5467.

. Southern E.M. (1975) J. Molec. Biol. 98, 503-517.

. Taylor JM., lllmensee R. and Summers S. (1976) Biochim. Biophys. Acta 442, 324-330.

. Dobner P.R., Kawasaki E.S., Yu LY. and Bancroft F.C. (1981) Proc. Natl. Acad. Sci. U.S.A. 78, 2230-2234.
. Thomas P.S. (1980) Proc. Natl. Acad. Sci. U.S.A. 77, 5201-5205.

. Ullrich A., Berman C.H., Dull TJ., Gray A. and Lee J.M. (1984) EMBO J. 3, 361-364.

. Relton J.M., Gee N.S., Matsas R., Tarner A.J. and Kenny AJ. (1983) Biochem. J. 215, 519-523.

. Kozak M. (1984) Nucleic Acids Res. 12, 857-872.

. Schwariz J.-C., Giros B., Gros C., Llorens C. and Malfroy B. (1984) in Proceedings International Union of

Pharmacology 9th Congress of Pharmacology (eds. Mitchell J.F., Paton W. and Turner P.) Mc Millan Press
Ltd., London, vol. 3,277-283.

65

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

HEPG I FKYIGN H|

GVDAN
'GTDLN



Vol. 144, No. 1, 1987 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

34.
35.
36.
37.
38.
39.

40.
41.
42,
43.
44,
45,
46.
47.

Blobel G. (1980) Proc. Natl, Acad. Sci. U.S.A. 77, 1496-1500.

Schneider C., Owen M.J., Banville D. and Williams J.G. (1984) Nature 311, 675-678.

Holland E.C., Leung J.O. and Drickamer K. (1984) Proc. Natl. Acad. Sci. U.S.A. 81, 7338-7342.

Strubin M., Mach B. and Long E.O. (1984) EMBO J. 3, 869-872.

Fields S., Winter G. and Brownlee G.G. (1981) Nature 290, 213-217.

Malfroy B., Llorens C., Schwartz J.-C., Soroca E., Roques B.P., Roy J., Morgat J.L., Javoy-Agid F. and Agid
Y. (1981) in Advances in Endogenous and Exogenous Opioids (eds. Takagi H. and Simon E.J.) Elsevier,
Amsterdam, 191-194. '

Orlowski M. and Wilk S. (1981) Biochemistry 20, 4942-4950.

Malfroy B. and Schwartz J.-C. (1985) Biochem. Biophys. Res. Commun. 130, 372-378.

Hersh L.B. and Morihara K. J. (1986) Biol. Chem. 261, 6433-6437.

Pozsgay M., Michaud C., Licbman M. and Orlowski M. (1986) Biochemistry 25, 1292-1299.

Bradshaw R.A., Walsh K.A. and Neurath H. (1971) Biochemistry 10, 938-972.

Titani K., Ericsson L.H., Walsh K.A. and Neurath H. (1975) Proc. Natl. Acad. Sci. U.S.A. 72, 1666-1670.
Fricker L.D., Evans C.J., Esch F.S. and Herbert E. (1986) Nature 323, 461-464.

Kyte J. and Doolittle R.F. (1982) J. Molec. Biol. 157, 105-132.

66



