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Abstract The common acute lymphoblastic leukemia
antigen (neprilysin, CD10, neutral endopeptidase 24.11)
is a member of the neprilysin family, and projects
functions in signaling pathways in pathophysiological
processes such as cancer, Alzheimer’s disease and
hypertension. Given its pathophysiological importance,
an investigation of the natural substrate specificity of this
metalloprotease is presented here through the application
of enzyme–substrate modeling and molecular dynamics
simulations. The results show that the substrate modeled,
LATAC#FG, satisfies a complementary backbone H-
bonding with Ala543–Tyr545, thereby suggested to be the
putative substrate-binding beta-sheet, analogously to
matrix metalloproteases. The modeling further suggests
that phenylalanine at the P1’ position (substrate) is
directed in the same fashion as the synthetic inhibitor of
the reference crystal structure and that this enzyme does
not bind the P3’/P4’ positions of a substrate, as other
metalloproteases do. After a specific comparison with one
member of the matrix metalloproteases, MMP-3, a
common conserved valine residue at the primary S1’
subsite was found to be shared between these two
otherwise different proteases. These results may prove
useful for selective drug design for neprilysin, and lay a
foundation for future subsite analysis for other members
of the neprilysin family.
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Introduction

The neprilysin superfamily is a group of zinc-endopep-
tidases involved in pathophysiological processes such as
Alzheimer’s disease, cancer, hypertension, asthma, cere-
bral vasospasm and congestive heart failure through their
central role in the hydrolysis and activation of bioactive
peptides such as bradykinin, endothelin, enkephalin,
tachykinin, substance P and neurotensin [1, 2, 3, 4, 5,
6]. The best known members of the neprilysins are the
common acute lymphoblastic leukemia antigen (neprily-
sin, neutral endopeptidase 24.11), the Kell blood-group
protein, the phosphate regulating gene with homologies to
endopeptidases on the X chromosome (hypophosphate-
mia, vitamin D resistant rickets), ECE 1&21, X-convert-
ing enzyme and NL1 that share a local homology of 25%
to 50%. [7, 8, 9, 10, 11, 12, 13] The neprilysins assemble
a globular membrane-bound ectodomain exposed to the
extracellular matrix. [11, 14, 15].

The understanding of the functional and physiological
roles of the various members of the neprilysins, as for any
novel protein, relies on extended studies on their activity
towards physiological and chromogenic substrates, their
expression patterns, their cellular localization and no-
tably, the chemical composition of their special substrate-
binding clefts, which determines the affinity toward
distinct substrates. The primary specificity pocket (S1’)
of some neprilysins especially for NEP2, has recently
been investigated using site-directed mutagenesis, syn-
thetic inhibitors and crystallographic data. [11, 16, 17,
18]. However, although more knowledge is gradually
being gained around its primary specificity site (S1’), no
empirical or computational knowledge is available about
the dynamic and chemical properties of this subsite,
neither the second subsite, S2’, and the S-region when
interacting with natural peptide sidechains. Not to men-
tion, the entire natural binding-modus of an oligopeptideS. Manzetti ())
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to a neprilysin is unknown, given the lack of crystallized
complexes of one of these enzymes with natural inhibitors
(as crystallized for MMP-33 [19]) or with a trapped
natural substrate, as accomplished for serine proteases.
[20]

The knowledge of how the natural substrate binds to
the enzyme is fundamental to design better and more
specific drugs. The use of computer modeling to construct
enzyme–substrate models has recently been applied [21]
and gave coherent results with the present knowledge of
substrate affinity and binding for a group of metzincins.
[19, 22] Previous modeling approaches of the apoen-
zymes of two neprilysins (ECE and NEP) have been
published; [23, 24, 25] however, no enzyme–substrate
complex was supplied and investigation of this possible
interface is still not hypothesized.

Using the only neprilysin crystallized to date (nepri-
lysin [11]), the scope of this project is to construct an
enzyme–substrate model for this structure, based on the
similarity hereby observed at the active site to a matrix
metalloprotease, the MMP-3/TIMP-14 crystal structure.
MMP-3 (stromeolysin-1) is a metzincin that is involved in
pathophysiological processes such as tissue remodeling
and extracellular matrix degradation, [26] while TIMP-1
is its natural inhibitor that resembles a cleaved substrate at
the binding interface. [19] These two otherwise different
enzymes do, as we shall see, share very similar binding
pockets. The results based on this observation do in the
opinion of the author, supply novel data that may aid in
developing a deeper understanding on how neprilysins
bind their substrates and which subsites determine the
affinity. The supplied enzyme–substrate model of NEP
will also aid in determining the subsites for other
neprilysins, with the use of comparative modeling, and
computer simulations.

Materials and methods

Enzyme–substrate modeling

All modeling approaches were carried out using SWISS
PDB Viewer. [27] The model of NEP in complex with a
hypothetical substrate was built using the structure of
MMP-3 in complex with TIMP-1 (1UEA) as template.
Because these two structures have virtually no common
overall fold, the common catalytic center (His1–Zinc–His2

and Glucat) was used as superimposition target. The
superimposition of all atoms for the four residues at the
catalytic center yielded a RMSD5 of 0.4 �, which
suggests this as the ideal superimposition target between
zinc-endopeptidases. Cys1 and Thr2 from TIMP-1, which
binds in a similar fashion as the P’ segment of a cleaved
substrate, [19, 22] were merged to a common layer with
NEP. The structural extrapolation gave the reproduction

of the conserved H-bonds as found in MMP-3 and TIMP-
1. However, a delicate manual adjustment was performed
on the resulting P’ dipeptide (see next paragraph) in order
to mimic accurately the native H bond network and the
localization of the N terminus to the catalytic zinc ion
(which indicates the approximate positions of the scissile
bond), as occurred in the crystallized complex of MMP-3/
TIMP-1.

The experimental P-region was built by adding five
residues in an H-bonded antiparallel beta-sheet manner as
the P’ region. These residues were constructed from the
N-terminal Cys1 residue, creating the elongated substrate
spanning P5–P2’.

The composition of P1–P1’–P2’ was chosen on the
basis of kinetic data supplied by Watanabe et al., [28]
while the composition of P5-P2 was determined based on
the methodology of fitting residues complementary to a
surface [29, 30] resulting in a substrate with the following
sequence; LATAC#FG. The substrate was at this stage
minimized preliminarily in vacuo to the rigid crystal
structure using 50 steps of steepest descent method, and
subsequently analyzed for free energies of binding with
the program STC. [31]

Molecular dynamics preparation and simulation

The nanosecond simulation of NEP and substrate was
prepared in a virtual box of 730 nm3 (vector units 9�9�9)
filled with 20,639 water molecules encompassing a
system of 73,060 atoms. All N/C termini were assigned
the neutral state and the histidine residues were proto-
nated at their delta nitrogen. The neutral termini were
chosen because the system was not neutralized, so to
avoid interference of neutralizing ions at the zinc–
substrate interface. Flexible water molecules [32] were
adapted to the enzyme–substrate complex with 500 steps
of energy minimization (steepest descent). The enzyme
was immobilized (in the input parameter file) so the
flexible waters could adjust to its empirical state, while
the substrate was not immobilized and adjustable with the
enzyme and solvent according to chemical and geomet-
rical satisfaction. The simulation was performed using the
GROMACS 3.1.4 package [33] with the OPLS-AA/L
force field. [34] The SPC water model (single point
charge [35]) was used to simulate the solvent phase, and
an integration step size of 2 fs was applied. Electrostatics
were simulated with a Generalized Reaction Field [36]
(GRF) with a Coulomb cut-off of 9 � and a Lennard-
Jones cut-off of 15 � (in the author’s personal experience,
these cut-offs have shown to be appropriate for large
systems when using GRF). Temperature coupling was set
to 298 K and the pressure was kept at 1 atm using the
Berendsen temperature- and pressure-coupling scheme.
[37] H bonds were simulated using the LINCS algorithm,
[38] and all other bonds were simulated using a harmonic
potential. The two histidine residues (HEXXH motif) and
the catalytic zinc ion they chelate were kept immobilized
during the simulation, because these residues are struc-

3 Matrix metalloprotease 3.
4 Tissue Inhibitor for MetalloProtease.
5 Root-mean-square-deviation.
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turally stable at ground/transition state. [39] In this way,
the position of the substrate and surrounding residues
would adapt to the rigid catalytic center, which has
previously shown to become victim to artifacts easily
because of an imperfect topology for the special catalytic
zinc ion (David van der Spoel, personal communication).

Trajectory and molecular analysis

Analysis of the trajectory was carried out with the
programs, g_rms, g_mdmat, g_trajconv and xpm2ps,
incorporated in the GROMACS package. RMSD graphs
were produced using the program XmGrace 5.1.8 (Wis
Plasma Laboratory, Weizmann institute of Science, Israel,
http://plasma-gate.weizmann.ac.il/Grace/). SWISS PDB
Viewer [27] was used for visual analysis and graphical
representation, VMD [40] for animation and FRED
incorporated in VIDA (Open Eye Scientific software,
Santa Fe, NM 87507, www.eyesopen.com) to estimate the
hosting potential of the binding pockets.

Results and discussion

Common binding clefts between MMPs and neprilysins

In order to study the binding site of NEP a structural
comparison was done with the well-characterized binding
site of MMP-3, a matrix metalloprotease part of the
metzincin superfamily. This comparison was based on a
structural superimposition with the zinc centers as target.

The superimposition shows that NEP and MMP-3
indeed share very similar binding sites (Fig. 1). A typical
antiparallel substrate-binding beta-sheet found in MMP-3
(as in all metzincins), [19, 22] is also found in NEP, and is
located between Ala543–Ser547. On the opposite side of
the binding cleft of metzincins, a short parallel beta-
anchor binds the P2’–P3’ portion of the substrate. [22]
This segment was not found in NEP, something that can
correlate with its carboxypeptidase and endopeptidase-
activity. [1]

Indeed, when compared to MMP3, NEP shows limited
hosting space in terms of “length” at the S’ side of the
binding pocket (see Fig. 1). In fact, the S’ side of
neprilysins is confined by a group of aromatic residues
(Phe106, Phe563, and Trp693) which creates an inter-
rupting “wall” on the P’ side of the catalytic zinc ion,
limiting the length of the S’ region (see Fig. 1). �fner and
colleagues (2000) [11] defined the S1’ pocket by Phe106,
Ile558, Phe563, Met579, Val580, Val692 and Trp693
based on the interaction with the co-crystallized phos-
phoramidon inhibitor. Considering the iterative superim-
position of the two binding clefts, three key residues of
the well-characterized S1’ subsite from MMPs (Leu164,
Val198 and Pro221) are directly superimposable with
three of the reported residues, Ile558, Val580 and Arg717
(see Fig. 1). The central specificity determinant in MMP-
3, which is also present in other MMPs, is Val198, [41,

42, 43] thereby projecting conserved characteristics
between the S1’ pockets of MMPs and of NEP.

An S2’ subsite was suggested by �fner and colleagues
[11] to be confined by Arg102, Asp107, and Arg110;
however, in the comparison with MMP-3, three residues
from NEP, Phe106, 563 and Trp693, are perpendicularly
inclined and block the further running of the substrate in an
extended conformation. NEP cleaves short oligopeptides
and it has also exerted carboxypeptidase activity, [44]
which may therefore suggest that a P2’ is superfluous for
an ideal substrate, given the presence of these “blocking”
residues (see the void binding volume of pockets, Fig. 1).

Enzyme–substrate model

The enzyme–substrate model for NEP was built on the
basis of the structural superimposition with MMP-3. The
N-terminal segment from the MMP-3 inhibitor (TIMP-1),
which is similar to the P’-region of a substrate, [19] was
reproduced in complex with NEP. This segment fitted
geometrically well in the cleft of NEP. However, the P3’
and P4’ residues clashed directly with the “aromatic wall”

Fig. 1 A representation of the binding pockets of NEP and MMP-3.
Top row: NEP (top, left) shows a conserved set of primary
specificity determinants (blue) supplying similar chemical qualities
toMMP-3 (top, right) to bind the substrate. Arg717 showed in the
molecular dynamics simulations to establish a salt bridge with the
carboxy terminus from the substrate, and to neutralize its excessive
charge in the binding pocket (in accord with in vitro confirmed
carboxypeptidase activity of neprilysin. [44] Bottom row: the
volume of these pockets is shown colored by depth, which indicates
an end in binding at P1’/P2’ for NEP (bottom, left), compared to
MMP-3 which has a binding interface to the host P2’–P3’–P4’
residues (bottom, right). [19] The S2/S3 regions show a big
difference between NEP and MMP-3, which most conceivably
prefers bulkier residues
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mentioned above. The P3’ and P4’ residues were for that
reason removed.

In order to build the P region (opposite side to scissile
bond), which is less known for zinc proteases, four
experimental and computational fitting residues were
added to the cysteine residue in favorable extended beta-
sheet conformation (see methods). The importance of the
extended conformation at the P’ and P regions of a
substrate of proteases has been elucidated, [45, 46] and is
therefore along with the details of the MMP-3/TIMP-1
binding site, the cornerstone of this modeling approach.

After the model was built, the backbone H bonding on
the P’ side was represented by two H bonds between both
backbone atoms of Phe (P1’) and the complementary
backbone atoms from Ala543 on the enzyme (Fig. 2a). On
the opposite side of the scissile bind (P side), Ala at the P2
position was H bonded via the backbone atoms to Tyr545,
in addition to sidechain-to-backbone H bonds between
Thr (P3) and Ser547 (see Fig. 2).

The plausibility of the constructed enzyme–substrate
model is primary strengthened by the satisfaction of the
backbone H bond donors from Ala543–Tyr545 (which are
located at the same positions as their MMP counterparts,
see Fig. 1), secondary by sidechain-to-backbone H bonds
between P3 and Ser547 (increases stability at the P
region) and tertiary by molecular complementarity (see
Fig. 3). The theoretical free energy of binding of the
substrate (total: -6.9 kJ mol-1) showed that the chosen
residues are well associated with the enzyme surface, as
modeled in antiparallel beta-sheet conformation with the
enzyme. Phenylalanine at P1’, which has the lowest
theoretical free energy of binding, interacts with the
hydrophobic sidechains of Val580 and Ile558, in an
analogous manner with the leucyl moiety of the phos-
phoramidon inhibitor. [11] The P2’ residue has its
carboxyl group close to Phe106, a position that, according
to empirical [47] and force field data (see methods), is
unfavorable because a carboxyl inclination towards p
electrons (Phe106) is repulsive, and the only “way out”
for this C terminal from the P2 residue would be an illegal
Phi/Psi of 120/60. In order to investigate for better fit at
this position, a glycine was inserted at P2’ to allow more
torsional flexibility in the molecular simulations.

After this position, it appears that there is no more
space to accommodate another residue in the beta-sheet
extended P’ direction, (as occurs in MMPs and ADAMs
up to the P4’/P5’ positions [19, 48]). However, on the
opposite side of the zinc ion/“scissile bond”, the enzyme
has a rather wider and longer space for accommodating
beta-sheet extended residues (see Fig. 1) towards a
putative S4/S5 pocket defined by Pro295, Tyr346 and
Leu298 and Phe596, which hosted an alanine residue at
the P4 position and a leucine at P5, still in a favorable
extended beta-sheet conformation during the substrate-
building procedure (Fig. 2).

Using molecular dynamics over a nanosecond interval
the dynamics of the enzyme–substrate interface is
assessed, and the interacting substrate-specific sidechains
are attempted identified in a solvated dynamic system.

Molecular simulations

Given the size of the system (73,060 atoms), financial and
practical limitations, the simulation was carried out for
only 1 ns, which can be too short to identify certain
weaknesses in the enzyme–substrate model. In order to

Fig. 2a–c A schematic illustration of the three central stages during
the computer modeling study: a the binding site with substrate
before simulation (0 ps) (see also Fig. 3); b the binding site at
500 ps; c the binding site at the end of the simulation, 1,000 ps.
Some residues are not shown for graphical purposes. For graphical
purposes only H bonds are represented by green lines, all other
interactions are reported in Table 1
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comply with this, a thorough analysis of the binding site is
described below, and the strongest deviations are pointed
out. The analysis of the interactions at the interface
(contact maps and visual inspection Fig. 2 and Table 1)
were deduced from the most stable interval of the
substrate, between 400 and 600 ps (deviation of C-alpha
by RMSD to the input conformation, see Fig. 4a, b). The
changes that occurred in the substrate are, as we shall see,
mostly located in the terminal segments, and are
discussed thoroughly below.

The putative S’/P’ side

The S’ region is centrally stabilized by the hydrophobic
lock of the S1’ pocket plus a backbone H bond between
Ala543 and P1’, while the second H bond with the
carbonyl group of P1’ alternatively shifted from inter-
acting with Ala543 and the sidechain of Asn542. The
sidechain of phenylalanine at P1’ interacted with
Met579, Val580, Trp693, Phe563 and Ile558, where
Val580 was central in the interaction. At the beginning
of the simulation the closest sidechains to the phenyl
moiety of Phe (P1’) were Val580, Trp693 and Ile558, at

Fig. 3 Graphical representation of the computed binding energies
of the modeled substrate in complex with the crystal structure of
NEP. Free energy of binding (y-axis) for each residue (x-axis) is
reported in kJ mol-1, calculated using the program STC. [31]

Fig. 4a–b Structural monitoring of the enzyme–substrate system.
a RMSD fluctuations of the enzyme. b RMSD fluctuations of the
substrate

Table 1 A list of the interacting
residues as identified using
contact maps (computed in the
interval 400–600 ps—see
Fig. 4), and visual inspection of
the three central stages (0 ps,
500 ps, 1,000 ps—Fig. 2) of the
computer analysis of NEP in
complex with a hypothetical
substrate

Substrate residue Enzyme subsites Interaction

P2’-Gly Phe106, Arg717 Gly(C-term) ionic to Arg717(Gu)
Gly(H) to Phe106(Ph)

P1’-Phe Val580, Ile558, Trp693 Phe(CZ) aromatic to Trp693(Ch2,CZ3)
Phe(Ph) hydrophobic to Val580(Cb, Cg1,2)
Phe(Ce2) hydrophobic to Ile558(Cd1)

P1-Cys Solv, Phe544 Cys(Cb) hydrophobic to Phe(Cb)

P2-Ala Tyr545, His587 Ala(C, N) H-bond to Tyr 545 (C, N) Ala(Cb)
hydrophobic to His587(Cg)

P3-Thr Solv, Ser547 Thr(Og) H-bond to Ser547(Og) & Solv.

P4-Ala Phe596 Ala Cb) hydrophobic to Phe596(Ph)

P5-Leu Pro295, Tyr346, Leu298, Phe203 Leu(Cd1,2) hydrophobic to Phe203(CZ)
Leu(Cd1,2) hydrophobic to Leu298(Cb,d1)
Leu(Cd2) hydrophobic Tyr346(Ph)
Leu(Cd2,b) hydrophobic to Pro295(Cb, g)
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500 ps Val580 and Ile558 remained at the status quo
while Met579 approached closer with the distancing of
Trp693. At 1,000 ps the sidechain of Met579 drifted
away from its weak interaction with Phe (P1’) in
addition to Trp693, while Val580 remained stable and
Ile558 went from a cis to a trans conformation, still in
the same position.

The stability of the sidechains in the pocket describes
qualities of binding in a solvated and associated dynamic
situation. The firm stability of Val580 and Ile558 suggests
that these residues may play a bigger role in binding the
P1’ sidechain and that they are less influenced by the
solvent, that they function as the central determinants in
the hydrophobic lock with the presented lock and key
mechanism. In order to support this theory, and in respect
to the excellent work performed by �fner et al. (2000),
[11] a comparison with empirical data is carried out. The
empirical results by �fner and colleagues show that the
leucyl moiety of the phosphoramidon inhibitor is inclined
towards Val580, identically as the sidechain of the P1’
phenylalanine sidechain is as seen at 0 ps, 500 ps and
1 ns. This indicates indeed a high accord between the
computational results with a “natural” peptide and the
synthetic inhibitor mimics the natural peptide sidechain.
However, a more striking feature was observed when
these residues were compared to the equivalent pocket of
MMP-3. [19] The inclination of the threonine sidechain
from the TIMP-1 inhibitor (P1’) in complex with MMP-3
is virtually identical to the inclination of the leucyl moiety
from the phosporamidon inhibitor in the crystal structure,
[11] and of the phenylalanine sidechain from the enzyme–
substrate model. By relevance, the central residues in the
pocket of MMP-3 are Leu164 and Val198, [41, 42] which
shows a strong chemical familiarity with the equivalent
residues in NEP (Ile558 and Val580) pockets (see Figs. 1
and 2). For this reason, it is conceivable to presume that
S1’ inhibitors and even clinically applied drugs from
matrix metalloproteases may have an interfering inhibi-
tion on neprilysins.

Moving to the end of the P’ region, the P2’ sidechain
was inclined towards a gap between the two sidechains of
Phe106 and Trp693 at 0 ps, in a similar orientation as the
indole moiety of the phosphoramidon inhibitor. [11]
Throughout the simulation, this inclination of Gly(P2’)
changed to interact with Arg717 and Phe106.

In this context, the guanidinium group from Arg717
has its position equivalent to the carbon ring of Pro221
from MMP-3 (Fig. 1). The role of Pro221 in MMPs is to
confine the S1’ pocket and to supply it backbone in
substrate binding. [41, 42] Interestingly, the carboxypep-
tidase activity reported for NEP [43] correlates well with
the hypothesis of that Arg717 would easily neutralize the
C-terminal charges of the P1’ residue oriented in this
direction.

The putative S/P side

The sidechain of the catalytic glutamate from the enzyme,
moved into coordination with the zinc ion, as also
previously observed with ADAM6s and MMPs, [21] and
the histidine residues moved slightly back from the zinc
ion, although they were frozen, which is an artifact of the
simulation. Cysteine at P1 remained in a stable contact
with the solvent, directing its hydrophobic moiety
towards Phe544, one of the central residues of the
antiparallel substrate-binding beta-sheet. Further down
the substrate, the sidechain of alanine at P2 was in a
hydrophobic contact with the Cb of Tyr545, and remained
well H-bonded to it as well through its backbone atoms.
Threonine at P3 contributed its sidechain in a continuous
competition with the backbone carbonyl of P4 in estab-
lishing an H-bond with Ser547. This H-bond was the
second anchor on the P-side of the scissile bond, and was
at the same time the last anchor for stability on the P-side.
This is explained by the fluctuations of the P5 residue,
which moved 6.2 � from its original position. These
fluctuations indicate one of the following (a) this region
of the substrate is incompatible with the enzyme or (b) the
hydrophobic attraction to the S4/S5 cleft is not sufficient
to lock this position in place and requires additional
backbone H bonds. In the first case, the incompatibility is
not strong given that the residues Pro295, Tyr346 and
Leu298 supply a satisfying hydrophobicity to host the
Leucine sidechain at P5 and in fact yield the next-most
optimal free energy of binding (~ �1.3 kJ mol-1) of the
entire substrate (Fig. 3). The latter is most likely the
explanation, because other residues that were H bonded in
the simulation were far more stable (Fig. 2). In other
words, the S5/P5 position either has no or a small role in
binding, and the enzyme does not seem to require it for
specific substrate binding and recognition.

Conclusion

Revealing a conserved binding pocket to MMPs, the
common acute lymphoblastic leukemia antigen putatively
binds the substrate in an extended beta-sheet conforma-
tion, which centrally satisfies four H bonds donated by
two residues from the substrate-binding beta-sheet on the
enzyme, Ala543–Tyr545. NEP and MMP-3 share also
two quite similar S1’ cavities, with Ile558 and Val580 and
Leu164 and Val198 as central determinants for specific-
ity. This feature, indicates an opportunity in applying
conventional S1’ pocket inhibitors designed for matrix
metalloproteases in in vitro experiments directed at
neprilysins. At the same time, this homology indicates
also a risk of toxicity for clinical inhibitors, which might
interfere in vivo with vital signaling pathways of NEP. As
found from the computer modeling in this study, NEP
binds a substrate preferably between P4 and P1’, and
designates a general hydrophobic specificity. These

6 A disintegrin and metalloprotease domain.
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results give a broader basis to identify and target new
areas in the binding site of NEP, and other neprilysin
members, and hopefully more studies directed to cross-
inhibition of neprilysins and MMPs.

Supplementary material

An animation of a short interval of the simulation is
available as supplementary material and has also been
posted on the World Wide Web, at http://www.proinfor-
matix.com/nep.html. PDB coordinates have been posted
at the PDB databank under the identity 1MB7.
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