
Article No. jmbi.1999.3492 available online at http://www.idealibrary.com on J. Mol. Biol. (2000) 296, 341±349
COMMUNICATION

Structure of Human Neutral Endopeptidase
(Neprilysin) Complexed with Phosphoramidon
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Neutral endopeptidase is a mammalian type II integral membrane z
containing endopeptidase, which degrades and inactivates a numbe
bioactive peptides. The range of substrates cleaved by neutral endop
dase in vitro includes the enkephalins, substance P, endothelin, br
kinin and atrial natriuretic factor. Due to the physiological importanc
neutral endopeptidase in the modulation of nociceptive and pre
responses there is considerable interest in inhibitors of this enzym
novel analgesics and anti-hypertensive agents. Here we describe the c
tal structure of the extracellular domain (residues 52-749) of human
complexed with the generic metalloproteinase inhibitor phosphoram
at 2.1 AÊ resolution. The structure reveals two multiply connected fol
domains which embrace a large central cavity containing the active
The inhibitor is bound to one side of this cavity and its binding m
provides a detailed understanding of the ligand-binding and speci®
determinants.
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Neutral endopeptidase (NEP) (EC 3.
also known as neprilysin, enkephalinase
CALLA or CD10, is a membrane-boun
dependent endopeptidase originally e
and puri®ed from the brush border o
kidney (Kerr & Kenny, 1974). This ectoen
widely distributed in mammalian tissues
involved in the inactivation of a variety
naling peptides (Erdos & Skidgel, 1989;
et al., 1993; Turner & Tanzawa, 1997). N
been implicated in the regulation of opio
tide action through the degradation of e
ously released enkephalins (Roques et al
Furthermore, it is involved in the physi
degradation of the peptides modulating
pressure, such as the cardiac hormon
natriuretic peptide (ANP), bradykini
endothelin. There is great interest in the
cation of novel inhibitors of NEP for app
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in clinical treatment (Abassi et al., 1992; K
& Stephenson, 1988; Pham et al., 1993). P
inhibitors of NEP have been synthesized w
produce a pharmacological response thr
increase in opioid or vasoactive peptide le
indicating their therapeutic potential as n
analgesics or antihypertensive agents (Bur
1999; Chen et al., 1998; Robl et al., 1997,
Roques & Beaumont, 1990).

The primary sequence of NEP has been d
mined by cloning its cDNA from several sp
(Devault et al., 1987; Malfroy et al., 1987, 1
NEP is the prototype of a group of metallop
dases which includes the endothelin-conve
enzymes (ECE-1 and ECE-2), the erythrocyte
face antigen KELL, and the PEX gene pro
They belong to the M13 subfamily of mam
lian neutral endopeptidases and consist
short N-terminal cytoplasmic domain, follo
by a single transmembrane helix, and a larg
terminal extracellular domain that contains
active site (The HYP consortium, 1995; Emo
Yanagisawa, 1995; Lee et al., 1991; Shimada e
1994). The extracellular domain of NEP con
12 cysteine residues, all involved in disu
bridges, ten of which are conserved in
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342 Neutral Endopeptidase-Phosphoramidon Complex
KELL, and PEX (Figure 1). The overall homology
between NEP and ECE-1, ECE-2, KELL and PEX
is 35 %, 30 %, 31 %, and 25 %, respectively, but
increases to 51 %, 44 %, 43 %, and 39 % if only
the 250 C-terminal residues are considered. This
degree of similarity is suf®cient to indicate that
these proteins share a common origin and a
similar fold.

The catalytic properties of NEP resemble those
of a group of zinc-dependent bacterial endopepti-
dases of which thermolysin (TLN) is the best
characterized. Early structure-activity studies
showed that TLN and NEP cleave the peptide
Figure 1. Multiple sequence alignment of selected mamma
PEX. The a-helices, ®lled cylinders, b-strands, open cylinders
Figure 2. Zinc-binding residues, crosses; ligand-binding resi
ation of the active site are labeled by circles and glycosylati
and their respective disul®de-bond partners are indicated. P
described in detail elsewhere (Dale et al., unpublished res
(residues 52-749) was cloned into pPICZa-C to create a fusi
produced in the yeast Pichia pastoris GS115. Protein expressio
nol. The secretion level of sNEP was modest at 10 mg/l. The
matographic steps. The N-terminal sequence of puri®ed sNE
the STE13 signal peptidase. The kinetic properties of sNE
shown). Mass spectral analysis of the puri®ed protein result
80,086 Da) indicating that the protein is signi®cantly glyc
resulted in a decrease in approximately 10 kDa giving a ®n
glycosylation remained. Light-scattering analysis of both s
unimodal size distribution suggesting that they were suitable
bond of their substrates at the amino side of hydro-
phobic residues and that both enzymes are inhib-
ited by the same type of molecules, such as
phosphoramidon and thiorphan, with the same
stereochemical dependence (Benchetrit et al., 1987;
Fulcher et al., 1982; Hersh & Morihara, 1986).
Although there is very limited homology between
the primary sequences of mammalian and bacterial
enzymes, they are characterized by two consensus
sequences HExxH and ExxxD, involved in zinc
binding and catalysis (Matthews, 1988). Hydro-
phobic cluster analysis suggested important simi-
larities in their active sites and putative residues
lian membrane metallopeptidases NEP, ECE, KELL and
, are drawn above the sequence. Coloring as indicated in
dues; open squares. Residues implicated in the stabiliz-
on sites are indicated with diamonds. Cysteine residues
rotein expression, puri®cation and crystallization will be
ults). Brie¯y, the extracellular domain of human NEP

on with the a-mating factor signal sequence and protein
n was accomplished using YP medium with 3 % metha-
sNEP could be puri®ed to homogeneity using ®ve chro-

P indicated that the protein was ef®ciently processed by
P were similar to that of the native enzyme (data not
ed in a mass of 92,186 Da (predicted molecular mass is

osylated. Treatment of sNEP with Endo-F1 glycosidase
al mass of 81,369 Da indicating that a small degree of

NEP and the de-glycosylated sNEP showed a narrow
for crystallization trials.
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involved in zinc coordination, catalysis and sub-
strate binding have been identi®ed in NEP by site-
directed mutagenesis experiments (Benchetrit et al.,
1988; Devault et al., 1988a,b; Dion et al., 1993, 1995;
Le Moual et al., 1991, 1994). In the absence of struc-
tural information for any member of the neprilysin
family, the observed three-dimensional fold for the
TLN family has been used to generate a model of
the active site region of NEP for the design of new
NEP inhibitors (Gaucher et al., 1999; Ksander et al.,
1997a,b; Tiraboschi et al., 1999).

In order to aid in the design of potent and
selective inhibitors of this structural class, we
have solved the three-dimensional structure of
human NEP by X-ray crystallography. The
soluble extracellular domain (D52 to W749) of
human NEP (sNEP) was expressed in the yeast
Pichia pastoris and the protein puri®ed to
homogeneity (Figure 1). Crystals could be
obtained for the Endo-F1 glycosidase treated
enzyme in the presence of the inhibitor
phosphoramidon (N-(a-L-rhamnopyranosyl-
oxyhydroxy-phosphinyl)-L-leucyl-L-tryptophan), a
metabolite produced by Streptomyces tanashiensis.
The structure was solved by the multiple iso-
morphous replacement method and re®ned to a
crystallographic R-factor of 19.5 % (Rfree � 24.2 %)
at 2.1 AÊ resolution (Figure 2). Data collection
and re®nement statistics are summarized in
Table 1.

The overall shape of the monomeric ectodomain
is an ellipsoid with a major axis of 95 AÊ and minor
axes of approximately 55 AÊ . It is composed of two
largely a-helical domains which can be considered
as two lobes connected by intertwining polypep-
tide segments. A cartoon depicting the overall fold
of human sNEP together with the secondary struc-
ture assignment is shown in Figure 3. The larger
N-terminal domain (domain 1), which follows the
trans-membrane anchor of the mature enzyme is
321 residues long and consists of three non-con-
secutive polypeptide segments (Figure 3). The resi-
dues essential for zinc coordination and catalysis
are located within this domain. It is structurally
Figure 2. An Fo ÿ Fc omit electron-density map of phosp
the protein (H583, H586 and E646), calculated with phases
contoured at 3s.
most closely related to other zinc metalloproteases
such as TLN, bacterial metallo-elastase and the
neutral protease from Bacillus cereus. The smaller
second domain (domain 2) is 286 residues long
and composed of two non-consecutive polypeptide
segments and shows a weak structural similarity
with glycosyl hydrolase (Tews et al., 1996). The
enzyme has six disul®de bridges, ®ve of which
are conserved among the other members of the
mammalian membrane metallopeptidase family
(Figure 1). Four of these are located within the cat-
alytic domain 1, a single disul®de bridge is found
within the inter-domain linker fragments, and the
non-conserved disul®de bond is present within
domain 2. Unlike ECE, which exists as a disul®de-
linked homodimer, sNEP is a monomer in solution.
However, when E403, located on the surface in the
linker region, is mutated to a cysteine residue
(C412 in ECE) it results in the formation of a
disul®de-bridged homodimer (Hoang et al., 1997).
N-Glycosylation on N144, N304 and N627 is
con®rmed by electron density consistent with a
single N-acetyl-glucosamine (NAG) moiety.

Together with four inter-domain linker frag-
ments both domains form a central, roughly
spherical cavity, which bears the active site of
the enzyme (Figures 3(a) and 4). The cavity has
a diameter of approximately 20 AÊ and is accessi-
ble via a small, circular opening formed primar-
ily by charged residues. One of the main
differences between the mammalian metallopepti-
dases of the neprilysin family and the bacterial
proteases is that the majority of the natural sub-
strates of NEP are restricted to about 3000 Da.
This selectivity is possibly due to the presence
of domain 2 (not present in TLN), which
restricts the active site access and thus functions
as a molecular sieve. The inhibitor phosphorami-
don is nestled in the interior of the cavity and
binds near the highly conserved residues of the
consensus sequences 583HExxH687 and 646ExxxD650

and the residues of the 542NAFY545 motif
(Figures 1 and 5). The residues belong to the
zinc-binding helix F1, the helix J1 forming the
horamidon, zinc and the three metal binding ligands of
from the re®ned model at 2.1 AÊ resolution. The map is



Figure 3. Ribbon plot and topology of sNEP complexed with phosphoramidon. (a) Stereoview of a cartoon model
of human neprilysin, showing the catalytic domain 1, violet; the smaller domain 2, blue; and the three inter-domain
linker fragments, cyan. The transition-state mimetic phosphoramidon is shown in CPK representation. Glycosylation
sites and disul®de bonds are indicated. (b) Topological diagram of sNEP colored as above. Arrows denote strands
and cylinders indicate helices numbered as in Figure 1.
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base of the active site cleft, and b-strand III1
which acts as a cap holding the well-ordered
inhibitor in the active site (Figure 5) (Sansom
et al., 1998).

The zinc ion is coordinated in an approxi-
mately tetrahedral geometry, as observed in
TLN. Its binding involves a single oxygen atom
(O1) of the tetrahedral N-phosphoryl moiety of
the inhibitor with an inter-atomic distance of
1.93 AÊ , as well as three ligands from the protein,
H583 (2.03 AÊ ), H587 (2.01 AÊ ), and E646 (1.96 AÊ )
(Figure 5). The side-chains of D590 and D650
appear to be part of two Asp-His-Zinc triads,
which involve H587 and H583 on the N and C-
terminal site of the N-phosphoryl moiety,
respectively. The latter triad is believed to be
involved in the precise positioning of the zinc
ion for catalysis (Le Moual et al., 1994). A simi-
lar role can be expected for the N-terminal triad,
which is conserved in all members of the nepri-
lysin family. The side-chain of H711 is hydrogen
bonded to the zinc ligand of the inhibitor and



Table 1. Crystallographic data and re®nement statistics

Data sets (soaking conditions) Native-1 Native-2
EuCl3 (3 mM, 28

hours)

Thiomersal
(5 mM, 120

hours)

K3UO2F5

(2.5 mM, 144
hours)

Data collection
Exposure time/frame (s) 900 120 500 600 600
Angular increment per frame (deg.) 0.5 1.0 0.5 0.5 0.5
Total rotation range (deg.) 75 61 41.5 58.5 55
Crystal to detector distance (mm) 180 360 200 200 200
Unit cell parameters a and c (AÊ ) 107.6, 112.8 107.6, 112.8 107.8, 112.5 107.8, 112.8 107.7, 112.8

Data reduction
Maximum resolution (AÊ ) 2.44 2.00 2.44 2.44 2.44
Number of measurements 91.966 189.020 65.138 82.229 65.005
Number of unique reflections 26.702 49.828 26.578 26.761 25.817
Completeness (%)a 93.7 (79.9)a 99.4 (98.9)a 93.5 (92.3)a 93.5 (95.7)a 90.7 (95.5)a

Rsym
b 9.6 (37.4) 5.3 (30.1) 11.5 (36.5) 6.6 (20.8) 8.21(37.5)

Heavy-atom refinement parameters
Figure of merit (acentric/centric) 0.38/0.42
Rcullis

c (acentric/centric) 0.84/0.48 0.75/0.78 0.89/0.88
Phasing powerd (acentric/centric) 1.05/0.86 1.07/0.76 0.97/0.79

Refinement statistics
Resolution range (AÊ ) 20-2.1
Rcryst (Rfree) (%)e 19.5 (24.2)
Number of protein atomsf (mean B in AÊ 2) 5595 (29.1)
Number of water molecules 465
Number of ligand atoms (mean B in AÊ 2) 37 (20.8)
Number of glycerol atoms (mean B in AÊ 2) 6 (44.9)
Number of NAG atoms (mean B in AÊ 2) 42 (48.9)
rmsdg bonds (AÊ 2) 0.009
rmsd angles (deg.) 1.48

a Values in parentheses are statistics for highest resolution bin.
b Rsym � �h�ijIi(h) ÿ hI(h)ij/�h�i(h), where Ii(h) and hI(h)i are the ith and mean measurement of the intensity of re¯ection h.
c Rcullis � �hFD(h) ÿ jFN(h) � jFH(h)jj/�hjFD(h) ÿ FN(h)j, where FH(h), FD(h) and FN(h) are the heavy atom, derivative and native

structure factor amplitudes of re¯ection h.
d Phasing power � �hFH(h)/�hjFD(h) ÿ jFN(h) � FH(h)jj.
e �hjjFobsj ÿ jFcalcjj/�hjFobsj, where jFobsj and jFcalcj are the observed and calculated structure factor amplitudes for the re¯ection h,

applied to the working (Rcryst) and test (Rfree) sets, respectively.
f Non-hydrogen atoms, only.
g rmsd: root-mean-square deviation from mean.
A binary complex of the Endo-F1 glycosidase treated sNEP at 20 mg/ml and the inhibitor phoshoramidon at a concentration of

1 mM was formed. Crystals of the inhibited protein complex were obtained by vapor diffusion with 25 % PEG 3350, 200 mM ammo-
nium sulfate 100 mM bis-Tris at pH 7.5 as the precipitating agent. Crystals belong to the trigonal space group P3221 with one mole-
cule in the asymmetric unit. All crystals were ¯ash frozen in a cryoprotectant solution corresponding to the reservoir condition
containing 30 % (v/v) glycerol and measured at 120 K. All data sets, except Native-2, were measured with CuKa radiation provided
from a NONIUS FR591 rotating anode generator equipped with an OSMIC mirror system, recorded on a MAR-Research image
plate area detector and evaluated with the XDS software (Kabsch, 1988). The Native-2 data set, used for re®nement, was collected at
the Swiss-Norwegian beam line (SNBL) at the European Synchrotron Radiation Facility (ESRF, Grenoble) on a MAR image plate at
0.86633 AÊ . Data were processed and scaled with DENZO and SCALEPACK (Otwinowski, 1993). All data sets were further analyzed
with the CCP4 program suite (CCP4, 1994). A EuCl3 derivative was solved from the isomorphous amplitude differences relative to
Native-1 using the program SHELXS-97 (Sheldrick et al., 1993). Three sites were identi®ed and initial phases obtained from the iso-
morphous and anomalous differences of this derivative were used to solve a mercury and a uranyl derivative by difference Fourier
methods. All heavy atom re®nement and phasing was performed with the program SHARP (de La Fortelle & Bricogne, 1997). The
initial SHARP electron density was modi®ed and further improved with the program SOLOMON by applying iterative rounds of
solvent-¯ipping and a ®nal cycle of solvent-¯attening using a solvent content of 56 % (Abrahams & Leslie, 1996). This lead to a trace-
able electron density for about 90 % of the structure at 2.5 AÊ resolution. Model building was performed with the in-house graphics
program MOLOC, stereochemically restrained positional and temperature-factor re®nement was done with CNS 0.5 against the
amplitude based maximum likelihood target ``MLF1``, using parameters for ideal stereochemistry as described by Engh & Huber
and a bulk solvent correction (BruÈ nger et al., 1998; Engh & Huber, 1991; Gerber, 1992; Jiang & BruÈ nger, 1994; Kostrewa, 1997). Itera-
tive rounds of model building and re®nement lead to a model (lacking the N-terminal two residues D52 and D53) with excellent
stereochemistry as examined by PROCHECK and converged to an R-factor of 0.194 using all data in the resolution range between
20.0 and 2.1 AÊ (42,045 re¯ections) with an Rfree of 0.242 (2210 re¯ections) (BruÈ nger, 1992; Laskowski et al., 1993). All residues fall
within the allowed regions of the Ramachandran Plot, with the exception of L199, which has a clearly de®ned backbone conforma-
tion. All Figures were generated with the programs MOLSCRIPT, RASTER3D, or GRASP (Kraulis, 1991; Merrit & Bacon, 1997;
Nicholls & Honig, 1992).
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has been implicated in the stabilization of the
transition state (Dion et al., 1995). Furthermore,
this residue interacts with D709 and stabilizes a
complex hydrogen bonding network, similar to
that observed in TLN. This network also
involves the residues E584, R717, as well as the
tri-peptide 541VNA543. In the crystal structure
E584 is hydrogen bonded to the second oxygen



Figure 4. Ribbon plot of sNEP depicting the volume
of the active site cavity.

346 Neutral Endopeptidase-Phosphoramidon Complex
atom of the tetrahedral N-phosphoryl moiety of
the inhibitor (O2) with an inter-atomic distance
of 2.73 AÊ and is in position to be involved in
catalysis by polarizing the attacking water mol-
ecule (Devault et al., 1988a). The side-chain of
R717 participates in a salt bridge with D650 and
plays a role in substrate hydrolysis and inhibitor
binding (Marie-Claire et al., 1997). It interacts
with the inhibitor by forming a hydrogen bond
with the carbonyl oxygen atom of the L-leucyl
residue in the P1

0 position. Additionally, the car-
bonyl oxygen atom of A543 is hydrogen bonded
with the peptide amide group of the P1

0 residue
of phosphoramidon. The side-chain of N542
forms two hydrogen bonds with the NH and
CO groups of the P2

0 residue of the inhibitor
with hydrogen-bonding distances of 3.27 AÊ and
3.20 AÊ , respectively, and thus plays an analogous
role to that of N112 in TLN (Dion et al., 1995).
The indole NH of the L-tryptophan residue is
hydrogen bonded to the main-chain carbonyl
group of V541 (2.83 AÊ ).

The rhamnose moiety of the P1 residue of the
inhibitor is mainly exposed to solvent, leaving
80 % of the surface of phosphoramidon in direct
contact with the enzyme (Figure 5). This re¯ects
the minor stabilizing role of the S1 subsite
expected by the slight increase in af®nity of
inhibitors with a P1 side-chain (Gaucher et al.,
1999; Ksander et al., 1997a,b). The absence of a
stringent speci®city for the S1 subsite is in con-
trast to that observed for the binding site of the
P1
0 residue. The S1

0 subsite of sNEP forms a
large hydrophobic pocket that interacts preferen-
tially with aromatic or large hydrophobic moi-
eties (Tiraboschi et al., 1999). It is formed by the
side-chains of F106, I558, F563, M579, V580,
V692 and W693. This subsite has a volume of
approximately 220 A3 and is only partially ®lled
by the L-leucyl side-chain of the inhibitor. The
indole moiety of the P2

0 residue of the inhibitor
is in van der Waals contact to the side-chain of
F106. The S2

0 subsite is large and extends to the
solvent across the linker helix A3 towards the
side-chains of R102, D107 and R110. This con-
®rms the observation that the S2

0 subsite of
sNEP has reduced speci®city and can accommo-
date bulky side-chains. None of these charged
residues is involved in inhibitor binding. More-
over, the guanidinium group of both arginine
residues is disordered in the otherwise well-
de®ned active site. This is consistent with the
role of R102 in substrate binding believed to be
dependent on the geometry and the nature of
the P2

0 residue (Kim et al., 1992). Interestingly,
no residue of domain 2 is involved in inhibitor
binding or subsite formation.

This is, to our knowledge, the ®rst three-
dimensional structure of a member of this phar-
macologically important family of proteins.
Among the wide range of biologically active
peptide substrates for NEP, the enkephalins and
the atrial natriuretic peptide have assumed great-
est signi®cance. They re¯ect the important role
of this membrane peptidase in the modulation of
nociceptive and pressor responses which has
stimulated considerable interest in inhibitors of
this enzyme to treat a variety of disease states
including acute pain and hypertension. In the
background of this rich biological context further
understanding of NEP is poised to bene®t from
this structural study. The information provided
by the three-dimensional structure presents an
attractive challenge to increase the potency and
selectivity of known inhibitor classes through
docking studies. Moreover, this structure pro-
vides a tool for further characterization of other
members of the neprilysin subfamily, such as
ECE.

Protein Data Bank accession numbers

The NEP coordinates have been deposited in the
RCSB Protein Data Bank (PDB code 1DMT).



Figure 5. Inhibitor binding to the
active site of human sNEP.
(a) Stereo view of the active site
inhibited by phosphoramidon,
green. Hydrogen bonds and ionic
interactions are indicated by broken
lines, a-helices are shown as cylin-
ders, b-strands are represented by
arrows: catalytic domain, violet; the
smaller domain 2, blue; the three
interdomain linker fragments, cyan.
The zinc ion is shown in yellow.
(b) Molecular surface of the phos-
phoramidon recognition site
colored by electrostatic potential:
positive, blue; negative, red.
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