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ABSTRACT. Angiotensin I-converting enzyme (ACE) is a dipeptidyl-
carboxypeptidase expressed in endothelial, epithelial and neuroepithelial
cells. It is composed of two domains, known as N- and C-domains, and
it is primarily involved in blood pressure regulation. Although the physi-
ological functions of ACE are not limited to its cardiovascular role, it has
been an attractive target for drug design due to its critical role in cardio-
vascular and renal disease. We examined natural structures based on
bradykinin-potentiating peptides (BPPs) extracted from Bothrops jara-
raca venom for ACE inhibition. Modeling, docking and molecular dy-
namics were used to study the conserved residues in the S2’, S1’ and S1
positions that allow enzyme-substrate/inhibitor contacts. These positions
are conserved in other oligopeptidases, and they form tight and non-
specific contacts with lisinopril, enalapril and BPP9a inhibitors. The only
specific inhibitor for human somatic ACE (sACE) was BPP9a, which is
instable in the N-sACE-BPP9a complex due to repulsive electrostatic
interactions between Arg P4-Arg 412 residues. Specificity for the C-
terminal domain in human sACE inhibition was confirmed by electro-
static interaction with the Asp 1008 residue. Peptide-like BPP struc-
tures, naturally developed by snakes across millions of years of evolu-
tion, appear to be good candidates for the development of domain-selec-
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tive ACE inhibitors with high stability and improved pharmacological pro-
files.

Key words: Bradykinin-potentiating peptides, Hypertension, Modeling,
Angiotensin I-converting enzyme, Molecular dynamics

INTRODUCTION

During evolution, poisonous snakes became specialized in the production of a number
of toxins that disorganize the physiological levels of hormones by disturbing the activity of criti-
cal enzymes, receptors, or ion channels, thus disarranging the entire cardiovascular or nervous
systems of their victims. Due to their high degree of target specificity, snake venom toxins have
been increasingly used as pharmacological tools and as prototypes for drug development (Ca-
margo and Hayashi, 2005).

In 1949, Rocha e Silva discovered that bradykinin, a hypotensive peptide, is produced
when the venom of Bothrops jararaca is injected into the blood circulation of mammals (Rocha
e Silva et al., 1949). This important bioactive peptide is involved in the control of blood pressure
and in many other physiological and pathological processes. Later, in 1965, his student and
collaborator, Sergio Ferreira, discovered that this venom not only generates bradykinin but it also
strongly enhances its hypotensive effects through the formation of bradykinin-potentiating pep-
tides (BPPs) (Ferreira et al., 1970).

BPPs as leading structures for hypertensive treatment

The synergy of BPPs causes a vascular shock in the snake’s prey, which are usually
small mammals. The pharmacological and molecular features of this reaction spotlighted angio-
tensin I-converting enzyme (ACE) as the key enzyme for the treatment of human hypertension
(Ng and Vane, 1970). The BPPs were also essential for the development of the first commer-
cial ACE inhibitor (ACEI), captopril, for the treatment of human hypertension (Ondetti and
Cushman, 1981).

ACE is expressed in endothelial, epithelial and neuroepithelial cells as a 150- to 180-
kDa protein (somatic) and as a smaller 90- to 110-kDa (testicular) isoform in male germinal
cells. Somatic ACE (sACE) is composed of two domains, known as N- and C-domains (N-
sACE and C-sACE), and testicular ACE (tACE) contains a single domain that shows high
sequence identity to the C-terminal domain of sACE. Both domains have dipeptidyl-carboxy-
peptidase activity (Liu et al., 2001), possessing the characteristic gluzincin HExxH(x)

23
E motif

(Wei et al., 1991). The HExxH is a canonical Zn-binding motif found in metalloproteases.
Despite the high degree of sequence identity between the N- and C-domains, they

differ in substrate/inhibitor specificity (Cotton et al., 2002; Hayashi et al., 2003). The N-domain
is specific for the degradation of the AcSDKP tetrapeptide that controls hematopoietic stem cell
proliferation and differentiation (Rousseau et al., 1995), whereas the C-domain is primarily
involved in blood pressure regulation through the degradation of Ang I (a potent vasoconstrictor;
Jaspard et al., 1993) and the inactivation of vasodilator peptide bradykinin (Villard and Soubrier,
1996). Although the physiological functions of ACE are not limited to its cardiovascular role, it
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has been an attractive target for drug design due to its critical role in cardiovascular and renal
disease (Ng and Vane, 1970). ACEIs have been used for the treatment of heart diseases and
hypertension for many years (reviewed in Riordan, 2003).

Our interest was focused on the specificity of BPPs in the inhibition of both N- and C-
terminal active sites of human sACE and on the structurally important residues contacting the
substrate/inhibitors. Using modeling and docking procedures, we constructed the N- and C-
sACE domains “in silico” to study the important inhibitor-contacting residues in C-sACE. Sur-
prisingly, the data obtained for the active site demonstrate that S2’ and S1’ contacting residues
are conserved not only in N- and C-sACE, but also in other important oligopeptidases described
in the literature.

MATERIAL AND METHODS

Protein structures used in experiments

We used the X-ray structures of C-domains of human C-sACE (Natesh et al., 2003,
2004), their human homologous enzyme ACE2 (Towler et al., 2004), Drosophila ACE (AnCE)
(Kim et al., 2003), neurolysin (Nls) (Brown et al., 2001), and human thimed oligopeptidase
(TOP) (Ray et al., 2004) deposited in the PDB databank.

The N-sACE was modeled as described in Fernandez et al. (2003). BPP inhibitors
(Ianzer et al., 2004) were docked in the structures that were obtained, using the Autodock 3.0
package (Morris et al., 1998).

Alignments

Modeling of the N-terminal domain of human sACE has already been published
(Fernandez et al., 2003). Sequences of the N- and C-domains of the human sACE (P12821)
and human tACE (Natesh et al., 2003) were aligned using ClustalW (Thompson et al., 1997).
The alignment was used in the modeling procedure, taking the tACE structure as template (pdb
1o86) (Natesh et al., 2003).

Modeling human ACE structure

The structure of the tACE (pdb 1o86; Nathesh et al., 2003) has been used to predict the
structure of the human N-sACE. We have taken advantage of the 55% sequence identity
between these sequences to map the N-sACE sequence in the three-dimensional structure
described for tACE (Nathesh et al., 2003). The atomic coordinates of the 1o86 pdb structure
were used as a template in comparative modeling by satisfaction of spatial restraints (Sali and
Blundell, 1993) implemented in the program MODELLER 6v2 (Fiser et al., 2000). The stere-
ochemical quality of the five best-scoring models was assessed by PROCHECK (Laskowski et
al., 1993) at a 2.0-Å resolution. The model that was obtained was subjected to relaxation and
energy minimization of the structure using the GROMACS molecular dynamics package (Lindahl
et al., 2001).

Additional energy minimization and equilibrating molecular dynamics simulations were
carried out with the GROMACS 3.2 molecular dynamics package (Lindahl et al., 2001) on a
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Linux workstation in order to refine the molecular model of the N-domain structure. The initial
protein model was submitted to a steepest-descent energy minimization (5000 steeps) to re-
move bad van der Waals contacts. In order to further relax the structure that was obtained, an
unrestrained molecular dynamic (MD) was performed for 200 picoseconds (ps) in water (spc
model) with Berendsen-type temperature (312 K) and pressure (1 atm) coupling, in a 32 x 32 x
32 nanometer (nm) simulation cell (Louie et al., 2002), implementing the PME method (Essman
et al., 1995) in the OPLS-AA force field (Lindahl et al., 2001). The same conditions were used
to “denature” MD at 400 K for 200 ps and in the subsequent “refolding” stage of MD at 312 K
for 200 ps. An unrestrained multiple step conjugate-gradient minimization process was used (to
0.1 kJ mol-1 nm-1) to obtain the energy minimized structure of our protein. These models are
available for non-profit use upon direct request to the authors.

Analysis of the dynamics of C-sACE-BPP and N-sACE-BPP

Molecular dynamics simulations were initiated under the periodic boundary conditions
in isothermal-isobaric ensemble with Berendsen-type temperature (312°K) and pressure (1
atm) coupling. The ensemble, with a constant number of particles, volume and temperature
(NVT), was used after the density became balanced. The initial refinement process of the
model takes a total time of 600 ps in the relaxation, denaturing and refolding procedures. The
entire MD simulation was 1.5 ns long. The first nanosecond was used for the equilibration of the
isothermal-isobaric (NVT) system, and the last 500 ps were considered to be for the production
part of the dynamics. The g_cluster script, included with the Gromacs distribution, was used for
cluster analysis of the trajectories. The evaluation of the inter-residue distances through the
complex in the dynamics experiments was performed using the g_mindist script. The molecular
dynamics trajectories were visualized by using the VMD program (Humphrey et al., 1996), and
the Gold STING package (Neshich et al., 2003) was used for evaluation of residue interactions
in final structures. The cutoff distances for hydrogen bonds, salt bridges and electrostatic inter-
actions were 3.2, 4.0, and 4.0 Å, respectively.

RESULTS AND DISCUSSION

Substrate binding in oligopeptidases

Our study focused on structural similarities in secondary elements surrounding the ac-
tive site and on conserved residues of human N-sACE and C-sACE (Fernandez et al., 2003,
Natesh et al., 2003, 2004), their human homologous enzyme ACE2 (Towler et al., 2004), Droso-
phila ACE (AnCE) (Kim et al., 2003), neurolysin (Nls) (Brown et al., 2001), and human thimed
oligopeptidase (TOP) (Ray et al., 2004). Despite low amino acid sequence identity, the struc-
tural similarity of all these enzymes is remarkable, suggesting that these enzymes evolved from
a common ancestor by divergent evolution. The structural similarity of the secondary structure
elements is especially high in the region surrounding the active site (Figure 1A and B) and was
named conserved core.

The center of the active site in all these enzymes is formed by a conserved HExxH(x)
23

E
motif coordinating the Zn ion in the center of a deep channel (Figure 1A), and substrates or
peptide inhibitors are expected to extend largely along this channel. For practical purposes, the
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Figure 1. Conserved structure of oligopeptidases. A, Open structure of neurolisin. The Zn ion is represented in VDW at
the center of the deep channel. The N-terminal “shape” is green, and the conserved “core” structure containing the active
site is blue. B, Closed structure of testicular angiotensin I-converting enzyme (tACE) in complex with lisinopril (in
magenta). C, Section of the tACE-lisinopril structure. The N- and C-chambers are represented. D, Sequence alignment of
human somatic ACE (sACE) composed of N- and C-domains (N-sACE and C-sACE). ClustalW alignment was used as the
input in the modeling procedure. Identical residues (55%) are represented on a black background. Secondary structure
elements are represented on the top of the alignment according to the resolved tACE crystal structure. The important
residues that are involved in lisinopril (*), Zn (+) and Cl (·) binding are shown on the bottom of the alignment.

channel is subdivided into the C-chamber, comprising the S2’ and S1’ sites, and the N-chamber,
comprising the S1, S2, ..., S8 sites, contacting substrate/inhibitor sites (Figure 1C). The enzyme-
substrate/inhibitor complex is formed in the open structure of the enzyme. The substrate is

A B C

D

C
chamber

N
chamber
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received by the N-terminal α-helix (Figure 1A, B, D), and placed in the bottom of the channel at
the time that the enzyme is closing (Figure 1B).

The substrate/inhibitor is accommodated near the active site by forming a hydrogen
bond network with the residues forming the β-barrel, conserved in all the structures near the
catalytic Zn ion (Figure 2A). Residues contacting the substrate/inhibitor in S2’ and S1’ positions
(nomenclature in Figure 2A, B) were studied, and  are conserved in different oligopeptidases
(Table in Figure 2B). In the accommodation of the P2’ site (the carboxy-terminal residue) of the
substrate/inhibitor, the hydrophobic contacts with Tyr I, electrostatic interactions of the car-
boxylic group with the Lys I residue and a hydrogen bond with the His II residue (Figure 2A, B
and C) are essential. The P1’ position is coordinated by the hydrogen bonds with the His I
residue and Ala β, and the carbonyl group of the scissile bond in the substrate, or the sulfhydryl,
carboxyl or phosphoric groups in the inhibitors, coordinating the catalytic Zn ion (see Figure 2C
for BPP9a contacts).

All these contacts are maintained in our dynamics experiments as demonstrated in the
data on distances between the residues in the human N- and C-sACE-inhibitor complexes
(Figure 3).

Specific inhibitors for the C-terminal domain of human sACE

Until now, commercial inhibitors of human sACE were developed as chelating agents
of reactive Zn ions. They are variations of small peptide-like structures, with a proline residue at
position P2’, and are primarily directed to bind Zn ion through sulfhydryl, carboxyl or phosphoric
groups. These small structures focus their binding complementarities on S2’, S1’ and S1 sites
(Natesh et al., 2003, 2004).

In their calorimetric studies of ACEI complexes with lisinopril, enalapril and captopril,
Andújar-Sánchez et al. (2004) concluded that the contribution of the enthalpic interactions to the
energetics of binding is overcome by the hydrophobic contribution. This evidence,  together with
our data, led us to conclude that in the accommodation of the S2’, S1’ and S1 residues of
substrate/inhibitor in the final position, the hydrogen bond network and hydrophobic interactions
are more important than the electrostatic interactions. These positions are conserved in differ-
ent oligopeptidases (Figure 2A and B), and, for exclusion, desired enzyme selectivity is mainly
determined by the S2, S3, S4, etc., interaction sites, placed at the N-terminal chamber of the
enzyme (Figure 1C).

The development of domain-selective ACEIs with better stability and improved phar-
macological profile is facilitated when it is based on BPP structures, naturally developed by
snakes during millions of years of evolution (Cotton et al., 2002; Hayashi et al., 2003). Until now,
more than 15 different BPP structures have been extracted from B. jararaca venom. They are
rich in proline small peptides from 5 to 13 residues, with a well-defined carboxy-terminal Ile-
Pro-Pro motif and pyroglutamate at the amino-terminal (for reviews, see Ianzer et al., 2004 and
Camargo and Hayashi, 2005). Among these molecules, inhibitors were found to be able to
selectively inhibit N- or C-sACE (Cotton et al., 2002) and display different hypotensive effects
in rats (Hayashi et al., 2003).

As an example, we studied the BPP9a (Ianzer et al., 2004), a C-sACE selective inhib-
itor with the sequence <EWPRPQIPP. In N- and C-sACE, all the contacts in the S2’ and S1’
conserved positions were maintained in our dynamics experiments (Figure 3A), but the Arg
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Figure 2. A, Stereoview of the human N-sACE in complex with enalapril. Conserved residues contacting P2’, P1’ and P1
positions in oligopeptidase active sites and the conserved motif HExxH(x)

23
E coordinating the Zn ion are represented. B,

The conservation of each residue among other oligopeptidases is described in the Table. C, Stereoview of the human N-
sACE in complex with BPP9. Residues contacting P2’, P1’ and P1 are represented.  N- and C-sACE = N- and C-domains
of human somatic angiotensin I-converting enzyme; ACE2 = their human homologous enzyme; AnCE = Drosophila ACE;
TOP = human thimed oligopeptidase.
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Figure 3. A, Contact distances between Pro residue from P2’ BPP9 position and Lys 520 and His 522 residues from the
N-terminal sACE domain. All contacts in conserved P2’, P1’ and P1 are maintained during dynamics experiments. B,
Contact distances between Arg residue from the P4 BPP9 position, Arg 412 and Tyr 369 residues from N-terminal sACE
domain. Hydrogen bond between Arg at P4 position and Tyr 369 maintain these residues at 2.5-3.5 nm during dynamics
at the time that repulsive electrostatic interactions with Arg 412 force the movement in opposite directions.
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repulsive contact in position P4 with Arg 412 of the N-sACE was reconfigured during dynamics
due to the repulsive electrostatic interaction (Figure 3B). This contact was maintained in the C-
sACE due to the substitution of Arg 412-Asp 1008 in the S4 contact position of N-sACE-C-
sACE, respectively. The Arg-Asp substitution in the S4 position of sACE domains is, in our
opinion, an important factor that allows for more specific C-sACE inhibition of human sACE by
the BPP9a peptide (Ianzer et al., 2004).
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