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Abstract
Angiotensin-converting enzyme (ACE) is an important zinc-dependent hydrolase responsible for
converting the inactive angiotensin I to the vasoconstrictor angiotensin II and for inactivating the
vasodilator bradykinin. However, the substrate binding mode of ACE has not been completely
understood. In this work, we propose a model for an ACE Michaelis complex based on two known
X-ray structures of inhibitor-enzyme complexes. Specifically, the human testis angiotensin-
converting enzyme (tACE) complexed with two clinic drugs were first investigated using a
combined quantum mechanical and molecular mechanical (QM/MM) approach. The structural
parameters obtained from the 550 ps molecular dynamics simulations are in excellent agreement
with the X-ray structures, validating the QM/MM approach. Based on these structures, a model for
the Michaelis complex was proposed and simulated using the same computational protocol.
Implications to ACE catalysis are discussed.

1. Introduction
The angiotensin-converting enzyme (ACE) is a zinc-dependent dipeptidase, which was
discovered more than half a century ago.1 This enzyme exhibits an important biological
function in regulating the conversion of the biologically inactive angiotensin I to angiotensin
II, a powerful vasoconstrictor. It is also involved in the inactivation of bradykinin, a potent
vasodilator. The dual functionality is now known to play a key role in the blood pressure
regulating renin-angiotensin system (RAS). As a result, ACE is a prominent target for
treating hypertension and cardiovascular diseases.2, 3 Although several FDA approved ACE
inhibitors are already available for clinic use, the substrate binding and catalysis of ACE are
still not completely understood. Interestingly, the first few ACE inhibitors were identified
using carboxypeptidase A (CPA) or thermolysin (TLN) as a model,4, 5 which was believed
to have a similar active-site architecture. It is only recently that the three-dimensional
structure of ACE was determined via X-ray diffraction.6 While confirming the similarities of
the active sites among these enzymes, ACE was shown to have a vastly different overall fold
from CPA and TLN.
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Two types of ACE are known. The human somatic angiotensin-converting enzyme (sACE)
has two domains, namely the N domain and the C domain. They have about 55% sequence
similarity,7 but both domains contain the same zinc binding motif, HEXXH, and a
downstream E residue.8 This phenomenon is thought to be a result of gene duplication. The
C domain was found to be the dominant angiotensin-converting site in controlling blood
pressure and cardiovascular functions, based on the observation that the inhibition of the N
domain has little effect on these functions.9 Another form of ACE is found in testis, which
plays a role in fertilization. The testicular ACE (tACE) shows an identical active site with
the C domain of sACE, but has no N domain.10 Recently, three-dimensional structures of
various ACEs have been determined.6, 11–16

An interesting structural characteristic of ACE is the presence of two chloride ions outside
the active site. Experiments indicated that they are essential to maintain the binding structure
and catalytic activity.17–19 Based on X-ray structures of ACE, the Cl− ion at the first binding
position (I) is about 21 Å away from the zinc ion. It is in hydrogen bonding distances with
Arg186 and Arg489, and exhibits van der Waals interactions with a shell formed by Trp485,
Trp486 side chain groups and the Asp507 backbone. These interactions are thought to be
very important for the stabilization of the enzyme-substrate complex.20 The chloride ion at
the second binding position (II) is about 10 Å away from the zinc ion and is in hydrogen
bonding distances with Arg522, Tyr224, and a water. In addition, a hydrophobic shell
formed by residues of Pro407, Pro519, and Ile521 was found to surround Cl−(II). Kinetic
experiments suggested that Cl−(II) is critical for enzyme catalysis.17, 19 In our simulations,
both anions are included in the model, but this work will not focus on the roles played by
these two important anions.

The search for effective ACE inhibitors has a long history.3, 21, 22 It is remarkable that the
first inhibitor (captopril) was discovered serendipitously using CPA as a model,23 without
the structure of ACE. Subsequently, other potent inhibitors of ACE were reported,5, 24–26

again without knowledge of its structure. Very recently, several ACE structures in complex
with inhibitors have been reported, as shown in Table I along with the corresponding
inhibition constants. The availability of ACE structures opened the door for the rational
design of new and improved ACE inhibitors.27, 28 The early stage inhibitors of ACE had less
specificity to the C or N domains, thus exhibiting adverse side effects. More recently, there
is a keen interest in developing new inhibitors with high specificity to one of two
domains.27, 29 Some success, e.g., RXP407 to the N domain,25 and RXPA380 to the C
domain,26 have been reported. The emergence of domain-selective inhibitors calls for more
studies of the substrate or inhibitor binding mode to different domains, as a recent study
showed that the basis of domain-dependent inhibition of ACEs might come from
interactions between bulky hydrophobic side chain moieties and the domain-specific
hydrophobic residues.15

The widespread use of ACE inhibitors in clinic settings underscores the importance for
understanding the binding and catalytic modes of the enzyme at the microscopic level.
Experimental studies alone are often insufficient to answer all questions and computational
models can offer a complementary perspective. Despite the rapid accumulation of structural
and kinetic data, however, there have been few computational studies on this important
system. An earlier density functional theory study focused on a truncated active-site
model,30 while more recent ones investigated docking of various small molecule inhibitors
to ACE.31, 32 These studies provided no dynamical information concerning the fluctuation
of the enzymatic system. A recent molecular dynamics study on an enzyme-substrate
complex has been reported by Papakyriakou et al.,33 using a modified Amber force field. To
avoid the well-known problems associated with a force-field description of the zinc-ligand
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bonds as electrostatic interactions,34, 35 a bonded approach36 was used in which an artificial
force field for the zinc-ligand interactions was determined based on ab initio calculations.

In this work, we attempt to establish the structure of the Michaelis complex for ACE using a
quantum mechanical/molecular mechanical approach. Our simulations are based on the
known structures of ACE in complex with two inhibitors: enalaprilat and lisinopril.6, 11

These two inhibitors are effective ACE inhibitors that have been extensively used in blood-
pressure control therapy.22 The backbones of these inhibitors are very close to a natural
substrate of ACE, Hip-His-Leu, as shown in Scheme 1. Such a structural similarity allowed
us to propose a plausible substrate binding mode based on the simulation of inhibitor-
enzyme complexes. We further constrain our model to conform with several known
determinants in CPA and TLN catalysis concerned with the interaction with the zinc
cofactor.

2. Method and Protocol
2A. Quantum mechanical/molecular mechanical method

The computational approach used to describe the active-site dynamics is a combined
quantum mechanical and molecular mechanical (QM/MM) method,37–39 which divides the
system into two parts. A smaller QM region consists of those residues related to reaction,
while the surrounding MM region contains most of the environment residues and solvent.
The MM region is represented by the all-atom CHARMM force field,40 and TIP3P water.41

The QM-MM boundary is treated with the link-atom method.38 The selection of the method
to treat the QM region is critical for the computational efficiency and accuracy. In this work,
we will use the self-consistent charge-density functional tight binding (SCC-DFTB)
method42–44 to perform the electronic structure calculations for the QM region. The SCC-
DFTB parameters for the biological zinc ion have been developed,45 and the SCC-DFTB/
CHARMM approach has been successfully validated in several zinc enzymes, including
carbonic anhydrase,46, 47 carboxypeptidase A,48, 49 and metallo-β-lactamases.50–55 Since
ACE has a similar active-site construct, this QM/MM scheme should be able to characterize
the enzyme well.

2B. Enzyme-inhibitor complex models
The initial structures for two enzyme-inhibitor complexes were obtained from the Protein
Data Bank (PDB codes: 1O86,6 and 1UZE11). For both models, the sole zinc ion is bound
with the side chains of His383, His387, and Glu411. The fourth ligand of the zinc ion is
provided by the carboxylate group of the inhibitors. In our models, the disulfide bonds
between Cys152 and Cys158, Cys352 and Cys370, and between Cys538 and Cys550 were
enforced. The HBUILD module of CHARMM was used to assign hydrogen atoms to
residues. Special attention was paid for the ionization states of key titratable groups. For
example, Glu384 in the active site was assigned to be protonated, judging by the distance
between its carboxylate oxygen and the inhibitor carboxylate group as shown in Figure 1. In
addition, the side chain of the lysine residue of the lisinopril molecule was treated in the
ionized form since the X-ray structure was obtained at pH=4.7.6

The systems were then solvated with a pre-equilibrated TIP3P water41 sphere of a 25 Å
radius centered at the zinc ion, followed by 30 ps molecular dynamics (MD) simulation with
all of enzyme residues, inhibitors, zinc and Cl− ions fixed. This process was performed
several times with randomly rotated water spheres to ensure uniformly solvation.
Subsequently, stochastic boundary conditions56 were applied to reduce the computational
costs. In particular, those atoms that are 25 Å away from the origin were removed, while
atoms in the buffer zone (22 Å < r < 25 Å) were subjected to Langevin dynamics with

Wang et al. Page 3

J Chem Inf Model. Author manuscript; available in PMC 2012 October 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



friction and random forces. In the inner reaction zone (r < 22 Å), the atoms follow
Newtonian dynamics on the hybrid QM/MM potential energy hypersurface. A group-based
switching scheme was used for non-bonded interactions.57

In this work, the QM region includes the metal ion, the inhibitor molecule, and the side
chain groups of His383, His387, Glu411, and Glu384 residues. The labeling of active-site
atoms is provided in Fig. 1. Since the Cl− ions are outside the active site, they were
simulated in the MM region. For both models, a total 550 ps MD simulation was performed
with an integration time step of 1.0 fs. The temperature was slowly heated to 300 K in 30 ps,
and another 70 ps MD was allowed for further equilibration. The subsequent 450 ps MD
trajectory was used for the data analysis. The SHAKE algorithm58 was applied to restrain
the covalent bonds involving hydrogen atoms.

2C. Michaelis Complex
The MD simulations of the enzyme-inhibitor complexes provide a good starting point to
postulate the binding mode for a bona fide substrate of ACE. In this work, a natural
substrate molecule, hippuryl-L-histidyl-L-leucine (Hip-His-Leu),59 was employed in the
simulation of the Michaelis complex. Our binding model differs significantly from the
suggestion made by Sturrock et al.,7 with a tripeptide molecule, Phe-His-Leu. In their
model, the fourth ligand of the zinc ion was postulated to be the carbonyl oxygen of the
scissile bond in the substrate and a non-zinc bound water molecule is present in the active
site with a hydrogen bond with Glu384. However, such an arrangement is at odds with that
in the active sites of the extensively studied CPA and TLN, which are believed to have the
same catalytic mechanism as ACE. In an earlier study on TLN, Hangauer et al. suggested
that the fourth ligand of the zinc ion is a water molecule which serves as the nucleophile
when activated by a general base (Glu143).60 Such a mechanism has recently been
confirmed computationally by Blumberger et al.61 A similar binding model and mechanism
were proposed for CPA,62 and recently verified with a QM/MM model.48

Our model of the Michaelis complex is based on the premise that the fundamental binding
determinants of ACE should be similar to TLN and CPA. In other words, the fourth ligand
of the zinc ion is the water nucleophile hydrogen bonded with the general base (Glu384) and
the backbone carbonyl oxygen only interacts weakly with the metal ion. This model is
reasonable, given the small (0.52 Å) RMSD between the active sites of ACE and TLN.6 It is
believed that the ligand-free ACE has a water molecule bound to the zinc ion as its fourth
ligand.6 Since the metal binding site of both inhibitors (labeled by red asterisks in Scheme 1)
consists of a negatively charged carboxylate group, it is not difficult to image the water to be
displaced by the anionic group which is known to interact strongly with the zinc ion. On the
other hand, the carboxylate group is replaced by a neutral carbonyl oxygen in the substrate,
which generally does not interact strongly with the zinc ion.15 Thus, when the substrate
enters the binding site, it is unlikely to dislodge the zinc-bound water, as in the case of CPA
and TLN.

The corresponding atom definitions and interactions between the substrate and active-site
residues are given in Fig. 1. To build the model for the Michaelis complex, we first removed
the lisinopril molecular from the active site of tACE (PDB code 1O86).6 The Hip-His-Leu
substrate was then manually docked in the active site in the appropriate orientation. This
approach is similar to the work of Papakyriakou et al.,33 but with a QM/MM description of
the system. The subsequent setup protocol is essentially the same as that for the enzyme-
inhibitor models. Specifically, the QM system includes the zinc ion, side chain groups of its
three protein ligands, the entire substrate, the water nucleophile, and the deprotonated
carboxylate of the general base (Glu384). A total of one nanosecond MD simulation was
carried out for the substrate-enzyme complex. The first 300 ps were used to sufficiently
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relax the whole system, while the subsequent trajectory of 700 ps was employed for data
analysis.

3. Results
3A. Dynamics Enzyme-inhibitor Complexes

Active site binding pattern—The binding modes for the two inhibitors based on the X-
ray structures are displayed in Fig. 1. Both enalaprilat and lisinopril are bound with the
enzyme through a direct contact with the metal ion via the C4-carboxylate group. The so-
called carboxylate class of ACE inhibitors differs from the sulfhydryls such as captopril,
which binds the enzyme via its sulfide as the fourth ligand of the zinc ion.29 No other
covalent bonds between inhibitors and enzyme residues are present in the crystal structures
or in our models.

To understand the detailed dynamic features of the inhibitor binding, we performed QM/
MM MD simulations for two enzyme-inhibitor complexes. Both structures are quite stable
during the MD simulations. As Fig. 2 shows, the root mean square deviations (RMSDs) for
the backbone atoms are 0.77±0.06Å for the lisinopril-ACE complex, and 0.76±0.04Å for the
enalaprilat-ACE complex, respectively. Selected internuclear distances averaged over the
trajectories are listed in Table 2 and Table 3, and two snapshots for the inhibitor-enzyme
complex are displayed in Fig. 3.

In agreement with the crystal structures, the tetra-coordination for the zinc ion was
maintained for both inhibitors throughout our simulations. The zinc ligands consist of
His383, His387, Glu411, and the C4 carboxylate oxygen (O1) of lisinopril or enalaprilat.
The O1-Zn distance is 2.09±0.14 Å and 2.08±0.08 Å for lisinopril and enalaprilat,
respectively, which can be compared with the X-ray values of 2.14 Å and 2.01 Å. As
discussed below, O1 is also hydrogen bonded with the side chain of Try523.

For the two inhibitors studied in this work, the binding patterns are quite similar. As shown
in Fig. 1 and Fig. 3, the lysine residue of lisinopril interacts strongly with the Glu162 residue
at the S1’ subsite of the enzyme, although the three hydrogen atoms of the lysine switch
their positions during the MD simulation. On the other hand, the methyl group of enalaprilat
makes no such contact, which could be the reason why lisinopril has a stronger binding
affinity than enalaprilat. At the S1 site, the phenyl group of the inhibitors is surrounded by
two hydrophobic residues, Phe512 and Val518, and two water molecules. On the other hand,
the C-terminal proline residue of the inhibitor is stabilized in the S2’ subsite of ACE by
hydrogen bonds to its carboxylate oxygens. In particular, O9 of the proline terminal
carboxylate group is hydrogen bonded with Lys511 and Tyr520, with the hydrogen bond
distances of 1.59±0.09 Å and 1.70±0.13 Å in lisinopril, 1.65±0.14 Å and 1.71±0.20 Å in
enalaprilat. The other carboxylate oxygen (O8) forms hydrogen bonds with solvent water
molecules.

Both inhibitors are further stabilized by additional hydrogen bonds in the active site. For
example, the central carboxylate oxygens (O1 and O2) of the inhibitor molecules form strong
hydrogen bonds with the Glu384 and Tyr523 side chains. For lisinopril, the O2-Hε2(Glu384)
and O1-Hη(Tyr523) distances are 1.82±0.16 Å and 1.72±0.14 Å, respectively. These
distances for enalaprilat are 1.78±0.15 Å and 1.86±0.24 Å, respectively. In addition, the
backbone amide NH group of the inhibitor forms a hydrogen bond with the backbone
carbonyl of Ala354 with a distance of 2.36±0.59Å for lisinopril and 1.94±0.24 Å for
enalaprilat. Furthermore, the backbone carbonyl oxygen (O7) is hydrogen bonded with
His353, evidenced by the O7-Hε2(His353) distances of 1.97±0.25 Å for lisinopril and
1.95±0.25 Å for enalaprilat, respectively.
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The Cl−(II) ion has strong electrostatic interactions with side chains of both Arg522 and
Tyr224. The distances from Hε and H22 atom of Arg522 to Cl− are typically less than 2.0 Å,
while the distance between Hη atom of Tyr224 and Cl− is around 1.85 Å for both inhibitors.
Additionally, two solvent water molecules are nearby, forming two hydrogen bonds with
Cl−(II). Besides hydrogen bonds from enzyme residues, a hydrophobic shell formed by
Pro407, Pro519 and Ile521 may contribute as well. Snapshots of the chloride site for both
inhibitor-enzyme complexes are displayed in Fig. 4.

3B. Dynamics of Michaelis Complex
The Hip-His-Leu substrate used here to construct the Michaelis complex of ACE has been
used by Cushman et al. as a template to design inhibitors to ACE.23 As shown in Scheme 1,
it has a backbone structure similar to those of lisinopril and enalaprilat. As a result, the
inhibitor-enzyme complexes discussed above provide a good starting point for constructing
the Michaelis complex of ACE. As in the inhibitor-enzyme complexes, the Michaelis
complex is quite stable, evidenced by the calculated RMSD of 0.66±0.04 Å for the 1 ns MD
simulation. The selected key geometric parameters are listed in Table 4.

Perhaps the most important feature in our model for the Michaelis complex is that the
substrate has no direct contact with the zinc ion, in accordance with those observed in the
QM/MM simulations of CPA49 and TLN.61 In particular, the O2-Zn distance is 4.51±0.36
Å. Instead, the zinc ion is tetra-coordinated by three protein ligands and a water molecule,
which is 2.04±0.06Å from the zinc ion. The tetra-coordination was kept very well
throughout the simulation. In addition to the zinc coordination, this water molecule is also
hydrogen bonded strongly with the Glu384 carboxylate group, with an H-O distance of
1.34±0.14 Å. Like in CPA and TLN, the Glu384 residue is expected to participate in the
catalysis as the general base, which activates the zinc-bound water via proton transfer.
Indeed, the putative water nucleophile is ideally located in a near-attack configuration, with
a Ow-C1 distance of 3.19±0.26 Å.

Similar to the lisinopril and enalaprilat inhibitors, the Hip-His-Leu substrate also has a
benzene group at the S1 site, which is accommodated by a hydrophobic pocket formed by
Phe512 and Val518. In addition, it also has direct contact with some solvent molecules,
which suggests that the hydrolysis product can be readily released once the amide bond is
cleaved. Similarly, the dimethyl group of the substrate occupies the S2’ site formed by
Thr282, Phe457 and Phe527, replacing the proline residue in the inhibitors. However, the
S1’ site is not occupied as the imidazole group of the substrate is much shorter than the lysyl
group in lisinopril.

The hydrogen-bond network between the substrate and enzyme active site is quite similar to
those observed in the inhibitor-enzyme complexes. For example, the C-terminal carboxylate
of substrate is stabilized by hydrogen bonds with Tyr520, Lys511, and Gln281, with the
O4···Hη(Tyr520), O4···Hζ1(Lys511), and O5···H21(Gln281) distances of 1.69±0.11 Å,
1.71±0.15 Å, and 2.02±0.47 Å, respectively. In addition, the Ala354 backbone oxygen is
also hydrogen bonded to a peptide NH group of the substrate with an O-H4 distance of
2.02±0.19 Å. Furthermore, the substrate backbone carbonyl oxygens are hydrogen bonded
with His353, His513, and Tyr523, with the hydrogen bond distances of 1.89±0.17 Å for O3-
Hε2(His353), 2.01±0.36 Å for O2-Hε2(His513), and 1.98±0.25 Å for O2-Hη(Tyr523). A
snapshot of the active site is displayed in the Fig. 5.

A similar binding pattern around the Cl−(II) was found for the Michaelis complex. The
chloride ion is tightly held by Tyr224 and Arg522, as well as several solvent water
molecules. The distance between Cl−(II) and zinc ion is 10.33±0.26 Å, which is quite close
to that in lisinopril or enalaprilat.
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4. Discussion
ACE has two functional domains, the C and N domains. In this work, QM/MM MD was
used to simulate the binding modes of two clinical inhibitors and a natural substrate
molecule, Hip-His-Leu, of the testis ACE (tACE), an isoform of the human sACE C-
domain. The structure of the substrate-enzyme complex is a pre-requisite for a better
understanding of the catalysis of ACE. Due to its transient nature, it is very difficult, if not
impossible, to obtain structural information of the Michaelis complex. Hence, reliable
theoretical models become an important alternative to gain insight into the binding mode
and catalysis. In this work, we report a plausible model for the ACE Michaelis complex
using a QM/MM simulation method validated by reproducing the structural features of the
inhibitor-enzyme complexes observed in X-ray diffraction experiments.

Our model suggests that the substrate in the Michaelis complex is not in direct contact with
the zinc ion and the nucleophilic water is the fourth ligand of the metal ion. This model is
consistent with the consensus catalytic action of both CPA62 and TLN,63 confirmed by
recent QM/MM studies.49, 61 Our model assigns the zinc-bound water as the nucleophile and
Glu384 as the general base. We further propose that the catalysis is initiated nucleophilic
attack at the scissile carbonyl carbon by the nucleophile, assisted by proton transfer to
Glu384. The resulting tetrahedral intermediate is stabilized by an oxyanion hole provide by
the zinc ion and presumably Tyr523 and His513. The elimination step of the reaction
cleaves the C-N bond with the protonation of the leaving group nitrogen by the general acid
Glu384. This putative catalytic mechanism has been demonstrated computationally for
TLN61 and CPA,49 and the resulting barriers are consistent with kinetic data for these two
enzymes. Further QM/MM simulations of the catalytic mechanism of ACE will test this
mechanism proposal. Work in this direction is underway in our laboratories.

In an earlier publication, Sturrock et al. has proposed a different model for the Michaelis
complex of ACE,7 in which the fourth ligand of the zinc ion is the carbonyl oxygen of the
scissile C-N bond, and the water is not zinc bound, but hydrogen bond with the general base
(Glu384). This model was an empirical one, based on the inhibitor-enzyme structures alone.
No atomistic interactions were included. Subsequently, a computational model was
established for the complex between ACE and the gonadotropin-releasing hormone (GnRH),
a natural substrate of ACE.33 The MD simulations employed the Amber all-atom force
field.64 However, a force field description of the metal-ligand bonds as electrostatic
interaction is known to be problematic,34, 35 a bonded model36 was used for the zinc ion and
its ligands, in which the metal-ligand bonds were treated as covalent interactions. As can be
expected, such a model has large ambiguities in devising and parameterizing the force field.
Indeed, the zinc ion was modeled by Papakyriakou et al.33 as a penta-coordinated species
based on gas phase density functional theory calculations, in which both the nucleophilic
water and substrate carbonyl oxygen are zinc ligands. As a result, the MD simulations are
restricted to a penta-coordinated zinc configuration. Although penta-coordinated zinc ions
are known to exist in enzymes,65 accurate ab initio QM/MM simulations of TLN61 has
clearly demonstrated that the zinc ion is tetra-coordinated in its active site that is essentially
identical to ACE. It may thus be argued that the penta-coordination of the zinc ion in the
truncated active-site model of Papakyriakou et al. might be an artifact, attributable to the
lack of the enzyme environment. Interestingly, we note that the Amber based classical MD
simulations performed by Blumberger et al.61 on TLN resulted in a stable penta-coordinated
zinc cofactor, but the carbonyl oxygen was “expelled from the first coordinate shell” in the
first picosecond of the QM/MM simulation.

As discussed above, the two chloride ions play an important role in the binding and catalysis
of ACE. Although this study is not aimed at the elucidation of the role of the anions, we
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would like to comment on some differences between this work and the earlier simulation of
the ACE-GnRH complex.33 In their MD simulations, Papakyriakou et al. found a direct
substrate-chloride interaction, thanks to the long peptide substrate (GnRH) used in their
simulations, which covers the entire substrate binding crevice of ACE. No such interaction
was observed in our simulations, presumably due to the short substrate in our model.
Interestingly, we note that some experimental evidence suggested that the absence of Cl−(II)
in the ACE homologue from Drosophila melanogaster, AnCE, does not seem to affect the
binding of small molecule inhibitors, such as lisnopril and enalaprilat.16, 66 So it is possible
that its effect is more pronounced for long chain substrates.

To elucidate the structural role of chloride ions in ACE, it might be desirable to perform
longer time MD simulations, with and without the chloride ions. After all, the timescale for
protein conformational changes is much longer than that used in the current QM/MM MD
simulations.

5. Conclusions
In this work, we investigated the binding patterns of two well established inhibitors of ACE
using a combined QM/MM MD method. The calculated structures using the SCC-DFTB/
CHARMM method are in good agreement with those obtained from X-ray diffraction.
Based on the inhibitor-enzyme complexes, we propose a plausible model for the Michaelis
complex of ACE with the Hip-His-Leu substrate, in which the nucleophilic water is a zinc
ligand. QM/MM simulations of this complex yielded useful information that allowed us to
propose a catalytic mechanism: The hydrolysis catalyzed by ACE is initiated by the
nucleophilic attack of the zinc-bound water at the scissile carbonyl carbon of the substrate,
assisted by the Glu384 general base. This is followed by the cleavage of the C-N bond via
the elimination of the nitrogen leaving group, again assisted by the Glu384 as the general
acid. The binding mode and catalytic mechanism of ACE are thus similar to that of
thermolysin and carboxypeptidase A.
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Figure 1.
Atom definition and corresponding interactions between inhibitors/substrate and active-site
residues of tACE.
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Figure 2.
RMSDs for both enzyme-inhibitor complexes and enzyme-substrate complex as a function
of time.
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Figure 3.
Snapshots of the ACE active site bound to lisinopril (A) and enalaprilat (B), respectively.
The zinc ion is color coded purple and the dash lines are for hydrogen bonds and ligand
bonds to the zinc ion.
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Figure 4.
Snapshots for the Cl−(II) site for the lisinopril-tACE (A) and enalaprilat-tACE (B)
complexes. The chloride ion is color coded green while the dash lines represent the
hydrogen bonds to the Cl− ion.
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Figure 5.
Snapshot for the Michaelis complex of ACE. The Hip-His-Leu substrate is color coded
yellow while the zinc ion purple.
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Scheme 1.
Structural comparison of Hip-His-Leu, lisinopril, and cnalaprilat, where the Zn2+ binding is
indicated by red asterisks.
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Table 1

List of X-ray structures of tACE complexed with various inhibitors

PDB code Inhibitors Ki(µM) Ref.

2OC2 RXPA380 0.003a 14

1O86 lisinopril 0.00027b 6

1UZF captopril 0.00111b 11

1UZE enalaprilat 0.00078b 11

3BKK kAF 0.83a 15

3BKL kAW 0.679a 15

a
200mM Cl−

b
20mM Cl−
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Table 2

Key geometric parameters at the active site of the lisinopril-ACE complex

Bond length (Å) and
bond angle (deg) QM/MM MD X-ray6

Zn···Nε2 (H383) 2.02±0.06 2.04

Zn···Nε2 (H387) 1.98±0.06 2.07

Zn···Oε1(E411) 2.06±0.07 1.99

Zn···O1 2.09±0.14 2.14

O2···Hε2(E384) 1.78±0.15 2.69

O9···Hζ1(K511) 1.59±0.09 2.93a

O9···Hη(Y520) 1.70±0.13 2.55b

O7···Hε2(H353) 1.97±0.25 2.76a

O1···Hη(Y523) 1.86±0.24 2.77b

H6···O(A354) 2.36±0.59 2.92

Oε2(E162)···Hζ(Lys) 1.81±0.30e 3.45

Cl···Zn 10.14±0.29 10.37

Cl···Hε(R522) 1.95±0.14 3.08c

Cl···H22(R522) 1.93±0.15 3.55c

Cl···Hη(Y224) 1.85±0.35 3.01d

Nε2(H383)···Zn···O1 110.4±8.1 116.8

Nε2(H387)···Zn···O1 125.2±7.8 123.0

Oε1(E411)···Zn···O1 104.2±8.3 98.8

a
distance between O and O atoms.

b
distance between O and N atoms.

c
distance between Cl and N atoms.

d
distance between Cl and O atoms.

e
averaged distance between Oε2 and the Hζ involved in hydrogen bonding.
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Table 3

Key geometric parameters at the active site in the enalaprilat-ACE complex

Bond length (Å) and
bond angle (deg) QM/MM MD X-ray11

Zn···Nε2(H383) 1.99±0.06 2.10

Zn···Nε2(H387) 1.98±0.06 2.05

Zn···Oε1(E411) 2.04±0.07 1.89

Zn···O1 2.08±0.08 2.01

O2···Hε2(E384) 1.82±0.16 2.71a

O9···Hζ1(K511) 1.65±0.14 2.84b

O9···Hη(Y520) 1.71±0.20 2.61a

O7···Hε2(H353) 1.95±0.25 2.68b

O1···Hη(Y523) 1.72±0.14 2.82a

H6···O(A354) 1.94±0.24 2.96b

Cl···Zn 10.11±0.31 10.40

Cl···Hε(R522) 1.89±0.12 3.15c

Cl···H22(R522) 1.96±0.16 3.53c

Cl···Hη(Y224) 1.85±0.31 3.09d

Nε2(H383)···Zn···O1 110.7±7.6 116.5

Nε2(H387)···Zn···O1 118.9±7.8 125.2

Oε1(E411)···Zn···O1 103.5±7.3 103.6

a
distance between O-O atoms.

b
distance between O-N atoms.

c
distance between Cl and N atoms.

d
distance between Cl and O atoms.
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Table 4

Selected geometric parameters of the Michaelis complex obtained from the QM/MM MD simulations using
the SCCDFTB/MM method.

Distance (Å)
Angle (Deg.) QM/MM MD

Zn···Ow 2.04±0.06

Zn···O2 4.51±0.36

Zn···Nε2 (H387) 2.01±0.06

Zn···Nε2 (H383) 2.00±0.05

Zn···Oε1 (E411) 2.05±0.07

H1···Oε2 (E384) 1.34±0.14

O2···Hε2 (H513) 2.01±0.36

O2···Hη(Y523) 1.98±0.25

C1···Ow 3.19±0.26

O3···Hε2 (H353) 1.89±0.17

O4···Hη(Y520) 1.69±0.11

O4···Hζ1(K511) 1.71±0.15

O5···H21(Q281) 2.02±0.47

H4···O(A354) 2.02±0.19

Cl···Zn 10.33±0.26

Cl···Hε(R522) 1.94±0.14

Cl···Hη(Y224) 1.83±0.11

Cl···H22(R522) 2.00±0.21

Nε2(H383)···Zn···Ow 100.9±5.4

Nε2(H387)···Zn···Ow 105.1±6.2

Oε1(E411)···Zn···Ow 110.1±7.6
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