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cDNA clones encoding rat enkephalinase (neutral endopeptidase, EC 3.4.24.11) have been isolated in ~.gtl0 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 enkephaiinase 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 extraceUular. 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-Phe 4 amide bond of enkephalins in vila'0 and in viv0 (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 and seq~tence analysis of rat kidney enke_t~halinase: 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 10xl0 mm Concanavalin 
A-Sepharose column, and the enzyme was eluted in several lml fractions with 5 mM, pH 7.4 HEPES buffer 
containing 0.1% Triton X-100 and 500 mM methyl-a-D-Glucopyrannoside. Eight lml fractions, containing a total of 
450 I.tg 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 Bg of protein was concentrated to 200 lal 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 NaC1 and 0.1% Triton X-100. The column was eluted in the same buffer at a flow rate of 
200 gl/min and the fractions obtained (300 gl) 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 i.tg 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 I.tl 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) cellulose chromatography. High complexity eDNA libraries were constructed in 7~gtl0 (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 6x106 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'-GAAGTTGT]'GGCGGACTGCTGGGTCCACCAGTCGACCAGGTCGCC-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 eDNA 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 g C for the short probe. Inserts of L 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 
P_~.tI, Eq0RI or B__g!II and electrophoresed on a 1% agarose gel. After Southern transfer (26) onto nitrocellulose the 
blot was hybridized with a 32p-labelled (27) 466 bp EcoRI-B_Bg[IlI eDNA fragment of clone kK3, in 5xSSC, 50% 
formamide at 42 oC. The blot was washed at 65 ~C in 0.1xSSC, 0.1% SDS, and exposed for 60 h. For Northern 
blots, polyadenylated mRNA (5 txg) was electrophoresed in a formaldehyde-l.2% agarose gel (28) and blotted onto 
nitrocellulose paper (29). The blot was hybridized with the 1459 bp EcoRI insert of XK3 in 5xSSC, 50% formamide 
at 42 °-C and washed in 0.1xSSC, 0.1% SDS at 65 gC. 

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 I-IPLC (Fig. 1). One 

such peptide, KC2-18-4, containing two tryptophan residues, was used to design oligonucleotide probes for screening 

eDNA libraries. Both a complementary short pool (32x 18 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 eDNA library constructed in ~.gtl0. Two positive clones were 

identified and the largest, ~.K3, was sequenced. This clone contains an open reading frame that encodes all peptide 

fragments sequenced, except the N-terminus. This eDNA clone was in tam used as a probe to screen oligo(dT) primed 

kgtl0 eDNA libraries constructed from either rat brain or kidney poly (A) + mRNA. Two clones, ZK2 and XK5, were 

identified from the kidney library, and two clones, ~.B10 and LB16, were identified from the brain library. Clones 

ZK2, ~.K5 and M310 contain a stop codon for the reading frame identified in clone kK3, while clone LB16 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 eDNA 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 XK2 and in brain clone ~.B10 while 
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Asp-Ile-Thr-Asp-Ile-Asn Ala Pro Lys-Pro-Lys-Lys-Lys-Gln Arg 
Leu-Leu-Pro-Gly-Leu-Asp-Leu Asn His-Lys 
Glu Arg-Ile-Gly Tyr-Pro-Asp-Asp-Ile Ile-Ser-Asn-Glu-Asn-Lys 
XXX-GIy Asp-Leu-Val Asp-Trp-Trp-Thr-Gln-Gln-Ser-Ala-Asn-Asn-Phe Lys 
Glu-Glu-Glu-Tyr-Phe-Glu Asn Ile-Ile-Gln-Asn-Leu Lys 
His-GIn-Asn-XXX-Phe-Ser-XXX-Glu- Ile-Asn-Gly-Lys 
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 enkephalinase purification and orotein seauence analysis. 
(A) Coomassie blue-stained SDS-polyaerylamide 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-terminal) and of Lysine-C proteirmse peptides. 

a C is found in a second kidney clone, ~.K3; at nucleotide 2930, a G or an A is found in either the kidney (LK2) or 

brain Q~B I0) clones, respectively. Southern blot analysis (26) of rat genomic DNA using a small coding region 

cDNA 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 

eDNA 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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MetGlyArgSerGluSerGlnMet'AsplleThrAsplleAsnAlaProLysProLysLysLysGlnArgTrp 

i ~CGG~GAT~T~CAAGTG~GAAGC~GGA~C~GTGCAG~C~CAAGCTGCT~AGcGGCTGA~CGAGGGATTTTAGGT~ATGGGAAGATCAGAAAGT~AGAT~GA~ATTACTGATATCAATGCTCCAAAGC~GAA~AAGAAACAGCGAT~G 

2o r 30 ~o ] 5o 6o 
ThrPr•LeuG•u•]e•erLeuSerVa•LeuVa•LeuLe•LeuThrI•e••eA•aVa•ThrMet••eA•aLeuTyrA•aThrTyrAspAsp••y]•e•ysLysSer•erAspCys••eLys•erA•aA•aArgLeuI•e••nAsnMetAsp 

151A~T~CACTG~AGATCAGC~TTTCTGTGCTCGTCTTGCT~CTGA~TATCATAG~TGTGACAAT~ATTGCTCTCTAT~CAA~CTATGATGATGGTATTTGCAAATC~TCA~ACT~CATAAAA~CAGCTGCTC~ACT~ATCCAGAACATGGAT 

70 80 90 100 110 
A~aSerA]aG~uPr~CysThrAspPhePheLysTyrA~aCysG~yG~yTrp~euLysAr~AsnVa~ePr~G~uThr~erSerAr~TyrSer~snPheAsp~eLeuArgAspG~uLeuG~uVa~eLeuLysAspVa~LeuG~G~u 

301 GCCTCTGCTGAGC~AT~TACGGACTTCTTCAAATATGCTTGTGGAGG~TG~TT~A~ACG~AATGTC~TCCCTGAGA~AGTT~CCGATACA~TAATTTTGACATTCTAAGAGATGAACTAGAAGTCATTTT~AAAGATGTCCTT~AAGAA 

120 130 ~ 1 4 0  150 160 
Pr~LysThr~AspI~eVa~A~aVa~G~nLysA~aLysThrLeuTyrArgSerCys~eAsnG~uSerA~a~eAspSerAr~G~yG~y~nPr~LeuLe~ThrLeuLeuPr~Asp~eTyrG]yTrpPr~Va~A~aSerG~nAsnTr~ 

451 CCC~AAACT~AGGACATAGTAGCAGTGCAGAAAGCA~AAACTTTGTACAG~TCATGTATAA~TGAAT~TGCTATTGAT~GCA~GGTGGGCAACCTCTGCTCACACTGTTAC~AG~TATATATGG~TGGccA~T~GCATcA~AAAACTGG 

170 180 190 200 ~ 210 
GluG]nThrTyrG~yThrSerTrpThrA~aGluLys~erI~e~aGlnLe~Asn~erLysTyrG~y~y~LysVa]Le~7eAsnPhe~heVa~G~yThrAspAspLysAsnSerThrG~nHis~eI~eHisPheAspGlnPr~ArgLeu 

601 •AACAAACATATGGTAC•TCTTGGACAGCT•••AAATCTATTGCAC•ACTGAATTCTA•ATATGGGAAAA••GTCCTCA••AATTTTTTT•TTGGCACTGATGATAAGAATTCTACCCAGCATATAATTCATTTTGACCAGCCTCGACTT 

220 230 240 250 260 
G yLeuPr~SerAr~AspTyrTyrG~uCysThrG]y~eTyrLysG~A]aCysThrA~aTyrVa~AspPheMetI~eSerVa~A~aArqLeuI~eArgG~nG~u~]nArqLeuPr~I]eA~pG~uAsnGlnLeuSerLeuG]uMetAsn 

751 GG~T~CTTCCAGAGACTACTA~GAGTGTACAGGAATATATAAAGAGGCTTGCACAGCATgTGTGGA~TTTAT~ATTTCTGTGGCCAGACTGATTCGTCAGGAACAAAGATTG~CTATTGATGAAAACCAGCTCTCTTTGGAAATGAAT 

27U [ - - ~ 2 8 0  290 300 ~ - ~  310 
Ly5ValMetG]uLeuGluLysGlu~leA1aAsnA]aThrThrLysPr~GluAspArqAsn~pPr~t~1etLeuLeuTyrAsnLy~MetThrLeuA aLysLeJG nAsnAsnPheSerLeuG u eAsnG yLysProPheSerTrpSer 

901 AA~GTT~TG~AATTGGAAAAAGAAATTG~CAATG~CACAACTA~A~CAGAAGACCGAAATGACCCAATGCTGCTTTATAACAA~ATGACATTGGCCAAGCTCCAAAATAACTTCTCTCTG~AGATCAATGGGAAGCCATTCAGCTGGTCA 

F///'/'A320 33u E 340 I 350 360 
gsnPheThrAsnG u eMet~erThrVa~Asn1]eA~n~]e~1nAsnG~uG]uG~uVa~Va]Va~TyrA]aPr~G~uTyrLe~]ThrLy~LeuLy~r~He~e~T~r~y~Tyr~er~r~ArgAspLeuG]nAsnLeuMet~e~TrpArg 

I051 AATTTCACAAATGAA~TCATGT~A~CT~TGAATAT~AAT~TT~AAAATGAGGAAGAAGTGGTTGTTT~TGCTCCAG~ATATTTAA~CAA~CTTAAG~CTATTCTT~C~AAATATT~TC~AGAGAT~TT~AAA~TTTAATGT~TGGAGG 

37U 380 390 400 410 
Phe ~eMetAspLeuVa~SerSerLeu~erArgAsnTyrLys~SerArgAsnA~aPheAr~LysA~aLe~Tyr~]y~hrThrSerG~uThrA]aThrTrpArqAr~CysA~aAsn~yrVa~Asn~yAsnMet~uAs~A~aVa~G~y 

1201 TTCATAATGGATCTTGTAAGCAGCCTCAGCCGA~A~T~AGGAGTCCAGAAATGCTTTCC~AAGGCCCTTTACG~ACTACATCCGAAACTG~AA~TGG~GACGGTGTGCCAACTACGTCAATGGGAACATG~AGAATGCTGTGGGG 

420 [430 440 450 460 
ArgLeuTyrValGluA aA~aPheA~aG~yG~SerLysHi~Va~Va~G~uA~pLeu~eAla~nI~eAr~G~uVa~heIleG~nThrLeuZspAspLeuThrTrpMetAspA~a~uThrLysLysLysAla~u~uLysA]aLeu 

1351 AG•CTTTATGTGGAAGC•••TTTT•CTGGAGAGAGCAAGCA•GT•GTTGA•GATTT••TTGCACAAATCC•TGAAGTTTTTATTCAGACTTTA•ATG•CCTCA•TTGGAT•GATGCTGAGACAAAAAAGAAAGCT6AAGAGAAGGCCCTG 

~70 48U I 49U 500 510 
A~a~1eLys~luArg~]eG1yTyrPr~AspAsp~1e~e~erAsnG~uAsnLysLeuAsnAsnG1uTyrLeuG1uLeuAsnTyrLysG~uG~u~uTyrPheG1uAsn~e~1e~1nAsnLeuLysPheSer~1n~erLys~1nLeuLys 

1501 G~AATTAAAGAA~G~AT~GGC~ATCC~GATGACATCATCTCCAA~GA~AA~AA~GAA~AA~GA~TA~CTTGAGT~AA~A~A~GGAA~AGGAATAC~TTGAGAACA~AA~TCAAAA~TTG~AATTCAGCCAAAG~AA~CA~CTAAA~ 

520 530 540 550 560 
LysLeuAr9G1uLysVa•AspLysAspG•uTrp••eSer••yA1aA•aVa•Va1AsnA•a•heTyrSer•erG•y•rgAsnG•n••eVa•PhePr•A•aG]y•]eLeuG•npr•Pr•PhePheSerA•aArgG1nSerAsnSerLeuAsn 

1651 AA~CTCCGA~AAAAGGTGGACAAAG~TGAGTG~TAAGTGGCGCGGCGGTAGTCAATGCATTTTATTCCT~AGGCA6AAATCAGAT~TCTTCCC~CG~CATTTTGCAGCCCCCATTCTTTA~T~CTC~GCAGTCCAACTCATTGAAC 

570 58U 590 ~__ 600 610 
~yrG~yG]y1~eG~yNetVa]I~eG~yHisG]u~]eThrHisGIyPheA~pAsp~snG~yArgAsnPhe~nLysAspGlyAspLeuVa~A~pTrpTrpThrG~nG~nSerA]a~sn~snPheLys~spGlnSerGlnCysMeLVa~Tyr 

1801 TA~GGGGG~ATCGGCAT~GTCATC~GA~TGAAATCA~AC~TGGCTT~GATG~C~ATGGCAGAAATTTTgACAAAGATGG~GACCTC~TTGACTGGTGGACTCAG~AGTCTGCAA~TAATTT~AAAGACCAATCCCAGT~TAT~GTGTAC 
C 

630 640 650 660 
GlnTyr6 y snP eThrTrpAspke gaG yG]yG nHisLeuAsnG]y eAsnThrLeu~y~]uAsn]~eA]aAsp~sn~y~y]le~yG~nA~a~yrArgA~aTyr~Asn~yrVa]~ysLysAsn~y~u~u~ysLeu 

1951 CAGTATGGAAACTTTACATGGGACCTAGCAGGTGG~CAG~ATCTCAAT~AA[TAACACACTAGGAGAAAATATTGCTGATAATGGAGGGATTGGCCAAGCATACA~AGCCTATCA~AATTATGTTAAAAAGA~TGGTGAAGAAAAATTA 

r . . 
LeuPr~G~y~AspLeuAsnHisLys~G~nLeuPhePhe2~A~nPheA~aG1nVa~TrpCy~1yThr~ArgPr~G~uTyrA1aVa~A~nSer~e~ThrA~pVa1H1s~erPr~1yAsnPhe2~e~eG~y ThrLeuG1n 

2101 CT~G~A~TT6ACC~CAAT~ACA~ACAA~IiTT~T~TT~AACT~C~CA~T~T~TG~A~CTAC~C~A~A~TATGCA~CAA~Tc~AT~AAAA~A~AT~TA~A~AGT~T~GCAA~CAGGAT~AT~GGA~TT~G~AG 

720 730 740 
Asn~er~1a61uPheA~aAspA~aPheH~sCysArgLysAsnSer~y~MetAsnP~1uArgLysCysArgVa]Trp~P* 

2251 AACTC~TGAGTTTGc~AT~T~ATTGCC~CAAGAACT~ATACATGAAT~A~AAAGGAAA~G~CG~TTTG~T~ATCTTCACA~GAA~G~AGCAT~cAT~GCAG~ACTCGC~AAAGCCACA~AAACA~GAAGT~TTCCCT~AG 

2401 AGAAC•TGG••CCC•GAAGTTTCTTCAGCTTCTT•GGGGAAATTCA•AG•GATGAGCACGAGCTAACAAAAATGAAATTA•ATTATT•AAACCGCT•TGAATGAAA•GG•AGAAAACCTACGATCTAGCAAATCAATCACTTCACTGTGT 

2551 AAATAATTA••TT•C••ACGGTAATATTACCGTTCA•TTCTGGTT•TC•CA•AG•CTGC•GCTTTCATGCTGTCTGTAGA•AACAGTGTT•ACACTTAAA•CAG•TTATGACTTCTGATCAA•AGGAGGAAGACGCTGAATACA•TTG•GC 

2701 ACCAAAGTAC~6ATTT~CCTCTCA~CACTCACTTTTGTTTGCAACATTCAGCTCCTTCAAAATTCTC~CAAAGAACCCCCATGCATACTGTGGCCTTCA~GCTCCTGCAGT~TGGAACTCATTTTACCATGCATAAATTATTCATTCATT 

2851 CCACATCATTTTAGTTTGAGCACTCTTAGAGCTTAAACTA~AGAGTCTGAAATGGTTCC~CCATTTACCCACTTGAGTGGTGTT~AGACTCTTCAGCCCCCTACAGATTTTT~AGCAATTTCTTGCTCTCGCTG~C~CTCAGA~TT~GTC 
A 

3ugL TTT~AA~GGATTTGTA~TAATGTA~AAAAA~CATTCTATATTTAATT~TTAA~TA~ACATGACCAAATAAA~AT]GCTATAGGTA~TCATTGAATATTGACATTATATGGCCAAGATA~ATA~TTAAGAA~ATCTGTAACAT~ATGTG~ 

3151AGA~GAAA~TTGAAACTT~T~AA~CCTGTAAA~CAT~TT~C~GAAAATCTT~AA~ACAAACTCTGGGGT~AGCATTACCATTGAACA~TTG 
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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 nnclcotides 2485 and 

3063, respectively (Fig. 2b), may correspond to the 2.6 and 3.2 kb kidney mRNA's. 

The enkephalinase eDNA potentially encodes a 750 amino acid polypeptide, starting from Met -8 as numbered in Fig. 

2. This reading flame has 78 bp of 5'-untranslated sequence and 912 bp of 3'-untranslated sequence. An in-frame stop 

codon is located 6 bp upstream of the AUG codon for Met -8. A second, alternate initiation codon (Met -I ) is found 

downstream of the first ATG (Met'8). Neither of these two potential initiation codons, at Met "1 or Met -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 "l) is used for the in vivo synthesis of mature enkephalinase. The polypeptide starting with 

Asp 1 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 yielded values in 

the 90-94 kD range (I 1). 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. lc) 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 3 0  ~_ I I I I I f i 

V n A A n 

I I I I ] I I 
0 100 200 300 400 500 600 700 

Figure 2. Nucleotide and deduced protein seouence for rat enkenhalinase eDNA. 
(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 eDNA clone. Overlapping eDNA 
clones used in sequence determination are shown below the diagram of the mRNA structure. (13) 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 (see 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 1 as this is the N-terminal residue of the mature protein. Two potential initiation codons are 
Met -1 and Met -8 and am 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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Figure 3. Southern and Northern blot analysis of rat DNA and RNA. 
(A) Southern blot hybridization analysis of rat DNA, digested with ~ (lane a), EcoRI (lane b) or B~III (lane e) and 
hybridized with a 466 bp cDNA probe. Size standards (kb) are FlindIII-cleaved Xci857 DNA. (B) Northern blot 
analysis of mRNA encoding rat enkephalinase. Rat kidney poly(A) + mRNA (lane a) and rat brain (minas cerebellum) 
poly(A) + 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 extraeellular 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 

intraceUular 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 metaUoenzyme (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 earboxypeptidases. The availability of cloned 

enkephalinase will facilitate an understanding of the substrate specificity and function of this enzyme. 
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Enkephalinase A6110 KD~S QCMVY_Q~N F TWDLAGG QH~NG I NT LG E N I ADNGG~A~AYQt~ - - - ~E ~L~_~--~ ~ 
Carboxypeptidase -- AR S T~T F NSqATYH TLDE I YDFMDLTV~E H P~VS KL(~I GR S~E~R P I~f VK~QFS TG ~qS NR -- ~ZA I W IDI/G IIHI 
Carboxypeptidase B 1 TTG H S-S-S-S-S-S-S-S-S-~K~N NWE T I EAW~EQVA S E N PD-L I S RS~G~ TFLGN T I~L~VG K P ~GIS N~- --IP~FM~G ~H ] 
Carboxypeptidase E 1 R~DGISFE~HR_~PELRE---A~VS_~WEQCAA~SRIYT~jRS~EGRELL~LELSDN G~VHEPGE~EFKYIGNF~ 

Enkephalinase 675 KQLFFLNFA~--~GT~RP~-~V~ I ~-VH~PG ~ I~Q~SA~D~FHC--~SYMNP ER~VW 
Carboxypeptidase A 70 S~-EZIT~ATG~W~ZKKFT~Y~Q~S~T~IE SD~DIF~ IE~V~P~GFA~THSENRLW~K~R~VTSSS~qVGVDAN 
Carboxypeptidase B 67 ARE~IS~AFCQ~VREAVR~Y~REIH~T~F~DKLDFYVLPWNIDGYIYTWTTNRMW~TRS~RAGSS[_QTGTDLN 
Carboxypeptidase E 73 GNE~VGRELLIFLAQ~LCN~JQKGNE ITIIVULIHNT[I~MPSL~PDG~ASOLGELKDWFVGRSNAQGIDLN 

Figure 4. Seouence homologies of enkephalinase and bovine carboxvoel)tidases A. B and E. 
Amino acids are shown in the one-letter code and numbered at the left. Identical residues are boxed whilst conservative 
changes, based on the following groupings: ILVM, DE, RKH, FWY, TS, GA, QN, P, C, are dotted. 
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