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Neutral endopeptidase (EC 3.4.24.11) is a major constituent
of kidney brush border membranes. It is also present in the
brain where it has been shown to be involved in the inactiva-
tion of opioid peptides, methionine- and leucine-enkephalins.
For this reason this enzyme is often called ‘enkephalinase’.
In order to characterize the primary structure of the enzyme,
oligonucleotide probes were designed from partial amino acid
sequences and used to isolate clones from kidney cDNA
libraries. Sequencing of the cDNA inserts revealed the com-
plete primary structure of the enzyme. Neutral endopeptidase
consists of 750 amino acids. It contains a short N-terminal
cytoplasmic domain (27 amino acids), a single membrane-
spanning segment (23 amino acids) and an extracellular
domain that comprises most of the protein mass. The com-
parison of the primary structure of neutral endopeptidase
with that of thermolysin, a bacterial Zn-metallopeptidase, in-
dicates that most of the amino acid residues involved in Zn
coordination and catalytic activity in thermolysin are found
within highly honmologous sequences in neutral endopep-
tidase.

Key words: microvillar hydrolases/Zn-endopeptidase/enkephalin-
ase/neuropeptide degradation

Introduction

Neutral endopeptidase (EC3.4.24.11) (NEP) is a mem-
brane-bound Zn-metalloendopeptidase located in the plasma
membrane of many tissues (Kenny, 1986). In mammalian brain,
the enzyme has been shown to be involved in the inactivation
of the opioid peptides, methionine- and leucine-enkephalins
(Malfroy et al., 1978; Almenoff ez al., 1981), and is therefore,
often called ‘enkephalinase’. The biological relevance of NEP
as an enkephalin-degrading enzyme is supported by its distribu-
tion in rat brain which overlaps that of opioid receptors (Waksman
et al., 1986a), its neuronal localization (Matsas et al., 1986;
Waksman et al., 1986b) and by the naloxone-reversible analgesic
responses induced by inhibitors such as thiorphan (Roques ez al.,
1980) and retrothiorphan (Roques et al., 1983). Inhibitors of
enkephalinase represent a new class of potential analgesic drugs
(Chipkin, 1986; Roques and Fournié-Zaluski, 1986). The design
of these compounds was based on a generalized active site model
for Zn-metallopeptidases already used for the develop-
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ment of the angiotensin-converting enzyme inhibitor, captopril
(Ondetti et al., 1977). In order to design highly potent and oral-
ly active inhibitors, more precise information on the active site
of NEP is required. For this purpose, we have elucidated the
primary structure of the enzyme by cloning and sequencing DNA
complementary to the mRNA coding for rabbit NEP.

Results
Purification and partial amino acid sequence of NEP

NEP was purified from rabbit kidney by immunoaffinity
chromatography using a monoclonal antibody (Crine et al., 1985)
(Figure 1a, lane 1). The amino acid sequence determination of
the purified native enzyme was attempted twice using the liquid-
phase sequenator. On each occasion, analysis of the data proved
extremely difficult because of exceedingly low initial yield
(estimated at 10—20% based on the weighted amount loaded on
the sequenator) and the presence within the sequence of a number
of unstable phenylthiohydantoin PTH (-amino) acid derivatives
(such as Ser and Thr) recovered in low yield. Furthermore, a
rapid decrease in repetitive yield prevented the interpretation of
the sequence data past 17 cycles. Nevertheless, in each run a
single sequence corresponding to the one shown in Figure 1b
was obtained. It is noteworthy that this putative NH,-terminal
sequence does not correspond to the one recently proposed by
Fulcher ez al. (1986) for porcine NEP. In fact, their sequence
corresponds to a truncated form of NEP lacking the first 13 or
14 residues.

Considering the difficulties with the sequencing of the native
enzyme, fragments from cyanogen bromide treatment were frac-
tionated by SDS —polyacrylamide gel electrophoresis (SDS—
PAGE) and isolated by electroelution (Figure 1a, lane 2). Four
fractions were obtained after electroelution from polyacrylamide
gel and directly submitted to sequence analysis on a gas-phase
sequenator. As shown in Figure 1b, it was possible to obtain four
distinct amino acid sequences which proved to be extremely
helpful not only for the synthesis of the oligonucleotide probes
but also to confirm in an independent manner the sequence deduc-
ed from the nucleotide analysis. Two unique single-stranded DNA
probes of 63 (probe A) and 57 (probe B) nucleotides coding for
amino acid sequences of CNBr-2 and CNBr-4 respectively were
designed according to codon usage frequencies (Ikemura, 1985;
Lathe, 1985) (Figure 1b).

Isolation and DNA sequencing of two overlapping cDNA clones
Jor NEP

An oligo(dT)-primed Agt10 cDNA library was generated from
rabbit kidney poly(A)* RNA and 1 X 10° recombinant phages
were screened by plaque hybridization with both probes A and
B. Of 10 positive recombinant phages obtained with probe A,
clone AENK7 had the longest insert (2.2 kb). This insert was
sequenced by the dideoxy chain termination procedure (Sanger
et al., 1977) (Figure 2). An open reading frame coding for 558
amino acids was found starting with the first nucleotide and end-
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Fig. 1. Determination of NEP partial amino acid sequence. (a) Coomassie blue-stained SDS —polyacrylamide gel of purified NEP (lane 1) and NEP CNBr
fragments (lane 2). The proteins used as standards are phosphorylase b, bovine serum albumin, ovalbumin, carboni¢ anhydrase, lactalbumin and trypsin
inhibitor. (M, refers to the relative mol. wt X 10~3). (b) NH,-terminal sequence of the intact NEP and some electroeluted CNBr fragments. The oligonucleo-
tide probes A and B are complementary to the mRNA. The letters below the probe sequences represent those nucleotides that were found different from the
cDNA sequence. The question mark at position 6 in CNBr-3 fragment indicates the position of a cycle where no PTH derivative could be detected.

ing 1674 nucleotides downstream. This open reading frame coded
for peptides CNBr-2, CNBr-3 and CNBr-5.

Moreover, part of A\ENK7 coding sequence is found in the in-
sert of a clone selected from a Agt11 library for its ability to pro-
mote the synthesis of a fusion protein that binds immunoglobulins
from a polyclonal antibody specific for rabbit NEP (not shown).
The remaining 483 nucleotides are presumably part of the 3’-un-
translated region of the NEP mRNA. However this sequence
lacks both the canonical polyadenylation sequence AATAAA
(Proudfoot and Brownlee, 1976) and the poly(A) tract. Under-
methylation of the endogenous EcoRI site in the cDNA during
library preparation most probably explains the absence of these
regions and also most of the difference between the length of
the cloned cDNA and that of the mRNA as measured by Nor-
thern blot hybridization (see below and Figure 3).

The lack of coding regions for CNBr-4 (probe B) and the N-
terminal peptide (Figure 1b) of the protein indicates that clone
AENK?7 does not contain the total mRNA sequence. As further
screening of the Agt10 library with probe B did not yield any
positive clone, we generated a new cDNA library in pUC19 us-
ing a synthetic oligonucleotide corresponding to a region proxi-
mal to the 5" end of clone A\ENK7 as a primer (Figure 2).
Screening of the new library by colony hybridization with probe
B allowed the isolation of four positive colonies. The sequence
of the cDNA insert of one of the positive colonies (PENK8) show-
ed the expected 117-nucleotide overlap with the 5’ end of clone
AENK?7 (Figure 2). Furthermore, it included the sequences of
peptide CNBr-4 and of the N terminus of the native protein.

Clones AENK?7 and pENKS8 contain overlapping DNA inserts
which together spanned a stretch of 2.8 kb of DNA (Figure 2).
This is shorter than the 3.6 kb determined by Northern blot
hybridization for NEP mRNA (Figure 3). However, complete
sequence analysis of the clones demonstrated an open reading
frame of 2253 nucleotides starting at the first ATG codon en-
countered from the 5’ end. We believe that this open reading
frame codes for the total NEP primary structure for two reasons.
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First, the N-terminal sequence of the protein determined by Ed-
man degradation is identical to the protein sequence deduced from
the cDNA (less the initiator methionine) and second, an in-phase
TAG stop codon is found six nucleotides upstream from the in-
itiator ATG.

Primary structure of NEP

The open reading frame encodes a protein of 750 amino acids
(excluding the initiator methionine), with a calculated mol. wt
of 85 452. This is close to the value of 94 000 determined by
SDS —PAGE or that of 85 000 estimated after removing N-linked
oligosaccharides with peptide: N-glycosidase (N-glycanase: Gen-
zyme, Boston) (results not shown). The predicted protein primary
structure contains five asparagine residues that are part of the
consensus sequence Asn-X-Ser/Thr for N-glycosylation sites.
Glycosylation of some of these asparagine residues could account
for the difference between the mol. wt calculated from the amino
acid composition and that estimated by SDS —PAGE of the native
enzyme.

The failure to detect an amino acid residue in CNBr-3 at the
position corresponding to Asn 628 of the protein sequence (Figure
1b) suggests that at least this residue is glycosylated. The primary
structure of NEP does not contain serine- or threonine-rich do-
mains that are believed to correspond to potential O-glycosylated
sites such as those found in glycophorin (Tomita et al., 1978)
the low density lipoprotein receptor (Yamamoto ez al., 1984) and
sucrase-isomaltase (Hunziker ef al., 1986). Therefore it is not
possible to infer this type of post-translational modification on
the basis of the primary structure alone.

There are 12 cysteine residues in NEP, four of which are
clustered in a 32-amino acid segment of the protein immediately
following the putative transmembrane domain (see below). Such
clustering of cysteine residues close to the anchoring point in
the membrane has also been observed for sucrase-isomaltase and
7v-glutamyl-transpeptidase, two other microvillar proteins (Hun-
ziker et al., 1986; Laperche et al., 1986). It has been proposed



Primary structure of neutral endopeptidase
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Fig. 2. Rabbit kidney NEP cDNA. (a) Restriction map and sequencing strategy of the cDNA inserts of AENK7 and pENKS. Restriction sites: E, EcoRI; X,
Xbal; S, Stul; H, Hindlll; P, Pstl, Ah, Ahalll; Ap, Apal. The direction and extent of sequencing are indicated by arrows (upper arrows, coding strand; lower
arrows, non-coding strand). (b) Nucleotide sequences of clones pENK8 and NENK7 and deduced amino acid sequence. Amino acids are numbered starting at
the N-terminal Gly residue of the mature protein. The broken line shows the position of the complementary sequence of the 17-nucleotide oligomer used for
generating the pUC19 cDNA bank. Peptide sequences derived from purified NEP and NEP CNBr fragments are underlined. Sites of potential asparagine-

linked glycosylation are indicated by asterisks.

that the conformation of the human active enzyme is stabilized
by the formation of four disulfide bridges (Tam er al., 1985).
It is therefore likely that most of rabbit NEP cysteine residues
are also part of disulfide bridges.

Since the N-terminal amino acid sequence of the protein ob-
tained by Edman degradation coincides with the beginning of the
open reading frame, it is clear that NEP does not contain a cleav-
able signal peptide. According to Kyte and Doolittle (1982),
membrane-spanning domains of transmembrane proteins consist
of sequences of at least 19 amino acids exhibiting an average
hydropathy index > 1.6. In the NEP sequence reported here,
the only domain that fulfils these criteria begins 27 amino acids
from the N terminus of the native enzyme (Figure 4). This region
is thus a logical candidate for the molecular signal which targets
NEP to the endoplasmic reticulum. This domain could act both
as a signal and membrane anchor as in the case of neuraminid-

ase (Bos et al., 1984) and the asialoglycoprotein receptor (Speiss
et al., 1985).

Analysis of the secondary structure of this segment according
to Chou and Fasman (1978) predicts a helical conformation over
> 80% of its total length. Since a sequence of 20 amino acids
in a helical conformation can cross the membrane just once, it
appears that the membrane topology of NEP is very asym-
metrical. This result corroborates previous findings based on elec-
tron microscopy and proteolytic studies (Gee and Kenny, 1985);
it appears that the large C-terminal hydrophilic domain is facing
the lumen of the tubule whereas the small N-terminal sequence
of 27 amino acids remains in the cytoplasm. In fact the topology
of NEP in the membrane resembles that of two other brush border
proteins sucrase-isomaltase (Hunziker et al., 1986) and ~-
glutamyl-transpeptidase (Laperche et al., 1986). Most of the pro-
tein mass of these hydrolases, including the catalytic site(s) and
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the C terminus of the molecule, protrudes on the extracellular
luminal side.

Anchoring via the N-terminal region as suggested here for NEP
is seen in other microvillar enzymes, namely aminopeptidases
M and A, dipeptidylpeptidase IV and maltase-glycoamylase (for
a review, see Semenza, 1986). A model for the mechanism of
membrane insertion of the nascent NEP in the rough endoplasmic
reticulum should therefore involve a variation of the initial helical
hairpin model of Halegoua and Inouye (1979) as recently pro-
posed by Wickner and Lodish (1985). The principal features of
the primary structure of rabbit kidney NEP are summarized in
Figure 5.

25S—

18S—

Fig. 3. Northern blot analysis of poly(A)™ RNA from rabbit kidney (lane
K). Poly(A)" RNA from skeletal muscle, which does not contain NEP, is
shown as a control (lane M). Positions of 25S and 18S rRNA markers are
indicated by arrows.

Hydropathy index
o

Discussion

There is very little overall homology between NEP and other
Zn-metallopeptidases such as carboxypeptidase A, B and E
(Fricker et al., 1986) as well as thermolysin. However, most
of the important amino acids present in the active site of ther-
molysin (Kester and Matthews, 1977) have been conserved in
NEP. These include two of the Zn-coordinating residues His 585
and His 589 in NEP (which most probably correspond to His
142 and His 146 in thermolysin) and the essential amino acids
involved in catalysis and binding (Glu 586 and His 639 in NEP
versus Glu 143 and His 231 in thermolysin). In both enzymes,
all of these amino acids are found within highly homologous se-
quences (Figure 6).

These results are in agreement with previous reports on the
similar specificity of the two enzymes (Roques and Fournié-
Zaluski, 1986; Pozsgay et al., 1986; Hersh and Moribaza, 1986),
and the presence of a critical His residue at the active site of
NEP (Beaumont and Roques, 1986) in contrast to a tyrosine
residue in carboxypeptidases (Fricker et al., 1986; Quiocho and
Lipscomb, 1971). The good correspondence between the active
site sequences of thermolysin and NEP should allow the use of
the known tertiary structure of thermolysin as a working model
for the NEP active site. The ‘docking’ of inhibitors by computer
graphics (Bush, 1984; Recanatini et al., 1986), recently used in
the design of ACE (Hangauer ez al., 1984) and renin inhibitors
(Carlson et al., 1985), could thus be applied to NEP. Clinical
appliations of NEP inhibitors would require knowledge of their
effect on the transcription of the gene. Such information can now
be easily obtained from in situ hybridization experiments using
the cDNA which we have isolated.

Materials and methods

Purification and amino acid sequence determination of NEP and NEP fragments
NEP was purified from octyl glucoside-solubilized rabbit kidney cortex mem-
branes by immunoaffinity chromatography essentially as described previously
(Crine et al., 1985; Aubry et al., 1987). Purified NEP was cleaved with CNBr
after reduction and carboxymethylation with iodoacetic acid (Glazer et al., 1976)
and the fragments were isolated by electrophoresis on a 10—20% SDS —poly-
acrylamide gel (Laemmli. 1970) and electroelution (Hunkapiller ez al., 1983).

The amino acid sequence determinations of the native NEP and of the reduced

200

400 600

NEP amino acids

Fig.. 4. Hydrf)pathy analysis. The 750 amino acid long NEP sequence was scanned using the computer program of Kyte and Doolittle (1982). Numbers on the
honzqntal axis refer to the amino acid sequence. Negative values correspond to hydrophilic regions and positive values to hydrophobic regions. The window
used in the scanning was nine amino acids. The arrow indicates the only potential membrane-spanning segment of NEP primary structure.
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Primary structure of neutral endopeptidase

STRUCTURE OF NEP
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Fig. 5. Schematic primary structure of NEP. The protein is represented with its putative NH,-terminal domain facing the cytoplasm (INSIDE). The
membrane-spanning domain (residues 28 —50: black box) is followed by a stretch of 32 amino acid residues containing four cysteine residues (C). The
position of the possible N-glycosylation sites is indicated by open lollipops. The filled lollipop refers to Asn 628 for which glycosylation has been suggested
from protein sequence analysis. Hatched boxes represent sequences homologous to the thermolysin active site. Numbers refer to the position of amino acids
starting at the NH,-terminal glycine residue. OUTSIDE refers to the extracellular compartment. The membrane (M) is depicted by a double broken line.

and carboxymethylated CNBr-derived fragments were performed on two automatic
sequenators. The native enzyme (400—500 ug) was sequenced on a Beckman
890 M liquid-phase sequenator using Polybrene (3 mg) as a carrier and a 0.33 M
Quadrol program with double coupling at the first cycle. The conversion of the
thiazolinone derivatives was accomplished automatically using HCl/methanol as
previously described (Lazure et al., 1983).

The amino acid sequence determinations of the various fragments eluted from
polyacrylamide gels were performed on a gas-phase sequencer (Applied Biosystemns
model 470A). Samples were loaded and the sequencer was run according to the
manufacturer’s instructions. In both cases, the dried PTH derivatives were analysed
directly by reverse-phase h.p.l.c. as already described (Lazure et al., 1983).

¢DNA cloning and sequencing

Poly(A)* RNA was isolated from rabbit kidney cortex (Chirgwin ef al., 1979,
Aviv and Leder, 1972) and an oligo(dT)-primed Agt10 cDNA library (6 x 105
recombinants) was generated using standard procedures (Gubler and Hoffman,
1983; Huynh et al., 1985). Phage plaques were transferred to nitrocellulose filters
and screened ly with probes A and B labeled at their 5’ end by phosphoryla-
tion using [y->“PJATP and T4 polynucleotide kinase (specific activity of probes
108 c.p.m./pg.

Conditions for hybridization and washings were as described (Wood et al.,
1985). Insert DNA of positive phages were subcloned in pUC19 and M13mp19
for restriction sites analysis and sequencing, using the dideoxy chain termination
reactions (Sanger et al., 1977). The sequencing was performed on both strands
by walking along the cDNA with synthetic oligonucleotides. A second cDNA
library was generated in pUC19 from the same mRNA source using a 17-nucleotide
oligomer as primer (see text). Screening of this library with probe B and sequen-
cing of one positive clone, pENK8, were performed as described above. All oligo-
nucleotide probes and primers were synthesized on a Pharmacia Gene Assembler
by monomer addition of activated phosphoramidite derivatives to a solid sup-
port. The probes were deprotected in ammonia and purified by electrophoresis
on a 15% polyacryalmide gel.

Northern blot analysis

Poly(A)* RNA of rabbit kidney and skeletal muscle was isolated as described
above, separated on a 1% agarose/formaldehyde gel (5 pg per lane) and transferred
directly to nitrocellulose (Maniatis ef al., 1982). Nitrocellulose filters were hybridiz-
ed under high stringency conditions with radiolabeled ENK7 cDNA insert and
washed in 0.1 X SSC, 0.1% SDS at 50°C.
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Fig. 6. Homology between amino acid sequence of thermolysin (Thermo)
and NEP. Numbers refer to the last amino acid position in each protein
segment. Asterisks indicate the position of Zn-coordinating and catalytic
residues in thermolysin. Identical residues are boxed while conservative
amino acid changes are indicated by broken lines. Gaps are represented by
dashes.
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