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Endothelin-converting enzyme-2 (ECE-2), a member of M13 family of zinc metallopeptidases, has previously
been shown to process a number of neuropeptides including those derived from prodynorphin, proenkephalin,
proSAAS, and amyloid precursor protein. ECE-2, unlike ECE-1, exhibits restricted neuroendocrine distribution
and acidic pH optimum; it is consistent with a role in the regulation of neuropeptide levels in vivo. Here,
we report the generation of a three-dimensional (3D) molecular model of ECE-2 using the crystal structure
of neprilysin (EC 3.4.24.11) as a template. On the basis of the predictions made from the molecular model,
we mutated and tested two residues, Trp 148 and Tyr 563, in the catalytic site. The mutation of Tyr 563
was found to significantly affect the catalytic activity and inhibitor binding. The molecular model was used
to virtually screen a small molecule library of 13 000 compounds. Among the top-scoring compounds three
were found to inhibit ECE-2 with high affinity and exhibited specificity for ECE-2 compared to neprilysin.
Thus, the model provides a new useful tool to probe the active site of ECE-2 and design additional selective
inhibitors of this enzyme.

Introduction

Neuroendocrine peptides are synthesized as large precursor
proteins that undergo multiple posttranslational processing steps
to generate bioactive peptides. Most of the peptide precursors
are cleaved at specific sites that usually contain multiple basic
amino acids that are considered to be the “classical” cleavage
sites.1 This cleavage is performed by endoproteases of the sub-
tilisin family of serine proteases, namely, prohormone conver-
tases (PCsa).2 In addition a number of neuropetides have been
identified that are generated by processing at “nonclassical” sites
that do not contain basic amino acids. These peptides were
identified among the bulk-purified peptides of neuroendocrine
tissues and also detected in the brains from mice lacking specific
processing enzymes such as CPE.3–6 In addition, an examination
of precursor sequences of some endogenous peptides showed
that nonclassical cleavage is needed in order to generate the
active forms of these peptides.7–9

Members of the metalloprotease family have been implicated
in the processing of neuroendocrine peptides at nonclassical
sites.10 Among them ECE-2 fits the criteria of a neuropeptide
processing enzyme. ECE-2 is a member of the neprilysin family
of Zn2+ metallopeptidases and shares most of the common
features of this family. It is a type II integral membrane protein
with a short cytoplasmic tail, transmembrane domain, and a large
C-terminal domain that contains the active site. ECE-2 shares
37% overall homology with neprilysin (NEP) and contains
consensus sequences (such as HExxH and ExxxD) involved in

Zn2+ coordination and catalysis, which are highly conserved
among NEP family members. Moreover, the ectodomain of
ECE-2 includes 10 cysteine residues and multiple glycosylation
sites that are also conserved among family members.9,11 ECE-2
cleaves its substrates at the amino-terminal side of aromatic or
aliphatic residues and is inhibited by the generic inhibitor of
metalloproteases, phosphoramidon, with a nanomolar potency.12–14

ECE-2 converts big endothelin-1 to ET-1 by cleaving the Trp-
Val site, a property shared by its close homologue, ECE-1.12,13,15

Both of these enzymes have also been shown to process
�-amyloid peptides and modulate their levels in the mouse
brain.16,17 We have recently reported that ECE-2 is able to cleave
a number of neuroendocrine peptide precursors in vitro. The
analysis of the cleavage sites revealed that ECE-2 displays
endopeptidase-like or peptidyldicarboxypeptidase-like activity
and prefers cleaving at sites containing an aromatic or aliphatic
residue with a large branched side chain at the P1′ site.18 It is
likely that ECE-2 is involved in the generation of neuropeptides
by processing at these “nonclassical” sites.

The physiological functions of ECE-2 or other members of
the neprilysin family are not well defined. The structural
similarities among NEP family members and the similarities in
substrate specificity as well as the overlapping tissue distribution
make it difficult to define a distinct role for ECE-2 in
neuropeptide processing. A better understanding of the structural
architecture of the active site of ECE-2 and its homologues is
likely to lead to the delineation of differences in substrate
specificity and help us uncover the physiological functions for
each of these metalloproteases.

Until recently, the information about the organization of the
active site and the residues involved in zinc binding and catalysis
of NEP family of enzymes was obtained from multiple
mutagenesis studies.19–26 Early studies examining the catalytic
mechanisms of these enzymes used models based on the crystal
structure of thermolysin (TLN), a bacterial homologue of
NEP.27,28 The availability of a high resolution crystal structure
of NEP complexed with phosphoramidon11 has allowed the
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generation of more reliable 3D molecular models for related
enzymes. In this study we describe the generation of the
homology model of ECE-2. Studies to test the predictions based
on the model revealed that Tyr 563, a nonconserved residue of
the consensus motif 561NAYY564, plays a role in the catalytic
activity and inhibitor binding. We also describe studies identify-
ing ECE-2 selective inhibitors by virtually docking a library of
13 000 small druglike molecules on to the 3D model of ECE-
2; this led to the selection of a subset of the compounds that
were further screened biochemically. Here, we report the
identification of three compounds that inhibit ECE-2 enzyme
activity with micromolar potency and display an order of
magnitude higher affinity toward ECE-2 compared to NEP.

Results

Modeling of ECE-2. A comparison of the amino acid
sequences between neprilysin and ECE-2 reveals a high degree
of homology (37%), which suggests that they share a common
origin and could share a common fold. On the basis of sequence
alignment (Figure 1), it is also clear that the residues around
the Zn2+ and phosphoramidon binding sites are well conserved
between ECE-2 and NEP; thus, it is likely that the homology
modeling of ECE-2 using neprilysin structure could be very
useful in identifying critical residues involved in substrate/

inhibitor binding. We built a 3D molecular model of ECE-2
using the coordinates from the reported crystal structure of NEP
(PDB code 1DMT)11 and checked the quality of the modeling
using its Ramachandran plot (Figure S1 of Supporting Informa-
tion). This revealed that 93% of the residues were within the
conventional limits. The superimposition of the ECE-2 model
with the crystal structure of NEP shows that the common fold
of both enzymes is composed of two largely R-helical domains.
These domains form a central cavity, which contains the active
site of the enzyme (Figure 2A).

Next we took advantage of the fact that both NEP and ECE-2
are inhibited by a common ligand, phosporamidon, and that the
crystal structure of NEP was solved with phosphoramidon
docked in its active site. We used the homology model to get
information on the nature of inhibitor binding to ECE-2. For
this we docked phosphoramidon into the active site of the
enzyme using AutoDock (version 3/0/5) (Figure 2A, inset).

The results from the superimposition of the active site residues
of NEP and ECE-2 (with the inhibitor docked) demonstrate that
most of the residues are structurally aligned, including the zinc
binding residues H602, H606, and E662, the catalytic E603 of
the HExxH motif and the ExxxD consensus sequence. Interest-
ingly, a third consensus sequence that is conserved among the
NEP family members, N-A-Ar-Ar (where Ar indicates

Figure 1. Alignment of human NEP sequence with the sequence of human ECE-2. Alignment was done using ClustalW multiple sequence alignment
program. Three regions that are highly conserved and represent consensus sequences are boxed, and the residues participating in zinc binding and
coordination as well as in catalysis are shown in bold. The numbers on the right indicate amino acid numbering, and the asterisks indicate conserved
residues.
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aromatic residues), exhibits differences in structural alignment.
This sequence in NEP consists of 542NAFY545, whereas in
ECE-2 it consists of 561NAYY564. From the crystal structure of
NEP it is clear that A543 is hydrogen-bound with the peptide
amide group of the P1′ residue of phosphoramidon and N542
forms two hydrogen bonds with the NH and CO groups of the
P2′ residue of the inhibitor.11 Our analysis of the active site of
ECE-2 reveals that both the N561 and A562 form hydrogen
bonds with the inhibitor in a manner similar to that in NEP.11

However, the presence of Y563 (compared to F544 in NEP)
leads to changes in binding properties such as the binding
orientation and interaction with phosphoramidon (Figure 2B).
In addition, our model indicates that this Y563 participates in
a network of hydrogen bonds with several residues including
the catalytic E603. Therefore, Y563 could contribute to the
positioning and orientation of E603 and thus is likely to be
important for the catalytic activity/inhibitor binding of ECE-2
(Figure 2C).

An additional difference revealed from the comparison of
NEP and ECE-2 is in the S2′ pocket of the binding site: R110
in NEP is replaced with W148 in ECE-2. The side chains of
R102, D107, and R110 form the S2′ pocket and provide the
space to hold the indole moiety of phosphoramidon. We
therefore predicted that the presence of Y563 in the position of
F544 and of W148 in the position of R110 could lead to changes
in the binding of the inhibitor and the substrate, since previous

studies have shown that phosphoramidon binds to NEP in the
substrate binding pocket.

Construction and Expression of Recombinant ECE-2s. In
order to test these predictions and to investigate the functional
roles of Y563 and W148 residues, we performed site-directed
mutagenesis. These residues present in the active site of ECE-2
were replaced with the corresponding residues from the NEP
sequence: W148R and Y563F. ECE-2 and the mutated enzymes
were expressed as soluble secreted proteins in an eukaryotic
expression system as described previously.18 To examine if the
mutations affected the expression and secretion of proteins, we
carried out Western blotting analysis with a polyclonal antiserum
generated against the C-terminal of ECE-2 (Figure 3A). A band
of equal intensity at ∼85 kDa (corresponding to ECE-2 lacking
transmembrane and N-terminal domains) was detected in all
cases, thus confirming that the mutations did not affect protein
expression levels. Next we subjected the medium containing
the recombinant proteins to purification by anion exchange and
metal ion affinity chromatography. The ECE-2 activity was
measured using the quenched fluorescent peptide substrate
McaBk2.18,29 The purification efficiency of ECE-2 activity is
presented in Table S1. The purified proteins were assessed for
enzyme activity and intensity (by Western blot using anti-ECE-2
antibody, Figure 3B). Similar to wild type ECE-2, purified
mutant enzymes were able to hydrolyze McaBk2 and the
maximal activity was observed at pH 5.5.

Figure 2. Comparison of the ECE-2 model with the NEP crystal structure. (A) Superimposition of diagrams of the X-ray structure of NEP (blue)
and the model of ECE-2 (lime) reveals structural similarity of these two proteins. Cylinders represent R-helices. The inset depicts the position of
phosphoramidon in the active site of NEP (yellow) and ECE-2 (red). The position of phosphoramidon in the ECE-2 model was calculated using
Autodock (version 3/0/5). The Zn2+ ion is shown as a cyan sphere. (B) 3D representation of ECE-2 active site with docked phosphoramidon
(purple) highlighting the binding of the inhibitor to the residues of the 561NAYY564 consensus sequence. (C) 3D representation of the active site
of ECE-2 highlighting the residues of the 561NAYY564 consensus sequence that contribute to the positioning of the catalytic Glu 603. The images
B and C were generated using VMD software.
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Determining the Kinetic Parameters of Recombinant
ECE-2s. The enzymatic activity of purified wild type and
mutated ECE-2s was analyzed by determining the kinetic
parameters (Km and kcat) at pH 5.5 using McaBk2 as a substrate.
As shown previously, this substrate is readily hydrolyzed by
ECE-2 with a Km of 5.76 ( 0.55 µM and kcat of 8.51 ( 1.3
min-1 (n ) 3). The mutant W148R (substitution of Trp 148 to
Arg in the S2′ pocket of ECE-2) exhibits a slight but
significantly increased substrate binding to the enzyme; however,
this did not have an effect on the rate of hydrolysis, resulting
in a kcat/Km ratio comparable to that for the wild type enzyme
(Figure 4A and Table 1). In contrast, the mutant Y563F (with
the substitution of Tyr 563 to Phe) exhibited no significant
alterations in the Km value but showed a significant decrease in
the rate of hydrolysis, thus resulting in more than 5-fold decrease
in kcat/Km ratio (Figure 4A and Table 1) indicating the
importance of this residue for the catalytic activity of ECE-2.

Potency of Phosphoramidon To Inhibit Recombinant
ECE-2s. Next we examined the extent to which the substitutions
(W148R and Y563F) affected inhibitor binding. For this the
potency of phosphoramidon, the generic metalloprotease inhibi-
tor, to inhibit the activity of wild type and mutated ECE-2s was
examined. As shown previously, phosphoramidon is a potent
inhibitor of ECE-2 activity12 and inhibits the wild type enzyme
with a Ki of 1.56 ( 0.23 nM (n ) 4) (Table 1). We find that
the Y563F mutation results in a significant decrease in inhibition
compared to the wild type enzyme (Figure 4B and Table 1). In
contrast, the W148R mutation had no significant effect on the
inhibitor potency (Table 1). We also tested the sensitivity of
mutated enzymes to thiorphan, a specific inhibitor of NEP,
which has previously been shown to not inhibit ECE-2 activity.12

Consistent with this, we find that a high concentration of
thiorphan (10 µM) had no significant effect on the activity of
wild type or the mutated ECE-2s (data not shown). Taken
together these results show that mutating Y563 affects inhibitor
binding and catalysis, in agreement with our prediction. Thus,
by verification of our 3D molecular model of ECE-2, these
results suggest that the model could be used to screen for
selective inhibitors of ECE-2.

Inhibitor Screening. To identify specific inhibitors of ECE-
2, we screened a library of about 13 000 small, druglike
compounds from a chemical library obtained from ChemBridge.
This library was generated by combining three individual
libraries: CNS-Set, DIVERSet, and MicroFormats. The com-
bined library represents a collection of a diverse set of
compounds carefully selected to provide the broadest pharma-
cophore coverage (and display more than 260 000 unique three-
point pharmacophores). First, we subjected the library of
molecules to virtual docking onto the 3D model of ECE-2 using

the AutoDock program. The compound library was screened
by docking the target to the known binding site inside the large
cavity of the ECE-2 model. To obtain inhibitors that are specific
to ECE-2, we used a two-pronged approach. First, with the help
of the Dockres program, we selected top-scoring ligands that
dock closest to residues in the binding site specific to ECE-2.
Second, we screened the same library by docking to the crystal
structure of NEP (without the ligand and crystallographic water
but with Zn2+). Those ligands that scored high in docking to
both proteins were disregarded. The top-scoring 40 compounds
that displayed the highest binding energy (>-13 kcal/mol-1

on the estimated free energy scale) to ECE-2 were selected.
We then tested if these compounds could inhibit the activity of
ECE-2 in vitro. The screening showed that at 10 µM concentra-
tion two compounds, 5719593 (1) and 5871159 (2), were able
to reduce ECE-2 activity by more than 70% (Figure 5A). When
these compounds were further characterized using dose-depend-
ent inhibition curves, we found that they displayed IC50 values
in the low (∼6 µM) micromolar range (Figure 5B,C). To test
the selectivity of these compounds, we measured their inhibitory
potency on NEP activity and found that they exhibited ∼10
fold lower potency toward NEP compared to ECE-2 (Figure
5C). To further investigate the nature of this inhibition
(competitive vs noncompetitive) of ECE-2 activity by these
inhibitors, we determined the rate of McaBk2 hydrolysis by
ECE-2 in the presence of increasing concentrations of the
substrate. Analysis of the data using Lineweaver-Burk plots
revealed that both compounds 1 and 2 display mixed inhibition
(i.e., exhibit features of both competitive and noncompetitive
inhibitors) (Figure S2). At lower concentrations they exhibit
competitive inhibition and increase Km. This is expected because
they were selected to bind to the substrate-binding pocket of
the ECE-2 model. However, at higher concentrations these
compounds display mixed, competitive and noncompetitive,
inhibition because they also decrease the Vmax of the hydrolysis.
This is likely due to the binding of the inhibitors to additional
sites (other than the active site). Alternatively, at higher
concentrations the binding of the inhibitors could alter the
conformation of the active site such that it could affect substrate
binding. Both of these scenarios would lead to a noncompetitive
type of inhibition.

In order to probe the structures of these two compounds and
define parameters important for inhibitor binding, we searched
the ZINC database of commercially available compounds for
analogues of the two selected compounds.30 Thirty compounds
from the database were docked to the active site of our 3D
molecular model of ECE-2 using AutoDock software as
described earlier. Three analogues of 1 that exhibited highest
binding affinity, 3 (S136492), 4 (6634449), and 5 (6636797),
were selected for biochemical analysis. Examination of their
inhibitory potency revealed 3 to be the most potent (with a low
micromolar potency similar to that of 1). Interestingly the other
two compounds exhibited 5 times reduced potency, suggesting
that the additional CH3 group in the P1′ position plays an
important role in the binding and inhibition (Figure 6).

Thus, using a combination of homology modeling and virtual
screening, we have been able to identify selective inhibitors of
ECE-2. Docking of the inhibitors to the active site of ECE-2 in
the molecular model reveals that these compounds bind in the
vicinity of Zn2+ atom and form multiple interactions with the

Figure 3. Expression and purification of wild type and mutated ECE-
2s. (A) Western blot analysis of medium infected with baculovirus
expressing wild type and mutated ECE-2s. The ECE-2 recombinant
protein was detected with anti-ECE2 antiserum raised against the
C-terminal region of the protein. (B) Western blot analysis of purified
proteins. Recombinant protein containing medium was subjected to
purification by ion exchange and metal ion chromatography, and equal
amounts of the resultant fractions were run on SDS-PAGE. Protein
was visualized using the anti-ECE-2 antiserum.
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residues of the active site involved in substrate binding and
catalysis (Figure 7).

Discussion

ECE-2 is a recently identified member of M13 family of zinc
metallopeptidases of which NEP is the best characterized. Until
recently most of the structural information about these enzymes
was based on the studies carried out on the bacterial homologue
thermolysin (TLN). Although there is very limited homology
between the primary sequences of TLN and NEP, these two
enzymes have similar catalytic properties and are inhibited by
the same type of molecules such as phosphoramidon and
thiorphan. In addition, they both contain the highly conserved
consensus sequences, HExxH and ExxxD, which contain
residues critical for Zn2+ coordination and catalysis. On the basis
of early crystallographic studies, Matthews proposed a mech-
anism for the TLN-catalyzed cleavage of peptides.31 According
to this model, the two His residues (H142 and H146) together
with the E166 and a water molecule are involved in the
tetrahedral coordination of the Zn2+ atom. The incoming
substrate displaces the water molecule toward the catalytic E143
residue. The negative charge of E143 polarizes the zinc-
coordinated water molecule and promotes its nucleophilic attack
on the carbonyl carbon of the scissile peptide bond. Structural
studies also indicated the importance of H231 and Y157 residues
in the stabilization of the transition state.

Later studies in NEP using site-directed mutagenesis have
identified corresponding residues involved in zinc coordination,
catalysis, and substrate binding and confirmed that the proposed
catalytic mechanism was also valid for the mammalian
enzymes.19–26 Several studies also modeled the structure of NEP,
as well as other family members using the crystal structure of
TLN as a template. However, the availability of the crystal

structure of NEP complexed with phosphoramidon provides a
more suitable and reliable template for the modeling of
metallopeptidases of this family and has therefore been used to
model the structures of several members of M13 family,
including endothelin-converting enzyme-1 (ECE-1), Kell blood
group protein, and neprilysin-2 (NEP-2).32–34 ECE-1 and ECE-2
share common substrates and approximately 60% sequence
homology. The consensus sequences that are conserved among
zinc metallopeptidases are identical between these two proteins,
indicating significant structural similarities. Therefore, the
molecular model of ECE-1 could provide considerable informa-
tion about the architecture of the ECE-2 active site.32 However,
since the molecular model of ECE-1 was not deposited in the
PDB, a detailed comparison of our model with that of ECE-1
was not possible.

There are a number of important physiological differences
between ECE-1 and ECE-2, such as the pH dependency and
sensitivity to inhibition by phosphoramidon.12 This generic
metallopeptidase inhibitor is ∼100 less potent toward ECE-1
(IC50 ) 3.5 µM) than ECE-2 and NEP (IC50 ) 2-4 nM),
suggesting that despite a number of similarities, some aspects
of catalysis and inhibitor binding to the active site of each of
these peptidases could be quite distinct. In addition, the detailed
information about the binding pocket of each of these peptidases
will be useful to design specific and selective inhibitors of
ECE-1 and ECE-2. Because of the involvement of ET in various
cardiovascular, renal, pulmonary, and central nervous system
diseases,35–37 much effort has been put toward developing
inhibitors of this pathway as potential therapeutic agents. In this
light, inhibitors of ECE, which catalyze a rate-limiting step in
ET production, have received a great deal of attention. In
addition, double inhibitors of ECE and NEP that would interfere
with the production of ET, a vasoconstrictor, as well as with
the degradation of atrial natriuretic peptide (ANP), a potent
vasorelaxant, have also been designed as potential therapeutics
for the treatment of hypertension.38 However, most of these
studies did not differentiate between ECE-1 and ECE-2 and
focused on the inhibition of ECE-1 activity without addressing
the effect of these inhibitors on ECE-2. To date, only a
trisubstituted quinazoline, PD069185 (6) (Chart 1), and its
analogues have been tested and reported to be selective for
ECE-1 over ECE-2.39

In order to help us identify specific inhibitors of ECE-2, we
generated a 3D molecular model of ECE-2 based on the X-ray
structure of NEP. A comparison of the active sites of these two

Figure 4. Initial rate of substrate hydrolysis and inhibition by phosphoramidon of wild type (WT) and mutated ECE-2s. (A) The initial rate of
substrate hydrolysis (V0) at final concentrations of 0.1-30 µM was determined by measuring the appearance of product under initial rate conditions.
V0 values were plotted as a function of substrate concentration ([S]) and fit to the Michaelis-Menten equation. Data represent the mean ( SEM
(n ) 3). (B) Dose-dependent inhibition curve for phosphoramidon was generated by measuring the substrate hydrolysis in the presence of inhibitor
at concentrations of 1 nM to 1 µM. Data represent the mean ( SEM (n ) 4).

Table 1. Kinetic Parameters and Inhibition of Wild Type and Mutated
ECE-2s by Phosphoramidona

enzymes Km (mM) kcat (min-1)
kcat/Km

(mM-1 min-1) Ki (nM)

ECE-2 WT 5.76 ( 0.55 8.51 ( 1.32 1.48 ( 0.23 1.56 ( 0.23
W148R 3.94 ( 0.15* 6.84 ( 0.57 1.74 ( 0.15 1.58 ( 0.21
Y563F 6.60 ( 1.37 2.10 ( 0.11** 0.32 ( 0.02** 11.07 ( 2.36***

a The kinetic parameters (Km and kcat) of the purified enzymes were
determined from Michaelis-Menten plots. Inhibition of recombinant
enzymes by phosphoramidon (Ki) was determined from dose-dependent
inhibition curves for a final McaBk2 concentration of 10 µM. Data represent
the mean ( SEM (n ) 3): (/) p < 0.05; (//) p < 0.005; (///) p < 0.001.
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enzymes revealed that the residues involved in catalysis as well
as the residues in the vicinity of the substrate/inhibitor binding
pocket that interact with the substrate are highly conserved.
However, we identified two amino acid differences in the active
sites of NEP and ECE-2, which could potentially account for
pharmacological differences between NEP and ECE-2.

One of the residues, F544 of NEP within the conserved
consensus sequence 542NAFY545, is substituted by Y563 in
ECE-2 and Y552 in ECE-1. On the basis of earlier mutagenesis
studies as well as crystal structure, both N542 and A543 of NEP
were shown to form hydrogen bonds with phosphoramidon.11,25

Sansom and colleagues40 also demonstrated the importance of
Y552 within this sequence, for the catalytic activity of ECE-1.
Although in the ECE-2 model Y563 was not found to directly
interact with the phosphoramidon, it was found to hydrogen-
bond to N561 and thus affect inhibitor binding. Y563 is also in
a position to interact with the catalytic E603. While the distance

between these two residues suggests only a weak interaction,
even a slight movement of the catalytic Glu could have a drastic
effect on the catalytic activity of the enzyme. Indeed, we found
that the substitution of the Tyr 563 residue with Phe in ECE-2
resulted in approximately 6-fold lower catalytic activity for the
enzyme and more than 7-fold decrease in inhibitor potency. The
fact that this mutation did not influence substrate binding but
affected inhibition by the transition state analogue phosphora-
midon leads us to hypothesize that Y563 may be involved in
the catalytic activity and in the stabilization of the transition
state of the enzyme, by participating in the positioning and
orientation of E603. Considering that this substitution is very
conservative, such small, albeit significant change in enzyme
properties demonstrates the importance of this residue for the
catalytic activity of ECE-2.

Another difference we found in the active site of these two
enzymes is that the Arg 110 residue in NEP is substituted by

Figure 5. Screening of compounds for the inhibition of ECE-2 activity. (A) The rate of McaBk2 fluorescent substrate hydrolysis by recombinant
ECE-2 was measured in the absence and presence of 10 µM of each of 40 top scoring compounds by initial screening. Data are represented as
percent activity of ECE-2 without inhibitor. The two most potent compounds, 1 and 2, inhibited ECE-2 activity by more than 70%. (B) Concentration-
dependent inhibition curves for selected inhibitor compounds, 1 and 2, were generated by measuring substrate hydrolysis in the presence of inhibitors
at concentrations of 1nM to 1 mM. (C) IC50 values for each selected inhibitor compound were determined for ECE-2 and NEP by establishing
concentration-dependent inhibition curves for a final McaBk2 concentration of 10 µM. Data represent the mean ( SEM (n ) 5).
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Trp in ECE-2. R110 is one of the residues that along with R102
and D107 form the S2′ subsite of NEP. In ECE-2 this subsite
is large, similar to NEP, and can accommodate bulky side
chains. The presence of Trp in place of R110 could result in a
wider pocket with reduced specificity. We observed that
mutation of Trp 148 back to Arg slightly but significantly
increased affinity for the substrate; however, it did not affect
the inhibitor potency. The change in affinity may be explained
by the fact that the McaBk2 peptide has a Lys residue in the
P2′ position, and its long side chain is held tighter in the S2′
pocket with the reduced volume. The more compact Trp side
chain of the inhibitor phosphoramidon in the S2′ pocket is not
affected by this change. Testing additional substrates with
different residues in P2′ position is needed to address this notion.

After confirming the validity of the 3D molecular model of
ECE-2 by site-directed mutagenesis, we used the model to
screen a library of approximately 13 000 small druglike
molecules. Initially the structures of the compounds were docked
into the active site of the ECE-2 model. Compounds that
displayed the highest binding were tested experimentally using
an in vitro enzyme assay. In the experimental screening we
identified two compounds, 1and 2, that inhibited ECE-2 activity
with micromolar potency and were ∼10 times more selective
for ECE-2 compared to NEP. We found that these compounds
also inhibit ECE-1 activity with an affinity similar to that of
ECE-2 (Gagnidze and Devi, unpublished results). This is not
surprising because the homology between ECE-2 and ECE-1
is higher than that between ECE-2 and NEP and because Y563
of ECE-2 is also conserved in ECE-1. Furthermore, Y563 in
ECE-1 has been shown to play a role in the catalytic activity
of the enzyme.40

An examination of the docking of these compounds to the
active site of ECE-2 revealed that they bind in proximity to the
Zn2+ atom and are in a position to form hydrogen bonds with
the His residues that coordinate Zn2+ as well as the catalytic
Glu 603. Thus, they are in a position to affect the hydrolysis of
the substrate (Figure 7). In order to identify compounds with
higher inhibitory potency toward ECE-2, we searched for

Figure 6. Inhibition of ECE-2 activity by 1 analogues. (A) Concentration-dependent inhibition curves for three selected analogues, 3-5, were
generated by measuring the substrate hydrolysis in the presence of inhibitors at concentrations of 1 nM to 100 µM. (B) IC50 values for each selected
inhibitor compound were determined by establishing concentration-dependent inhibition curves for a final McaBk2 concentration of 10 µM. Data
represent the mean ( SEM (n ) 4).

Figure 7. Binding of inhibitor compounds to the molecular model of the active site of ECE-2. The images highlight the binding of 1 (A) and 2
(B) to the H602 and H606 involved in zinc coordination, catalytic E603 and residues of the 541NAYY544 consensus sequence. The images were
generated using VMD software.

Chart 1. Structure of Compound 639
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analogues of 1 and found three compounds that were com-
mercially available. Two of these three analogues, 4 and 5, were
∼5-6 times less effective compared to 1. These two compounds
have additional CH3 groups in the P1′ position, and this may
interfere with the stringent specificity of S1′ site that is
characteristic of these metallopeptidases. An optimal way to
increase the potency of these inhibitors would be through
chemical optimization using the structures of 1 and 2 as a lead.
Additional analyses are also needed to ensure the selectivity of
these compounds for ECE-2, and the chemical optimization may
be a useful strategy to achieve this goal as well. Information
from these studies will be useful in the identification of specific
inhibitors of ECE-2 that will serve as hitherto unavailable tools
for studies examining the physiological role of this peptidase
in vivo.

Conclusions

Endothelin-converting enzyme-2 belongs to the M13 family
of Zn2+ metallopeptidases and shares a substantial structural
similarity with its homologue neprilysin. We used the crystal
structure of NEP to generate a 3D molecular model of ECE-2.
Analyses of the architecture of the active site and the binding
specificities of the inhibitor phosphoramidon to the enzyme led
us to identify two nonconserved residues that affect the catalytic
activity and substrate/inhibitor binding of ECE-2. Tyr 563 of
ECE-2 is part of the conserved consensus sequence 561NAYY564

and participates in a network of hydrogen bonds with the
catalytic Glu 603. Mutation of Tyr 563 of ECE-2 to Phe results
in more than 4-fold decrease of kcat of the peptidase. Tyr 563 is
also involved in the binding and positioning of the inhibitor
phosphoramidon in the active site of ECE-2, and the substitution
of this residue with Phe attenuates the inhibition by phosphora-
midon by almost 10-fold. The second nonconserved residue Trp
148 is located in the S2′ site of the catalytic cleft of ECE-2 that
harbors the indole moiety of phosphoramidon. Substitution of
this residue to Arg affected substrate binding without influencing
catalytic activity of the enzyme or binding of the inhibitor.

The 3D molecular model of ECE-2 was next used to screen
inhibitor compounds for their binding to the active site of the
enzyme, and a number of selected compounds were tested
experimentally. The tests led to the identification of three
compounds, 1-3, that inhibited ECE-2 activity with IC50 values
in the lower micromolar range and displayed higher selectivity
toward ECE-2 versus NEP. These compounds can be used in
future studies as leads for the development of potent and specific
inhibitors of ECE-2 and will aid in the elucidation of the
physiological functions of the peptidase.

Experimental Section

Homology Modeling. The model building of ECE-2 using NEP
structure (PDB code 1DMT) was achieved using MODELER 8v2
program.41,42 The quality of the model was checked using
PROCHECK43,44 and ProSa 2003.45,46 A Ramachandran plot
generated in PROCHECK with a hypothetical resolution of 3.0 Å
revealed that 93% of the amino acid residues are in the most
favorable region. The alignment of two the protein structures was
carried out using the “align” command of pymol, which works by
doing a sequence alignment and then trying to align the structures
to minimize the rmsd between the aligned residues. A rmsd value
of 0.36 Å was obtained between ECE-2 and NEP by aligning all
atoms against the entire C-R backbone. The Z-score, calculated
using the software ProSa 2003, showed that the predicted model
of ECE-2 was well within the range of a typical native structure.

Molecular Docking. Docking of phosphoramidon to NEP and
ECE-2 was achieved using AutoDock, version 3.0.5,47,48 which
uses a genetic algorithm as a global optimizer combined with energy

minimization as a local search method. The starting structure of
phosphoramidon was taken from the X-ray structure (PDB code
1DMT),andthepartialchargeswereassignedusingGasteiger-Marsili
method using AutoDockTools (http://mgltools.scripps.edu/down-
loads). Autotors program was used to define torsional degrees of
freedom in the ligand, and a total of eight torsions were allowed.
Binding-site-centered affinity grid maps were generated for NEP
with 0.375 Å spacing using Autogrid for NEP. The minimization
was achieved using Lamarckian genetic algorithm (LGA) and
pseudo Solis and Wets method.49 The grid size was set to 50 × 50
× 60 points, centered on the Zn2+ atom in the crystal structure of
the complex. Each LGA job consisted of 200 runs with 270 000
generations in each run, and the maximum number of energy
evaluations was set to 5.0 × 106. Resulting docked conformations
within 1.0 Å rmsd tolerance of each other were clustered together
and analyzed using AutoDockTools. The zinc parameters used were
the following: radius r )1.1 Å, well depth ε ) 0.35 kcal/mol, and
a charge of +1.0 e.

Inhibitor Screening. For the inhibitor screening we used a
chemical library from ChemBridge that was generated by combining
three individual libraries from CNS-Set, DIVERSet, and Micro-
Formats. The combined library represents a collection of a diverse
set of druglike, small molecule compounds carefully selected to
provide the broadest pharmacophore coverage (and display more
than 260 000 unique three-point pharmacophores). For virtual
screening, the AutoDock program (version 3.05) was used. The
screening was driven by scripts for our cluster of Apple G5
processors running in parallel, and the analysis and filtering were
done by the program Dockres (URL: http://inka.mssm.edu/∼mezei/
dockres),

Materials. Internally quenched fluorescent substrate McaBk2 ((7-
methoxycoumarin-4-yl)acetyl-RPPGFSAFL-(2,4-dinitrophenyl)) was
custom-synthesized by Open Biosystems (Huntsville, AL). DEAE-
Sepharose fast flow was obtained from Amersham Biosciences AB
(Uppsala, Sweden), and Talon metal affinity resin was purchased
from Clontech (Palo Alto, CA). Inhibitor compounds were pur-
chased from ChemBridge Corporation (San Diego, CA) and are
identified by database ID. Compound 3 was purchased from Sigma-
Aldrich’s Rare Chemical Library (St. Louis, MO).

Cloning and Site-Directed Mutagenesis. The cloning of a
secreted soluble form of ECE-2 was described previously.18 The
same construct was used as a template to introduce the two
mutations: W148R and Y563F. Two overlapping regions of the
ECE-2 sequence were amplified separately using two flanking
oligonucleotides, Forw-5′-TCATCATGCCCTAGGGGTC-3′ and
Rev-5′-CTGCAGCGGCCGCGACCTG-3′, in combination with two
overlapping oligonucleotides containing the mutated residues:
(W148R) 5′-CAGCCTCAGGGACCAAAAC 3′ and (Y563F)
5′ACAGTGAATGCCTTCTACCTTCCAACT 3′.

The products of the first round of amplification were used as
the template for a second PCR with the two flanking oligonucle-
otides. The final PCR product was digested and cloned into the
baculovirus expression vector pVL1393. The DNA constructs were
sequenced to ensure that correct mutations were introduced. The
recombinant virus production was carried out as described previ-
ously.18

Expression and Purification of Soluble ECE-2s. Sf9 insect cells
growing in Baculo Gold Max-XP serum-free insect cell medium
(BD Biosciences, San Jose, CA) were co-transfected with recom-
binant wild type and mutated ECE-2 cDNA in pVL1393 and
BaculoGold viral DNA (BD Biosciences) using the calcium
phosphate procedure. After culturing for 5 days, amounts of
100-500 µL of medium were used to infect 3 × 105 Sf9 cells in
a 25 cm2 flask. Then 1 mL of the medium containing amplified
virus was used to infect 3 × 105 Sf9 cells in 5 mL of medium in
25 cm2 flasks. After 3 days of infection, the medium was collected
and cleared by centrifugation at 20000g for 10 min, and the resulting
supernatant was frozen at -80 °C until use. Wild type and mutated
ECE-2-containing conditioned media were concentrated using
Amicon ultrafiltration membrane YM100 (Millipore Corp., Bedford,
MA), and purified using DEAE-Sepharose anion exchange column
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and Talon-Sepharose Co2+ affinity resin column as described in
Supporting Information. Fractions containing ECE-2 activity were
subjected to SDS-PAGE and visualized by Western blot. The
amounts of purified recombinant mutant ECE-2 proteins used in
all subsequent experiments were normalized to that of wild type
ECE-2.

Western Blotting. The expression of wild type and mutated
ECE-2s in the conditioned media from the baculovirus infected Sf9
cells was analyzed by Western blotting. An amount of 25 µg of
total protein was separated by sodium dodecyl sulfate polyacryla-
mide gel electrophoresis, transferred onto a nitrocellulose mem-
brane, and blotted with a polyclonal antiserum generated against
the C-terminal 16 amino acids of ECE-2 (1:1000). This antiserum
has been previously characterized and is able to recognize the ∼85
kDa truncated form of ECE-2 secreted from baculovirus cells.18

There was no significant difference in the expression levels of wild
type and mutated ECE-2 recombinant proteins.

Assay for ECE-2 Activity. Enzyme activity was assayed using
the synthetic quenched fluorescent substrate McaBk2. The assay
was carried out at 37 °C with 10 µM McaBk2 in 0.2 M sodium
acetate buffer, pH 5.5, containing the detergent C12E8 (octaethylene
glycol dodecyl ether, EMD Chemicals, Inc., San Diego, CA) unless
otherwise indicated. Substrate hydrolysis was monitored on a
Fluoromax plate reader with excitation at 335 nm and emission at
440 nm, and initial velocity was determined.

Determination of Kinetic Constants for ECE-2. The enzymatic
parameters of the wild type and mutated ECE-2s were determined
in a microtiter plate by monitoring the rate of hydrolysis of a
synthetic substrate, McaBk2, in sodium acetate buffer, pH 5.5, at
37 °C. The initial rate of substrate hydrolysis (V0) at final con-
centrations of 0.1-30 mM was determined by measuring the
appearance of product under initial rate conditions. V0 values were
plotted as a function of substrate concentration ([S]) and fit to the
Michaelis-Menten equation using GraphPad Prism software (ver-
sion 4.0b). The sensitivity of wild type and mutated ECE-2s to
inhibition by phosphoramidon and inhibitor compounds was
determined by establishing dose-dependent inhibition curves, and
data analysis was done using GraphPad Prism software (version
4.0b).
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