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Human somatic angiotensin I-converting enzyme (sACE)
has two active sites present in two sequence homologous
protein domains (ACE_N and ACE_C) possessing several
biochemical features that differentiate the two active sites
(i.e. chloride ion activation). Based on the recently solved
X-ray structure of testis angiotensin-converting enzyme
(tACE), the 3D structure of ACE_N was modeled.
Electrostatic potential calculations reveal that the ACE_N
binding groove is signi®cantly more positively charged
than the ACE_C, which provides a ®rst rationalization for
their functional discrimination. The chloride ion pore for
Cl2 (one of the two chloride ions revealed in the X-ray
structure of tACE) that connects the external solution with
the inner part of the protein was identi®ed on the basis of
an extended network of water molecules. Comparison of
ACE_C with the X-ray structure of the prokaryotic ClC
Cl± channel from Salmonella enterica serovar typhimurium
demonstrates a common molecular basis of anion selectiv-
ity. The critical role for Cl2 as an ionic switch is empha-
sized. Sequence and structural comparison between
ACE_N and ACE_C and of other proteins of the gluzincin
family highlights key residues that could be responsible
for the peptide hydrolysis mechanism. Currently available
mutational and substrate hydrolysis data for both domains
are evaluated and are consistent with the predicted model.
Keywords: angiotensin I-converting enzyme/catalytic
mechanism/chloride ion activation/gluzincins/homology
modelling

Introduction

Mammalian angiotensin I-converting enzyme (ACE) (peptidyl
dipeptidase A, kininase II, EC 3.4.15.1) is a zinc dipeptidyl
carboxypeptidase (Corvol et al., 1995; Corvol and Williams,
1996) responsible for the conversion of angiotensin I to the
powerful vasoconstrictor angiotensin II (Tzakos et al., 2003)
and the inactivation of the vasodilatory peptide bradykinin by
the removal of C-terminal dipeptides (Erdos, 1990). Reports of
the existence of ACE-like proteins in several insects, a crab, a
tick, an annelid and a mollusc have established that ACE is an
evolutionarily ancient enzyme (Coates et al., 2000). ACE is
expressed as a somatic isoform (sACE, 150±180 kDa) in
endothelial, epithelial and neuroepithelial cells and as a smaller
isoform (tACE, 90±110 kDa) only in male germinal cells. Both

isoforms are primarily plasma membrane enzymes, anchored
by a common C-terminal hydrophobic region. Human somatic
ACE is a two-domain protein resulting from a tandem gene
duplication (Hubert et al., 1991; Soubrier et al., 1993a,b;
Williams et al., 1994), with each domain possessing dipeptidyl
carboxypeptidase activity and distinctive substrate speci®city
(Wei et al., 1991, 1992). It consists of two homologous, zinc
catalytic domains of ~600 residues each [called N- (ACE_N)
and C- (ACE_C) terminal, respectively], with slightly different
catalytic activities; a juxtamembrane `stalk' region, a trans-
membrane hydrophobic sequence and a 30 residue, C-terminal
cytosolic domain. The germinal form of ACE contains a single
active site and corresponds to the C-domain of the somatic
enzyme (Corvol et al., 1995; Azizi et al., 1996; Corvol and
Williams, 1996; Hagaman et al., 1998). Because of its central
role in the metabolism of vasoactive peptides, ACE has
attracted intense interest for the development of orally active
ACE inhibitors to treat hypertension and because the ACE gene
is a candidate gene for several cardiovascular diseases
(Soubrier et al., 1993a,b). Recently, an ACE homologue,
referred to as ACE2, was identi®ed in humans and shown to be
an essential regulator of cardiac function (Donoghue et al.,
2000; Tipnis et al., 2000). It differs from classical ACE in
being a carboxypeptidase that preferentially removes
C-terminal hydrophobic or basic amino acids and is not
affected by ACE inhibitors.

The primary activity of ACE is to cleave free carboxyl group
oligopeptides with a wide speci®city (Rohrbach et al., 1981).
Substrates containing Pro at the P1¢ position [nomenclature by
Schechter and Berger (Schechter and Berger, 1967)] and Asp
or Glu at P2¢ are resistant to ACE. However, ACE can also
work as an endopeptidase or a tripeptidyl carboxypeptidase
upon certain substrates. The endopeptidase activity of ACE is
observed with substrates that have amidated carboxyl groups
where the enzyme can cleave a C-terminal dipeptide amide
and/or a C-terminal tripeptide amide (Erdos, 1990; Hooper,
1991). ACE can cleave luteinizing hormone-releasing hormone
(LH-RH) not only at the C-terminal tripeptide amide but also at
the N-terminal tripeptide (Skidgel and Erdos, 1985).

The C- and N-domains of the somatic form of ACE (Wei
et al., 1991) exhibit similar catalytic activities towards
angiotensin I, bradykinin and substance P (Jaspard et al.,
1993). However, the activity of the C-terminal domain is
highly dependent on chloride ion concentration, whereas the
N-terminal domain is still active in the absence of chloride and
is fully activated at relatively low concentrations of this anion
(Wei et al., 1991; Jaspard et al., 1993). The N active site is
preferentially involved in the N-terminal endopeptidase cleav-
age of LH-RH, but with low catalytic ef®ciency (Jaspard et al.,
1993). Captopril, lisinopril and RXP-407 display different
inhibitory potencies towards the two active sites (Ehlers and
Riordan, 1991; Wei et al., 1992; Dive et al., 1999). In addition
to the well-known function of ACE in the renin±angiotensin
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system, it has been demonstrated that the N active site of the
enzyme hydrolyses the natural circulating tetrapeptide N-
acetyl-L-seryl-L-aspartyl-L-lysyl-2-proline (Ac-SDKP), which
is involved in the control of hematopoietic stem cell prolifer-
ation (Rousseau et al., 1995). The demonstration that the
physiological functions of ACE are not limited to its
cardiovascular role and that the enzyme degrades Ac-SDKP
both in vivo and in vitro (Rieger et al., 1993; Rousseau et al.,
1995; Azizi et al., 1996) increased interest in studies of each
domain speci®city and inhibition (Dive et al., 1999; Michaud
et al., 1997, 1999). Another speci®c substrate for the N-domain
is angiotensin 1±7 (D-R-V-Y-I-H-P) but at the same time
this peptide inhibits the hydrolysis of angiotensin I by the
C-domain (Deddish et al., 1998).

Recently, the crystal structures of tACE at 2.0 AÊ resolution
(Natesh et al., 2003) and of Drosophila ACE (Taylor et al.,
1996) at 2.4 AÊ resolution (Kim et al., 2003) have been
determined. The enzyme has a deep, narrow channel that runs
the length of the molecule and the active site is located about
midway along the ¯oor of this channel. Based on the high
degree of sequence identity between the tACE and the N-
catalytic domain of sACE (ACE_N), we present here the three-
dimensional structure of the ACE_N and the identi®cation of
sequence differences that may contribute to the differential
cleavage site recognition in the two domains of the enzyme.
Because relatively few sequence differences can be identi®ed
near the active site region, we can assess the signi®cance of
these changes for substrate recognition. The locations of
critical residues conserved in the overall family have been
identi®ed and are discussed in terms, ®rst, of the currently
available mutational and substrate hydrolysis data, secondly,
on the structural basis of the different activation pro®les of
ACE_C and ACE_N in the presence of chloride ions, and
thirdly, in the framework of a common peptide±substrate
hydrolysis mechanism (Matthews, 1988).

Materials and methods

The amino acid sequences used in the present studies were
retrieved from the SWISSPROT database (Bairoch and
Apweiler, 2000). Multiple sequence alignment was accom-
plished employing CLUSTALW (Thompson et al., 1994).
Sequence-to-structure alignments were obtained using the
TopLign fold recognition method (Thiele et al., 1999).
Coordinate ®les of template proteins were downloaded from
the Protein Data Bank (Berman et al., 2000). Structural
neighbour searching and comparison were performed with
DALI (Holm and Sander, 1993), FSSP (Holm and Sander,
1996), SCOP (Murzin et al., 1995), VAST (Gibrat et al., 1996)
and CATH (Orengo et al., 1997).

The structure of ACE_N (20 models) was constructed
through comparative modelling by using MODELER v6.1
(Sali et al., 1995) based on the recently solved crystal structure
of the ACE_C domain (PDB i.d.: 1O8A) (Natesh et al., 2003).
From the 20 models, the one having the lowest energy (Sippl,
1993) and best stereochemistry was selected (Laskowski et al.,
1993). The root mean square deviation of all backbone atoms
was found to be 0.19 AÊ for the native ACE_C and 0.26 AÊ for
the ACE_C±lisinopril complex, with no changes in secondary
assignments. We then used two protein structure veri®cation
methods that characterize the environments of residues to
assess the ACE_N model relative to the X-ray ACE_C
structure. Both the PROFILER3D (Luthy et al., 1992) and

ERRAT (Colovos and Yeates, 1993) programs gave compar-
able scores for ACE_N and ACE_C. Identi®cation of cavities
in ACE_C was performed with CASTp (Liang et al., 1998).
Electrostatic potential maps were calculated with MOLMOL
(Koradi et al., 1996).

Results and discussion

Mapping residue sequence, structure and charge surface
differences of ACE_N and ACE_CÐcomparison with
substrate hydrolysis and mutational data

Recently, Chubb et al. suggested, as boundaries of the gACE
ectodomain, D40 at the N-terminus and G615 at the
C-terminus, corresponding to D641 and G1241 of the
C-terminal catalytic site of sACE (Chubb et al., 2002).

The repeated region of the somatic ACE possesses the two
characteristic gluzincin HEXXH and EXXXD motifs separated
by a 23-residue spacer (Soubrier et al., 1988; Wei et al., 1991).
The HEXXH sequence is a common motif found in numerous
metalloproteases, including the thermolysin family, astacin,
deformylase and the M1 aminopeptidases. It has been proposed
(Soubrier et al., 1988; Hooper, 1994) that the two histidine
residues in the former sequence are two of the four zinc
ligands, and the third ligand is the glutamate residue of the
latter sequence as assigned by the X-ray structure (Natesh et al.,
2003). A feature characterizing the sequence of sACE is the
high number of proline residues. In both the C- and N- catalytic
domains of the sACE sequence, two proline residues are
located in the 23-residue spacer.

In the repeated regions 10 cysteine residues are contained.
Three adjacent disul®de linkages (aabbcc) with a free cysteine
positioned between the C-terminal part and the middle
disul®de bonds have been identi®ed in tACE (Sturrock et al.,
1996) and con®rmed by the X-ray structure of tACE. These are
Cys152±Cys158 (a), Cys352±Cys370 (b) and Cys538±Cys550
(c), whilst Cys496 (d) was identi®ed as the only unpaired. In
the N-terminal part of sACE, the relevant disul®de linkages
represent Cys359±Cys377 (b), Cys545±Cys557 (c) and Cys503
is the unpaired residue (e). In the C-terminal part of sACE
the relevant disul®de linkages represent Cys957±Cys975 (b),
Cys1143±Cys1155 (c) and Cys1101 (e) corresponds to Cys496
of gACE. The Cys152±Cys158 (a) of gACE corresponds to
Cys757-Cys763 of the sACE located in the intermediate region
between the N- and C- repeated regions.

The amino acid sequence alignment of the ACE_C and
ACE_N catalytic domains differ in length by seven residues
[shown in Figure S1 (available as supplementary material at
http://protein.oupjournals.org); for sequence numbering of
ACE_C, we have used the numbering followed in tACE].
Sequence homology among the two enzyme domains is ~55%.
The differences in primary sequence are well distributed over
the length of the two proteins. Superposition of the homology
modelled structure of ACE_N with the X-ray structure of the
native tACE (ACE_C) gave an r.m.s.d. of 0.19 AÊ (supplemen-
tary Figure S2). Using the crystal structure of ACE_C (Natesh
et al., 2003), we have determined residues at the molecular
surface, which differ from the corresponding residues in
ACE_N.

In the substrate-binding channel the majority of the sequence
differences are located in non-a-helical or b-sheet areas
(denoted with white lines in supplementary Figure S1). The
gluzincin motif HEMGHX23E is located on the ¯oor of the
channel, which is represented by residues 373±393 (helix),
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405±423 and 521±538. The changes R381/E403, L370/M392
and S378/A400 (the ACE_N residue is listed ®rst) occur in
residues close to the cleavage site that potentially could interact
with the bound substrate. Other changes mapped on the ¯oor of
the binding groove are G439/S461 near the pyrrolidinic ring of
lisinopril and R340/G362, distant from the lisinopril-binding
groove.

The walls of the binding site are formed by residues 350±372
(antiparallel strand) and 456±519, the edges by 394±404 and
424±433 and the lip by residues 40±130. On the right (R) wall
(R, Figure 1), near the region of the lysyl group of lisinopril, the
aliphatic changes V359/A381 and polar±apolar changes T358/
V384 and S357/V379 can be seen. An interesting positive to
negative charge alternation Q355/D377 is observed before the
gluzincin-binding motif. On the top of the right wall (R) the
changes R350/T372 and T352/N374 can be seen. On the left
(L) wall of the binding groove (L, Figure 1), the changes N494/
S516, S529/V483 and T496/V518 can be observed near the
pocket where the phenyl ring of lisinopril is located. On the top
of this wall the alterations T478/P500, N470/T502, E481/
Q503, T482/G504, H483/D505 and A486/P508 (near the Cl±)
can be observed.

Substrate peptides are expected to extend largely along the
channel ¯oor and the walls. In order to assign further potent
functional differentiations of the binding grooves of the two
domains, the surface potentials of the lisinopril-binding groove
(¯oor and walls) were computed for both the ACE_C and

ACE_N (Figure 1B). The results indicate a profound difference
in the charged surfaces between the two binding grooves: the
ACE_N binding groove appears more positively charged than
the ACE_C. This is a ®rst clue indicating functional differen-
tiation of substrate recognition and binding of the two domains
of sACE from a structural point of view. Differences in charge
density distribution were also observed in the case of the lips
(helixes a1 and a2) of ACE_N and ACE_C (data not shown;
available as supplementary Figure S3). Speci®cally, the lip of
the ACE_N domain (residues 13±96) appears more negatively
charged than the lip of the ACE_C domain (residues 40±120),
both near the gluzincin motif HEMGHX23E (inside the binding
groove) and in the outer, exposed, part.

ACE inhibitors bind to both active sites but, depending on
their structure, they may differ in their af®nities, primarily
because of differences in dissociation rates from the two active
sites (Wei et al., 1992; Perich et al., 1994; Deddish et al.,
1996). Functional discrimination of the two domains of
ACE_C and ACE_N could be rationalized on the differences
of the S1 and S1¢ pockets. Speci®cally, the residues S516, S517
and V518 of the S1 and D377, V379, V380 and A390 of the S1¢
pocket of ACE_C are altered to N494, V495 and T496 of the
S1 and to Q355, S357, T358 and V359 of the S1¢ pocket of
ACE_N. Lisinopril and enalaprilat bind to human sACE with
Ki 0.39 and 0.65 nM, respectively. Lisinopril and enalaprilat
inhibit preferentially the C-domain more than the N-domain, at
high chloride concentration (300 mM Cl±); the Ki values for

Fig. 1. (A) View of the surface potential of ACE_N (a) and ACE_C (b) (negative and positive potentials in red and blue, respectively). (B) Cutaway views of
the substrate-binding channels for ACE_N (a) and ACE_C (b). The right and left `walls' of the substrate-binding groove are denoted R and L respectively (in
orange).

3D model of the N- catalytic domain of sACE
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these inhibitors were found to be about 18- and 4-fold lower for
the C-domain than the N-domain, respectively. However, at
low chloride concentration (20 mM Cl±), enalaprilat inhibits
preferentially the N-domain, since Ki is 2-fold lower for the N-
domain, whereas lisinopril still inhibits the C-domain, as Ki is
about 1.6-fold lower for this domain (Wei et al., 1991). In
ACE_C the lysine side chain of lisinopril forms a salt bridge
with D377, whereas in ACE_N in the same position is located
Q355. This salt bridge could rationalize the fact that replace-
ment of lysine in lisinopril by alanine in enalaprilat results in
reduced binding for the C-domain, but increased binding for
the N-domain. In addition, the E162/D140 alteration in
ACE_N (ACE_C/ACE_N) has as a result an increment in the
distance between the side chain of D140(OE2) and the lysine
side chain (NH2) of lisinipril, suggesting a lower af®nity of
ACE_N for lisinopril compared with that of ACE_C.

Hydrolysis of bradykinin is favoured in ACE_N (Jaspard
et al., 1993) having F in P1 and S in P1¢ positions due to
possible amino±aromatic interactions of F with N494 of S1 and
potent hydrogen bonding interactions of S with S357, T358 of
S1¢ of ACE_N. Similarly, the hydrolysis of Abz-SDK(Dnp)P-
OH is also favoured by ACE_N, but not in ACE_C and this
could be rationalized through electrostatic interactions of D
(P1) with N494 (S1) and K (P1¢) with Q385 (S1¢). Further
investigations of bradykinin-related peptides revealed that
Abz-GFSPFFQ-EDDnp (having F in P1 and Q in P1¢ positions)
was preferentially hydrolysed by the C-domain, whereas Abz-
GFSPFQQ-EDDnp (having Q in both the P1 and P1¢ positions)
exhibits higher N-domain speci®city (Araujo et al., 2000). This
differentiation could be attributed to electrostatic interactions
of Q (P1) of the substrate Abz-GFSPFQQ-EDDnp with N494
in S1 of ACE_N (S516 in ACE_C), whereas in the case of the
substrate Abz-GFSPFFQ-EDDnp, F (P1) could be stabilized
through hydrophobic interactions with V518 in S1 (T496 in
ACE_N). As shown in the X-ray structure, Y200 (F178 in
ACE_N) is hydrogen bonded to S517 (V495 in ACE_N) of the
S1 and contributes to the organization of this binding pocket.
Mutation of this residue to F in tACE (Chen et al., 1992; Sen
et al., 1993) resulted in a marked decrease in the catalytic
activity of the enzyme due to disruption of such interactions in
ACE_C and modi®cation of the S1 binding pocket. In ACE_N,
F178 is located in position Y200 of ACE_C that forms
hydrophobic interactions with V495 (S517 in ACE_C). Hence
we would expect that a similar F178 to Y mutation in ACE_N
would not affect signi®cantly its catalytic activity.

A key question that could be addressed is the mechanism of
the mixed-type inhibition mode of several synthetic inhibitors
(Goli and Galardi, 1986; Ucar and Ozer, 1992; Baudin and
Benetau-Burnat, 1999). Cotton et al. constructed a series of
bradykinin-potentiating peptides (BPP) and found them to be
selective inhibitors for the C-domain of ACE (Cotton et al.,
2002). The most selective inhibitor of the C-domain of ACE
was found to be BPPb, having lysine and proline in positions
P1¢ and P2¢, respectively (like lisinopril). Instead, the BPPc
inhibitor having proline both in P1¢ and P2¢ positions displayed
a mixed inhibition mode, which could be ascribed to the
presence of conformational isomerization of the proline in
position P1¢. Furthermore, as discussed above, in enalaprilat,
which inhibits basically ACE_N, in P2¢ is located a proline and
in P1¢ is located an alanine. In lysinopril, an ACE_C inhibitor,
in P2¢ is located a proline (accommodated by the same
interactions of the S2¢ subsite of ACE_C/ACE_N through
hydrophobic interaction with the aromatic ring of Y523/489

and by the hydrophobic pocket formed by aromatic rings of
Y520/486, F457/423 and F527/493) and in P1¢ a lysine
(accommodated by different interactions of the S1¢ subsite of
ACE_C/ACE_N through E162/D140 and D377/Q355). Hence
the residue located in position P1¢ of the inhibitor could be
characterized as the basic driving force for inhibitor selectivity
for the N- and C-domains, owing to speci®c differences in the
S1¢ subsite in the two domains.

Finally, it should be noted that in vitro studies indicated that
full inhibition of the AI and BK cleavage requires a blockade of
the two ACE active sites. In contrast, in vivo experiments in
mice demonstrated that the selective inhibition of either the N-
domain or the C-domain of ACE by these inhibitors prevents
the conversion of AI to AII, whereas BK protection requires the
inhibition of the two ACE active sites (Georgiadis et al., 2003).
This rules out the scenario that in vivo the binding of the
inhibitor of one site produces the inactivation of the other
active site, free of inhibitor (Kost et al., 1998). It should be kept
in mind that in vitro experiments are based on a soluble form of
sACE, whereas the in vivo experiments are dependent on ACE
in its membrane-bound form. Taken together, these studies
indicate that the membrane-bound form of ACE may control
some physiological functions of ACE. Hence in vitro experi-
ments based on soluble forms of ACE may not properly re¯ect
the function of ACE in its membrane environment. Therefore,
it is imperative to understand the topology of ACE on the cell
membrane. Kost et al. have examined the structure of ACE in
reverse micelles (biomembrane modelling system) and found
that somatic ACE forms dimers via carbohydrate-mediated
interaction, providing evidence for the existence of a carbo-
hydrate-recognizing domain localized on the N-domain of the
ACE molecule (Kost et al., 2003). Previously, the same group
demonstrated that bovine somatic ACE can be detected in
reverse micelles not only as a monomer but also as a
homodimer (Kost et al., 1994, 1998; Grinstein et al., 1999)
and that ACE can function in different oligomeric forms in an
arti®cial membrane with dimers and tetramers being more
catalytically active than ACE monomers (Grinstein et al.,
1999, 2001). The recently solved structure of the testis isoform
of human ACE and that of Drosophila clearly have shed light
and opened new horizons for the elucidation of the structural
biology of this polysynthetic and possibly multifunctional
enzyme. Nevertheless, crucial questions about the precise
arrangement of the two domains and the nature of the
interaction between their respective active sites (antagonistic
or in a synergistic manner for substrate selection) and the
structure organization of sACE within the cell membrane
architecture remain.

The structural and functional role of the chloride ions of
ACE_N and ACE_C. Comparison with substrate hydrolysis
and mutational data and the X-ray structure of StCLC
selectivity ®lters

Substrate hydrolysis by ACE is activated by chloride ions in a
substrate-dependent manner (Bunning and Riordan, 1983;
Shapiro et al., 1983). This feature is unique among metallo-
proteases; however, the molecular mechanism of this regula-
tion is unclear. For example, the degree of enzyme activation
by Cl± and its apparent dissociation constant (Kd, app) associ-
ated with this activation is high for angiotensin I and low for
bradykinin (Bunning and Riordan, 1983; Shapiro et al., 1983).
The hydrolysis of Abz-peptidyl-EDDnp peptides indicates a
higher dependence to Cl± compared with Abz-peptidyl-
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K(Dnp)P-OH substrates. It was suggested that the absence of a
negative charge of the C-terminal carboxyl group is compen-
sated by chloride ion (Araujo et al., 2000) and that disruption of
an electrostatic interaction between the C-terminal carboxyl
group of the substrate Abz-GFSPFRA-EDDnp and a basic
group of the enzyme at pH > 8.0 reduces the hydrolysis of the
substrate containing a free carboxyl group.

The crystal structure of tACE (ACE_C) revealed the
location of two buried chloride ions separated by 20.3 AÊ .
The ®rst (Cl1) is found 20.7 AÊ and the second (Cl2) 10.4 AÊ

away from the zinc ion. The Cl1 binding residues W279 of
ACE_C and W257 of ACE_N are also common binding sites
for the substrate±lisinopril in the wall of the binding groove
(Tables I and II). Cl1 is very close to K511 (K489 of ACE_N)
that stabilizes the C-terminal carboxylate group of lisinopril.
Interestingly, the carboxylate group of N-carboxylalanine
(NXA) of the native protein is fully superimposed on the
C-terminal carboxylate group of lisinopril (PDB i.d.: 1O8A).
Hence it could be suggested that Cl1 is the synergistic anion of
importance for high-af®nity substrate binding through struc-
tural orientation of K511. Speci®cally, in the absence of the
chloride ion, K511 could form amino±aromatic interactions
with W279, W485 and W486 (K489 of ACE_N with W257,
W463 and W464) (Scrutton and Raine, 1996). As a result of
these interactions, the positive charge of the side chain is not
available for stabilization of the C-terminal carboxylate group
of the substrate.

The second chloride ion (Cl2) could be the mechanistically
signi®cant anion binding (MESAB) similar to the kinetically
signi®cant anion binding (KISAB) in human transferrin (He
et al., 2000). Cl2 is bound to R522 that has been reported to be
critical for the chloride dependence of ACE activity (Liu et al.,
2001). The molecular mechanism of chloride activation is not
readily apparent from the structure; however, the primary
ligand for Cl2, R522, lies on the same helix (a17) as Y520 and
Y523 which interact with lisinopril and, presumably, also the
substrate.

In Table I, we have mapped the amino acid residues of
ACE_C and ACE_N, which might be implicated in the binding
mode of the chloride ions Cl1 and Cl2. The nearest distances
between atoms of the chloride ligands and the enzyme residues
are also indicated. For the residues implicated in the binding of
Cl1, we can observe the R186/H164 alteration and for the Cl2
the M223/W201. Very close to the binding groove of Cl2 the
differentiation V518/T496 between ACE_C and ACE_N can
also be observed.

In Table II, the non-conserved amino acids of ACE_C and
the equivalent of ACE_N, which might be implicated in the
binding of lisinopril, are indicated. The residues with common
interactions with the chloride ion and lisinopril (substrate) are
W279 for Cl1 and R522 for Cl2 (conserved in both domains,
see Table I). Figure 2 illustrates the binding site of Cl2 in the
case of ACE_C (white) and ACE_N (grey) (ACE_N number-
ing ®rst), with amino acid differences of ACE_N indicated

Table I. Amino acid residues of ACE_C and ACE_N that might be implicated in the binding mode of the chloride ions Cl1 and Cl2 and their respective
shortest distances in AÊ

Cl1 Distance (AÊ ) Cl2 Distance (AÊ )

ACE_C ACE_N ACE_C ACE_N

R186(NE) (+)a H164 3.2 Y224(OH) Y202 3.0
R489(NH1) R467 3.2 R522(NE) R500 3.1
W485(NE1) W463 3.3 P407(CB) P385 3.6
W486(CZ2) W464 3.5 P519(CB) P497 3.6
W279(CD1) W257 5.2 I521(CG2) I499 3.6
D507(CB) D485 3.8 M223(CE) W201 4.0

W220(C) W198 6.0

a(+) indicates the presence of a destabilizing hydrophobic±hydrophilic contact.

Table II. Amino acid residue differences between ACE_C and ACE_N that
might be signi®cant for the binding of lisinopril and their respective
distances in AÊ

Lisinoprila Distance (AÊ )

ACE_C ACE_N

E162(OE2) D140 3.5
V518(CG2) T496 3.8
V380(CG2) T358 3.9(+)b

D377(OD1) Q355 4.2
#R522(NH1) #R500 5.1
E376(OE2) D354 5.5
S516(CB) N494 5.7
N70(OD1) D43 5.8
E143(OE1) S119 5.8
*W279(CZ3) *W257 6.4
N66(ND2) S39 6.4

aSymbols * and # denote residues with common contacts to both lisinopril
and Cl1/Cl2, respectively.
b(+) indicates the presence of a destabilizing hydrophobic±hydrophilic
contact.

Fig. 2. The binding site of Cl2 in ACE_C (white) and ACE_N (grey) (the
ACE_N numbering ®rst). Amino acid differences of ACE_N are indicated
with asterisks.
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with asterisks. In the ACE_C±lisinopril complex, which could
provide a model for the transition state of the peptide
hydrolysis mechanism, the distance of the side chain of R522
(NH1) and E411 (OE) is 4.6 AÊ and that of Cl2 to R522 (NE) is
3.1 AÊ .

In an effort to investigate the chloride channel that connects
the external solution with the inner part of the protein, we
searched for cavities in the enzyme with CASTp (Liang et al.,
1998). A cavity ®lled with a network of ®ve water molecules
(764, 767, 720, 1124, 1150) hydrogen bonded within each
other is conserved in both the native and the ACE_C±lisinopril
complex (Figure 3). This water network could provide a potent
pore for the entrance of the Cl2 anion from the solution and an
indication of mechanistically implicated water molecules (see
discussion below). The water molecule that is closer to the
inner part of the enzyme is located 5.8 AÊ from the zinc cation
and ~6 AÊ from the Cl2 anion.

In Salmonella enterica serovar typhimurium CLC Cl±

channels, four separate highly conserved regions, named the
selectivity ®lter, are brought together near the ion-binding site.
These regions include the sequences GSGIP (106±110), G(K/
R)EGP (146±150) and GXFXP (355±359), in addition to Y445.
It is signi®cant that these sequences occur at the N termini of a-
helices (Dutzler et al., 2002), which creates an electrostatically
favourable environment for anion binding, because of the
N-terminal positive helix dipole. Interestingly, common chlor-
ide binding motifs could be found in both ACE_C and ACE_N
sequences. The location of the A, B, C regions and Y445 of the
StCLC channel and the relevant regions of the ACE_C chloride
binding channel (A, 401±410; B, 456±465; C, 516±526) and
Y224 are shown in Figure 4A. In the case of the StCLC
channel, Cl± does not make direct contact with a positive
charge (arginine and/or lysine) and is stabilized instead with
partial positive charges contributed by a-helix dipole inter-
actions and by contacts with main-chain and side-chain
nitrogen and oxygen groups (Figure 4A, a). In the case of
ACE_C (Figure 4A, b), the chloride ion is located at the
N-terminal positive end of two dipole helices, near the
C-terminal negative end of two dipole helices, and makes
direct contact with a full positive charge (R522). In both cases,
in addition to the interactions with polar functional groups, the
Cl± ion is surrounded by a number of hydrophobic amino acid
side chains (see Table I).

In the ion conduction pathway of the StCLC Cl± channel, the
carboxylate group of E148 (Figure 4A, a) is sandwiched
between the positive ends of two a-helices and possibly blocks
Cl± permeation. Dutzler et al. proposed that Cl± opens the gate
and binds to the anion-selective region by dislodging the
glutamate side chain (Dutzler et al., 2002). In ACE_C, E403 is
in the similar conserved motif of the A ion selectivity ®lter and
is positioned in the positive end of an a-helix (Figure 4A, b).

Fig. 3. Water channel network in the native ACE_C (a) and the lisinopril±ACE_C complex (b). Water molecules are shown as white spheres and the chloride
ions Cl1 and Cl2 and zinc as black spheres. The amino acids R522, D465, E384 (catalytic), E403, E411 and K118 are also indicated. The ligand lisinopril in
the complex is shown in black.

Fig. 4. (A) (a) Helix dipoles, denoted with arrows, of the Cl± selectivity ®lter
residues (A, B, C) for the StCLC channel (S.typhimurium ClC) surrounding a
Cl± ion (white sphere). (b) Helix dipoles of the relevant amino acid sequence
groups (A, B, C) surrounding a Cl± ion (white sphere) in ACE_C. The zinc
ion is shown in grey. (B) Sequence alignment of the A, B and C Cl±

selectivity ®lter of StClC channel with potent residues of the ACE_C, which
are shown in grey boxes. In the lower trace, alignment with the ACE_N is
shown; amino acid differences with ACE_C are shown in white and amino
acids of ACE_C and ACE_N in contact with Cl± are indicated with grey
squares.
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Hence for E403 of ACE_C, a similar role could be proposed to
that of E148 of the StCLC Cl± channel, during the Cl±

permeation.
In the `anion selectivity ®lter' B, a highly conserved

aspartate group, D465/443 of ACE_C and ACE_N, respect-
ively, is located. In the same position a glutamate ion (E117) is
present in the anion selectivity ®lter of StCLC (Figure 4B).
Further, the side chain of D465 of ACE_C (D443 ACE_N)
points to a water molecule that is directly hydrogen bonded to
another water molecule belonging to the ®rst shell of the
coordination sphere of Cl2 (Figure 3). Interestingly, R522 of
ACE_C is located in a helix that is tilted pointing to the
chloride ion. This perturbation from the rest axis could be due
to P519 (proline kink). It could be suggested that R522 acts as a
carrier of the neighbouring Y523 and forms a salt bridge with
D465 in the absence of chloride ion. In this case, Y523 is away
from the zinc-binding site and, thus, cannot stabilize the
substrate±enzyme transition state. Constructively, the require-
ment for a negative anion that could serve as the counterpart of
R522 is obvious. As can be seen in Figures 2 and 4, Cl2 attracts
R522 away from D465. Thus, Cl2 plays the role of an ionic
switch. Upon chloride binding, activation of the mechanism
could be accomplished through the breaking of this salt bridge,
resulting in a movement of Y523 towards the active site.

How do these new structural ®ndings relate to previous
mutational data? In angiotensin I hydrolysis assays, removal of
Cl± from both the N- and C-domains results in a reversible
inactivation (Liu et al., 2001); however, the N-domain active
site is fully activated at relatively low chloride ion concentra-
tion (Jaspard et al., 1993). Mutations of R1098 (R522 in tACE)
with Q in ACE_C and R500 with Q in ACE_N result in a loss
of the Cl± dependence (Liu et al., 2001) and peptide hydrolysis
is similar to that obtained with the optimum chloride ion
concentration. As previously emphasized, E403 of ACE_C
plays a similar role to that of E148 of the StCLC Cl± channel,
during the Cl± permeation. A possible interaction of E403,
which is facing the entrance of the water-channel network
(Figure 3a and b), with the side chain of R522 would result in
blocking of the water network channel. Thus, access of Cl±

counter ions is required to dislodge the side chain of E403 and
open the gate. In the same position where E403 is located in
ACE_C, R381 is present in the ¯oor of the channel of the
substrate-binding groove of ACE_N (Figure 4B), which
alleviates the requirement for high chloride ion concentration.
Interestingly, the side chain of E403 alternates its side chain
orientation upon lisinopril binding, in the native structure of the
enzyme c1, ±70.6°; c2, 115.8°; c3, ±52.8°, the distance
R522(NH1)±E403(OE2) is 9.20 AÊ and in the complex, c1,
±59.9°; c2, ±67.3°; c3, ±8.0°, and the distance R522(NH1)±
E403(OE1) is 7.90 AÊ . Furthermore, the K154 to E154 mutant in
rabbit testicular ACE (Sen et al., 1993) and modi®cation of the
relative K694 of rabbit lung ACE (Chen et al., 1990), which
correspond to K118 of ACE_C, exhibited drastically reduced
chloride sensitivity. The side chain of K118 in the native form
of the enzyme forms a salt bridge with the side chain of E403
[the distance K118 (NZ)±E403 (OE2) is 2.8 AÊ ] that is not
conserved in the lisinopril±ACE complex (this distance
becomes 5.13 AÊ ). Breaking of the salt bridge in the mutant
presumably reduces a potent interaction of E403 with R522.
Interestingly, in the same position that K118 is located in
ACE_C, A94 is located in ACE_N, which results in a lower
chloride demand for catalytic activity of the N-domain.

Structural comparison of ACE_C and ACE_N with the
endopeptidases neprilysin and neurolysin and P.furiosus
carboxypeptidaseÐproposition for a common catalytic
mechanism

Superposition of ACE_C with the endopeptidase neprilysin,
which hydrolyses also angiotensin I (Deddish et al., 1998),
indicates very high structure homology in the peptide-binding
groove, despite the low overall structural and amino acid
homology (supplementary Figure S4). In neprilysin, H711,
which has been reported to play a role in the stabilization of the
transition state enzyme±substrate complex (Dion et al., 1993;
Oefner et al., 2000), is superimposed with Y523 of ACE_C,
suggesting a similar functional role. In neprilysin, H711 is
located in the extrapolation of the parallel helix (helix II,
supplementary Figure S4) in a ¯exible loop. In ACE_C, Y523
is located in helix I (supplementary Figure S4), where the anion
binding R522 of ACE_C is located and is tilted pointing to the
chloride ion. This kink of helix I from the rest axis, located near
P519, could be facilitated upon chloride binding owing to
rearrangement of Y523 towards the stabilization of the
transition state complex. This ®nding further supports the
proposition that R522, in the absence of chloride binding, could
form a salt bridge with D465 (the distance between R522 and
D465 is expected to be reduced in the case that helix I is not
perturbed from the rest axis, as for the parallel helix II of
neprilysin).

Structure homology searches revealed signi®cant homology
of ACE with Rattus norvegicus neurolysin (PDB i.d.: 1I1I)
(Brown et al., 2001), a zinc-dependent endopeptidase, and
P.furiosus carboxypeptidase (PDB i.d.: 1KA2) (Arndt et al.,

Fig. 5. Structural comparison of the active site of ACE (white) with
neurolysin (light grey) and P.furiosus (black). H1, H331/353/425/238; H2,
H361/383/474/269; E3, E362/384/475/270; H4, H365/387/478/273; E5,
E389/411/503/299; H6, H491/513/601/411; Y7, Y501/523/613/423, with
ACE_N numbering ®rst, ACE_C second, neurolysin third and P.furiosus
carboxypeptidase last.
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2002). Neurolysin is a member of the M3 family of
oligopeptidases, which cleaves neurotensin, a 13-residue
neuropeptide between residues 10 and 11 and P.furiosus
carboxypeptidase is a member of the M32 family of
carboxypeptidases. The three enzymes, in addition to neprily-
sin, possess the HEXXH active-site motif and consist of an

abundance of a-helices with very few b-sheets. Superposition
of P.furiosus carboxypeptidase and neurolysin with ACE_C(N)
results in an r.m.s.d. of 3.11 AÊ for 399 Ca atoms and 3.4 AÊ for
361 Ca atoms, respectively, thus resembling a closer fold to
P.furiosus carboxypeptidase. Superposition of the active sites
of ACE_C with P.furiosus carboxypeptidase and neurolysin

Fig. 6. Schematic diagram of a possible catalytic mechanism for peptide binding and hydrolysis of ACE_C, ACE_N, neurolysin and P.furiosus carboxy-
peptidase. The ®rst step (in grey) denotes the chloride activation mechanism for ACE_C. R500 in ACE_N and R522 in ACE_C are the `carriers' of the
transition state stabilizing Y7. The de®nition of H1, H2, E3, H4, E5, H6 and Y7 (amino acid residues involved in the catalytic mechanism of the four proteins)
is denoted in Figure 5. B stands for a bulky apolar group (see text).

A.G.Tzakos et al.

1000

D
ow

nloaded from
 https://academ

ic.oup.com
/peds/article/16/12/993/1513287 by guest on 23 April 2024



results in an r.m.s.d. of 1.45 AÊ for 108 Ca atoms and 1.56 AÊ

for 128 Ca atoms, respectively.
A structure alignment is provided in Figure 5, whereas the

structure-based sequence alignment is illustrated in supple-
mentary Figure S4. Neurolysin (681 residues) is larger than
ACE_C (625 residues), ACE_N (630 residues) and P.furiosus
carboxypeptidase (499 residues) and has a number of extra
structural elements. One of the major differences between the
structures is the b-sheet near the active site, which is composed
of ®ve strands in neurolysin, two strands in ACE_C(N) and
three strands in P.furiosus carboxypeptidase. In the light of this
structural similarity, it may be suggested that the aforemen-
tioned enzymes are evolved from a common ancestor by
divergent evolution.

Despite this high structural similarity, the amino acid
identity between ACE_C and ACE_N with neurolysin is only
10%; with P.furiosus carboxypeptidase the sequence alignment
is 16 and 14% for ACE_N and ACE_C, respectively, based on
the amino acids used in the structure superposition. A BLAST
search showed no sequence similarity between these two
domains (Madden et al., 1996), emphasizing the high sequence
diversity among these proteins. Using the structure alignment,
we identi®ed 16 conserved residues among the four enzymes
with the following seven residues proposed to play an
important role in catalysis (ACE_N/ACE_C/neurolysin/
P.furiosus carboxypeptidase): H331/353/425/238; H361/383/
474/269; E362/384/475/270; H365/387/478/273; E389/411/
503/299; H491/513/601/411; Y501/523/613/423 (Figure 5).

The mechanism of cleavage of AI by ACE is unclear at
present. A fundamental issue is the orientation of the substrate,
which could be addressed from the structure of the tACE±
lisinopril complex that could provide a model of the transition
state hydrolysis mechanism. All HEXXH proteins reported to
date have a similar binding pocket around the active site, which
implies that the substrate binding has a similar orientation
relative to the HEXXH motif. Indeed, the ACE zinc ligands H2
(H361/383) and H4 (H365/387) of the HEXXH motif and E5
(E389/411) of the conserved HEAI signature sequence adopt
conformations similar to those found in other HEXXH-
containing proteases.

A general base-type mechanism for ACE_C and ACE_N,
which is similar to other HEXXH proteins (Hangauer et al.,
1984; Matthews, 1988), could be proposed for these enzymes
(Figure 6). Zinc serves to stabilize a bound water/hydroxide
and/or to activate the scissile carbonyl of the substrate by
serving as a Lewis acid. The active site glutamate, E3 (E362/
384) of the HEXXH motif, assists in the nucleophilic attack of
the activated water/hydroxide on the carbonyl to form a
tetrahedral intermediate, by acting as a general acid/base that
can shuttle the hydrogen atom from the activated water to the
scissile amide nitrogen of the substrate. Protonation of this
amide nitrogen makes it a better leaving group, thereby
facilitating cleavage of the amide bond.

H1 (H331/353) and A332/354 (B) of the HAS signature
sequence in ACE_N and ACE_C, (HPF and HAA in P.furiosus
and neurolisin, respectively), may play a role in orienting the
amide nitrogen to accept this hydrogen and in stabilizing the
proper transition state. The carbonyl oxygen of A332/354 on
strand b-4 could form a hydrogen bond with the scissile NH of
the substrate, which facilitates the protonation by the proton
shuttle E3, as in other HEXXH metalloproteases (Holden et al.,
1987; Holden and Matthews, 1988; Grams et al., 1996; Chan
et al., 1997). Upon protonation, H1 (H331/353) could play a

role in transition state stabilization, as a hydrogen bond
acceptor that would stabilize the tetrahedral transition state. H1
(H331/353) is conserved in all members of the ACE family, as
well as in neurolysin and P.furiosus carboxypeptidase
(Figure S4; see also the sequence alignment in Figure S5 in
the supplementary material). Consistent with such a role, N112
in thermolysin is suggested to play a similar role and is located
at nearly the same position (Holden et al., 1987; Holden and
Matthews, 1988). H6 (H491/513) could also play a signi®cant
role in the stabilization of the transition state through the
formation of a hydrogen bond with the carbonyl group of the
P1¢ position, since mutation to alanine resulted in a reduction of
the catalytic activity of sACE (Fernandez et al., 2001).

Y7 (Y501/523) is another residue that could play a crucial
role in stabilizing the tetrahedral intermediate and further as a
determinative step discriminating ACE_C and ACE_N with
regard to the role of the chloride ion. This residue is conserved
for the entire family of ACE in addition to neurolysin (Y613;
Figure 5 and supplementary Figure S5) and P.furiosus
carboxypeptidase (Y423; Figure 5 and supplementary Figure
S5) and is located at a similar position in the active site as
residues Y149, H231 and H711 of astacin, thermolysin and
neprilysin, respectively. These residues have been suggested to
stabilize the negative charge of the oxyanion intermediate by
hydrogen bonding one of the coordinating zinc oxygens
(Holden et al., 1987; Holden and Matthews, 1988; Grams
et al., 1996), as is also shown in the X-ray structure of the
`transition state' ACE_C±lisinopril complex. As has been
discussed above, in the absence of chloride ion in ACE_C,
R522 could possibly interact with D465 and move Y7 (Y523)
away from the catalytic center (Figure 6). The presence of the
chloride ions induces the stabilization of the transition state
through Y7 (Y523), by locking R522 away from D465. The
resulting tetrahedral intermediate subsequently decomposes to
yield the products.

Conclusions

A homology-model reconstruction of the ACE_N domain,
based on the known X-ray structure of tACE that represents the
C- catalytic domain of the somatic isoform of human sACE,
offers detailed insights into the structural±functional features
discriminating the two catalytic domains. The roles of the two
chloride ions, unmasked from the X-ray structure, were
assigned, suggesting the ®rst one to be responsible for the
stabilization of the substrate in the binding groove. The second
chloride ion is a mechanistically signi®cant binding ion, which
could break the salt bridge between R522/500 and D465/443
and facilitate the movement of Y523/501 of ACE_C/ACE_N
towards the active site. A potent pore for the entrance of the
Cl2 anion from the solution was also identi®ed. Structure-
based sequence alignment of ACE_C and ACE_N with the
endopeptidases neprilysin and neurolysin, and P.furiosus
carboxypeptidase revealed common key residues important
for the peptide hydrolysis mechanism and stabilization of the
transition state. The predicted model has been found to be
consistent with several mutational and substrate hydrolysis
data.

Rationalization of the functional differences of the two
domains of ACE (ACE_C and ACE_N) might also provide a
basis for the design of enzyme model systems (Galanis et al.,
2003) and of domain-selective ACE inhibitors with an
improved pharmacological pro®le in terms of stability,
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duration of action and selectivity in the treatment of
cardiovascular and renal diseases.
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