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Abstract This article describes in a sequential fashion how
ab initio quantum mechanical methods can be applied to
study the pharmacophoric features of drugs. It also
describes how accurate drug—receptor interaction calcula-
tions can guide the careful design of balanced dual
inhibitors, which form an important class of second
generation drugs. As an example, the authors have chosen
balanced inhibitors of angiotensin converting enzyme/
neutral endopeptidase (ACE/NEP) as modern antihyperten-
sive drugs. A unified, accurate, in silico design approach is
presented, encompassing all steps from pharmacophore
derivation to complete understanding of mechanistic
aspects leading to drug design.
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Introduction

The process of designing new drugs is often hampered by
long rounds of drug synthesis and testing, with subsequent
modifications followed by further rounds of synthesis and
activity evaluation [1]. This seemingly endless cycle of
refining continues until the desired level of drug potency is
achieved [2, 3]. Such molecular pharmacology procedures
are often coupled with quantitative structure—activity
relationships (QSARs) based on experimentally determined
parameters that are closely related to drug potency [4].
QSARs are mathematical models that use chemical struc-
tures or molecular properties as descriptors to define the
relationship to biological activity. Crippen [5] has shown
recently how chirality can be defined quantitatively and
used as a descriptor. For appropriate application of QSARs
to drug design, quantitative sequence—activity models
(QSAMs) [6] of biosystems have been explored but have
turned out to be extremely complex. It was soon realised
that pharmacokinetic descriptors would be needed in order
to make such studies useful. Automated virtual screening of
libraries of compounds based on important structural
features indicated by QSAR studies can also be carried
out to assist synthetic studies in the choice of lead
compounds [7].

Several automated docking algorithms [8, 9] are avail-
able and are used frequently in drug designing studies.
However, the scoring functions used in these studies remain
questionable depending on the parameters used to define
protein—ligand binding affinity.

Molecular dynamics simulations coupled with homology
modelling studies have been carried out in a number of
cases to understand the mechanistic details of drug—target
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interactions [10]. However, in cases where the target
protein shares only low similarity with the template
sequence, many problems have been encountered [11].

The above gives some examples of the methodologies
and techniques applied to drug design studies. In this
article, we present and discuss the application of ab initio
quantum mechanical molecular orbital techniques and ab
initio intermolecular interaction calculations to drug—
receptor interactions for drug design. The procedure, part
of which was published earlier along with different
applications [12, 13], was designed with the aim of
determining accurate drug-receptor interaction calculations
from the perspective that the latter are the key to a drug’s
mechanism and potency. In this study, we have summarised
the entire procedure from application of the ab initio
quantum mechanical procedure to designing dual angioten-
sin converting enzyme/neutral endopeptidase (ACE/NEP)
inhibitors. Inhibition of these two enzymes is synergistic in
nature, and balanced dual inhibitors, as opposed to specific
inhibition of one or the other, are proving valuable as
second generation antihypertensive drugs [14].

ACE/NEP inhibition

Angiotensin converting enzyme plays a pivotol role in
regulating blood pressure [15]. ACE—a zinc metallopro-
tease belonging to the gluzincin family where catalysis is
mediated by HEXXH motif—catalyses proteolysis of
angiotensin I (ANG 1) to form the vasoconstrictor angio-
tensin II (ANG II), hence playing a major role in the renin—
angiotensin system (RAS). ACE inhibitors are used quite
widely in the clinical treatment of cardiovascular diseases
and in blood pressure control [16, 17] but their use is
commonly associated with side effects like angioedema and
dry cough [18]. These side effects have been associated
with abnormal degradation of bradykinin active metabolite
in hypertensive patients treated with ACE inhibitors [19].
This response is induced biologically due to the reduced
activity of ACE. Neutral endopeptidase (NEP) inhibition
potentiates atrial natriuretic peptide (ANP) and bradykinin,
leading to synergistic effects concomitant with ACE
inhibition [20]. Therefore, second generation antihyperten-
sives should constitute balanced dual ACE/NEP inhibitors,
i.e. blocking ANG II production while at the same time
potentiating endogenous ANP levels. Balanced dual
inhibition means moderate activity at both receptors as
opposed to little activity at one receptor and a lot at the
other. Balanced dual inhibitors reduce the chances of side
effects.

This study describes the application of modern ab initio
quantum mechanical techniques to designing balanced dual
inhibitors by accurately calculating drug—receptor interac-
tions and correlating these mechanistically to potency.
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Methods

The entire procedure is shown in the form of a flow chart in
Fig. 1. Several clinically used drugs and drugs undergoing
in vitro analysis covering a whole range of potency were
chosen, some of which target ACE while others target NEP
(Fig. 2). All experimental potency data has been taken from
refs [21-35]. We have to understand the mode of action of
each individual inhibitor in order to be able to design
balanced dual inhibitors.

The stepwise methodology is described in the following
sections:

Choice of compounds and determination
of bioactive conformation

The set of compounds chosen for this study were
compounds that are preferably in clinical use, chemically
diverse and covering a wide potency range. The goal was to
search for common, essential pharmacophoric features.
Complete geometry optimisations [36, 37] were performed
for the probable bioactive conformation of each drug at the
Hartree Fock (HF) level utilising the 6-31G* basis set [38,
39]. Some calculations were also carried out utilising the
non-local hybrid HF density functional theory (DFT)
functional (B3LYP level) [40]. The bioactive conformation
of a drug can be judged by visual examination of models of
several drugs bound to an enzyme. In cases where visual
examination revealed the suitability of more than one
compound in terms of binding to enzyme active site, we
optimised and docked more than one conformation of the
drug. Some conformations can be eliminated easily by
visual examination of natural constraints imposed due to
the receptor/enzyme active site. In the present study, the
zinc binding group must also be facing a metal ion
otherwise the drug cannot bind. Active site space limi-
tations play a major role in the choice of bioactive
conformation. If elimination of a particular conformation
is obvious after viewing the active site then docking is
not necessary. However, researchers in this area should
feel free to try out other possibilities that remain in their
opinion.

Conformational mapping and pharmacophore
model derivation

All optimised conformations are overlapped on the most
potent or prototype drug to get an idea of the variations in
conformation. This is referred to as conformational map-
ping. If X-ray coordinates of any drug bound to the receptor
are available then the bioactive conformation is known and
the optimised conformation can be compared accordingly.
The charge environment of the drug is studied by
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Fig. 1 An ab initio quantum
mechanical procedure for drug
design
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Fig. 2 Clinically used angiotensin converting enzyme (ACE)-, neutral endopeptidase (NEP)- and dual-inhibitors
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calculating molecular electrostatic potential derived charges
[41]. Based on the conformational mapping and charge
distribution of the drug, common and essential pharmaco-
phoric features are deduced and can be presented in the
form of a pharmacophore model. Non skeletal schematic
pharmacophore models have been derived that indicate
only the location and number of essential functional groups
and overall dimensions. The exact disposition of functional
groups can be elucidated through skeletal models only if a
common chemical skeleton is observed. Automated phar-
macophore model generation has also been done by
utilising the PHASE module of Schrodinger [42, 43]
software for the sake of comparison.

Extracting the active site and preparing a receptor model

To understand the mechanism of action, and to elucidate the
importance of pharmacophoric features derived above,

Lisinoprilat

Thiorphan

Ramiprilat

Quinaprilat

models of enzyme active sites based on available X-ray
data were made so that docking studies could be performed.
Available X-ray coordinates are located in the protein data
bank (pdb) and the corresponding pdb files were down-
loaded and viewed using Swiss pdb viewer [44] to identify
the active site catalytic motif (HEXXH motif in this case).
The model covers approximately 12-15 A around the
active site motif, maintaining the complex 3D environment
around the latter. This all-atom, active site model is treated
ab initio to maintain the physiological conditions under which
the drug acts. The residues that are ionised are maintained in
their charged form by ensuring proper bonding and number of
hydrogens when modifying the extracted pdb file for ab initio
calculations. Overall charges on receptor and drug and a
closed shell system are specified when doing molecular orbital
calculations. Water molecules embedded in the protein within
this range are also retained, as they may occasionally be
mechanistically important by mediating H-bonds. Hydrogens

Enalaprilat

Perindolaprilat

Omapatrilat

Fig. 3 Optimised bioactive conformations of ACE-, NEP- and dual-inhibitors
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are added using GAUSSVIEW [45], and bonding is rectified
at sites of poor X-ray resolution.

Docking and drug—receptor interaction energy calculations

Selected drugs were docked in the model one by one in
different orientations until the best interaction with the
catalytic site was obtained. The criterion for docking was
that the drug should not be linked covalently, and must

Fig. 4 Optimised bioactive con-
formations of ACE-, NEP- and
dual-inhibitors undergoing in
vitro analysis

OIR

BIR

show an attractive interaction with catalytic residues and
the metal ion that is known to mediate catalysis in this case.
Drug-receptor interaction energy was calculated using a
supermolecule approach at the HF level

Eint en. — Ecomplcx - (Edrug + Ercccptormodcl)

All calculations were performed using GAUSSIAN 03
[46] software.

Til

MDL100173

Fasidotrilat
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Drug/scaffold design and in silico testing

Based on the above findings, modifications in existing
drugs may be implemented or new scaffolds or drugs may
be designed. Designed drugs were also completely opti-
mised, mapped and docked. The potential efficacy of the
designed drug was tested by repeated docking and
evaluation of drug—receptor interactions.

Correlating calculated drug—receptor interaction energies
with experimental potency data

Finally, calculated drug-receptor interaction energies were
correlated with ICs, values to evaluate the performance of
the model. This comparison accurately illustrates the

importance of interaction energy calculations at the micro-
scopic level. However, when using potency data, care must
be exercised to keep track of the experimental error bars of
various measurements. It is best to compare data from the
same source.

Results and discussion

This paper presents an attempt towards designing balanced
dual ACE/NEP inhibitors. The optimized bioactive con-
formations of clinically used drugs are shown in Fig. 3. The
starting point for optimisation of these ACE inhibitors was
judged based on several available X-ray structures [Lisino-
pril in testicular (t)-ACE 2C6N.pdb; Enalaprilat in t-ACE

At post HF level

&a
1,% a o’

Molecular electrostatic potential derived Molecular electrostatic potential derived

a
At HF level
&’ 2 Vo
charges for Enalaprilat at HF level
3.7A Acidic group
‘ 112°
<+———3— 1284A /.
6.03A L] [ ]
'\\ Proline ring
5.824
8.79A \N‘/
[ ]
Hydrophobic region Zn** coordinating group

Non-Skeletal pharmacophore model

Fig. 5 a Pharmacophore model derivation for C-domain specific
ACE inhibitors at 6-31G and B3LYP levels. b Automated pharma-
cophore model derivation for ACE inhibitors. ¢ Protein based
pharmacophore of 1UZE with Enalaprilat (as bound ligand). Red

charges for Enalaprilat at post HF level

Acidic group

3.9A
L 1245 A ® Proline
ring
8.01 A

' 580 A
Hydrophobic

Zn*" coordinating group
Non-Skeletal pharmacophore model
arrows Hydrogen bond acceptors, green arrows hydrogen bond
donors, yellow spheres hydrophobic features, blue regions positive

ionisable areas, red regions negative ionisable regions, light blue cone
metal binding feature
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Fig. 5 (continued)
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1UZE.pdb; Captopril in ACE 1UZF.pdb; TI1 in NEP IR11.
pdb; OIR in NEP 1R1J.pdb; BIR in NEP 1RI1H.pdb].
Optimized ‘probable’ bioactive conformations of drugs
undergoing in vitro analysis are shown in Fig. 4. Non
skeletal pharmacophore model derivation based on confor-
mational mapping and charge environment for ACE
inhibitors at HF and B3LYP levels is shown in Fig. 5.
Although isolated drug calculations can be performed at
higher levels, we restricted ourselves to this level so that the
entire study, including calculations on ANG I could be
performed at this level. Mapping helps identify common
essential features. It also guides our understanding of the
dimensions of hydrophobic regions. Analysis of the charge
environment helps identify metal coordinating group and
recognises other complementarity criteria. Similarly, phar-
macophore model derivations for NEP and dual inhibitors
are shown in Fig. 6.

For ACE inhibitors, we also performed an automated
pharmacophore model derivation using the PHASE 3.0
module of the program SCHRODINGER. Two models
were generated, with almost equal survival scores: model I
(AHNNP) contains one hydrogen bond acceptor (A),

one hydrophobic group (H), two negative sites (NN) and
one positive site (P), while model IT (AHHNP) contains one
hydrogen bond acceptor (A), two hydrophobic groups
(HH), one negative site (N) and one positive site (P).
Ramipril, an example of a potent drug in clinical use,
showed the best fitness score compared to other com-
pounds. The derived pharmacophore models are shown in
Fig. 5b. All distances and angles between pharmacophoric
sites are given in suppl. 4 of the electronic supplementary
material (ESM). The automated pharmacophore highlights
the same features overall as the manually derived pharma-
cophore model. The metal binding group is again identified
as the major negative site. The derived pharmacophore was
also illustrated inside the active site in Fig. 5S¢, showing the
metal binding region.

Before comparing pharmacophoric features, the follow-
ing points should be noted:

Figure 5 depicts no significant change in pharmacophoric
features at the B3LYP level as compared to HF 6-31G*
calculations. Drastic changes in pharmacophoric features are
not expected at higher levels. Secondly, the main aim of this
procedure is to construct a good model of the enzyme that
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TI1, OIR, Thiorphan, phosphoramidon
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Hydrophobic
slit
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Fig. 6 Non skeletal pharmacophore model derivation for NEP- and dual-inhibitors
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preserves the active site environment up to ~15 A and in
which all atoms can be treated ab initio after docking in the
peptidomimetic drug. These calculations have to be repeated
several times for each drug as the drug is docked in different
orientations. Therefore, to maintain a balance between

Fig. 7 ACE and NEP receptor
models prepared from quantum
mechanical calculations

K511

F544

@ Springer

computational cost and effectiveness, all further calculations
were performed at the HF 6-31G level [47, 48].

We next performed a comparative analysis of the
pharmacophoric features of ACE-, NEP- and dual-
inhibitors. Most ACE inhibitors are 3-turn mimetics, with

ACE active site model

R717

F564 E584

NEP active site model
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a proline-type ring at one end and a hydrophobic group at
the other end separated by ~12.8 A. The different
orientations of the hydrophobic group indicate that the
hydrophobic region in the enzyme active site must be quite
large so as to be able to accommodate each of these
orientations. Another important pharmacophoric feature is
the metal ion coordinating group present at ~6 A from the
proline ring. The relative disposition of the acidic group on
the proline ring and the zinc coordinating group is
remarkably similar and is an important pharmacophoric
feature. The dimensions of pharmacophoric features are
measured in 3D and projected in 2D (Fig. 5). In this case,
we derived the pharmacophore model using both HF and
B3LYP DFT methods.

NEP inhibitors (see Fig. 6) also show the presence of
an acidic group and a metal ion coordinating group.
Hydrophobic groups are present at both ends. Despite
differences in chemical structure, the positions of the
acidic group and the zinc coordinating group are main-
tained in the same place. The hydrophobic region is less
spread out than in ACE inhibitors. Important pharmaco-
phoric features are collected in the form of the model
presented in Fig. 6.

Figure 6 also illustrates conformational mapping of dual
inhibitors. Mapping again emphasises the basic require-
ments of an acidic group, a zinc coordinating group and
hydrophobic regions at both ends. An interesting feature is
that the acidic group may be in either an ACE-like position
or in an NEP-like position (cf. Figs. 5 and 6 for respective
models). The derived non-skeletal pharmacophore model is
shown.

Table 1 Correlation of calculated interaction energies with potency
data

Drug Experimental ~ Active  Calculated interaction
ICso (nM)* site energy (kcal mol ') HF/

model  6-31G
Trandolaprilat  0.93 ACE -302.4
Perindoprilat 1.5-35 ACE —254.0
Ramiprilat 4.0 ACE -214.0
Enalaprilat 4.50 ACE —184.0
Lisinopril 4.70 ACE -232.4
Quinaprilat 8.30 ACE —505.2
BIR 1.20+0.2 NEP —-140.9
MDL100173 0.008 ACE -505.2
MDL100173 0.11 NEP —137.5
Designed ACE —324.5
drug NEP  -100.6

?Taken from references 26, 28, 30-33

The overall pharmacophoric features can be summarised
as follows:

* ACE/NEP inhibitors maintain an overall length of 12—
13 A but dual inhibitors are about 11 A in length so as
to be compatible with both active sites.

* An acidic group is required for binding/activity;
however, its position varies according to active site
requirements.

* In dual inhibitors, the acidic group is located either in
an ACE-like position or in a NEP-like position and can
probably be adjusted by slight rotation. The hydropho-
bic region at the ends is also small in dual inhibitors to
maintain compatibility.

* Zinc coordinating carboxylate, phosphate or sulthydryl
groups are at roughly similar positions in all cases.
Enzyme specificity is thus conferred not by the zinc
coordinating group but rather by the position of other
acidic groups.

Such minute differences between pharmacophore models
can be highlighted only when accurate calculations have
been performed prior to conformational mapping. Auto-
mated pharmacophore generation techniques can be applied
to recognise pharmacophoric sites but not for detailed
pharmacophore model generation.

ACE and NEP are synergistic in effect, therefore
balanced dual inhibition is the ultimate design goal. To
design balanced dual inhibitors, we must first understand
the mechanism of action and the regulation of potency of
both types of drug. To achieve this, we have made models
for both ACE and NEP active sites. The pdb files employed
to construct the ACE and NEP models were 1UZE [49] and
IR1H [50], respectively. The following residues in the two
enzymes have been kept in ionized form:

ACE: K" 368, H" 383, E 384, H"
387, E 411, K* 511, H" 513, R" 522, H 583
NEP: H' 583, E 584, H" 587, E 646, H" 711, R" 717

Both models are shown in Fig. 7. Both enzymes belong
to the gluzincin family and contain the same HEXXH
catalytic motif with a Zn*" ion. The active site is highly
positively charged in both cases.

Next, we ‘manually’ docked several drugs into the ACE/
NEP model in order to understand how they interact with
the catalytic motif and bring about the desired specificity. In
this case, manual docking has certain advantages over
automated docking due to the severe space constraints and
highly charged active site. The active metabolite of the drug
in the form of an ester was taken in cases where the acidic
group was masked. The best interaction energies observed
(each drug was docked several times until the best
interaction was obtained) are listed in Table 1. It was noted
that, although different possible conformations exist for
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each drug (the example of enalaprilat is shown in suppl 1),
only one or two actually fit within the constraints of the
active site. The remaining conformers cannot bind (repul-
sion only is observed) and cannot even be docked.
Enalaprilat conformations that could be docked are provid-
ed as ESM (see suppl 2, 3). Figure 8a depicts an ACE-
specific drug docked in an ACE model, and Fig. 8b depicts

Fig. 8 a Lisinopril docked in
ACE model. b BIR docked in
ACE model

H513
lisinopril

H353

K511

H513

a NEP-specific drug docked in an ACE model. Figure 8
clearly depicts how ACE-specific drugs fit in properly and
interact favourably with the catalytic motif. On the other
hand, the NEP-specific drug is conformationally not suited
to fit into the ACE active site and can interact only just
enough to bind to the metal ion of the ACE active site. This
indicates the importance of minor differences in the

R522
E411

Zn2*
HEXXH motif

H387

E384

Int.en.= -232.4 kCal/mol

BIR

\ 7 E411
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disposition of active site residues in the two enzymes, and
the specificity thus conferred. Two main binding interac-
tions have been identified: a metal binding group on the
drug interacting with Zn”**, and a metal binding group on

Fig. 9 a NEP-specific drug
(BIR) in NEP model. b Dual
inhibitor (MDL 100173) in NEP
model

the drug interacting with H 387 mediated by a H-bonded
water molecule. Figure 8a depicts the carboxylate group on
lisinopril interacting with Zn®" and H"387. Zn*" is held in
the active site by E 411. The remaining charged residues in

H711

E584
Int. en. = -140.88 kCal/mol

E646

HS583
HS587

E584
Int. en. =-137.47 kCal/mol
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the ACE model collectively stabilize lisinopril. Figure 8b
depicts BIR interacting with the ACE active site. Although
it appears that this may not be the best orientation for BIR
in the ACE model, in fact this is indeed the most favourable
orientation as the zinc-binding group, phosphate in this
case, is able to interact with Zn®"; in any other orientation
this alignment is disturbed. Also, in this case the water-
mediated interaction with H'387 has been disrupted.
Docking of an ACE-specific drug in the ACE model is
also presented in the form of a short video (see Suppl. 5).

Figure 9 illustrates the same NEP-specific drug (BIR) and
a known dual inhibitor interacting with NEP active site

Fig. 10 a Dual inhibitor MDL
100173 in ACE model. b a
Designed drug in ACE model

MDL

@ Springer

residues. It also shows that NEP-specific drugs possess a size
and conformation suited to that enzyme’s active site and
appropriate for optimal interactions with the catalytic motif.
Figure 10 illustrates a known dual ACE/NEP inhibitor and a
designed dual inhibitor interacting with the ACE active site.
A designed dual inhibitor interacting with the NEP active
site is shown in Fig. 11. It should be emphasised that all
snapshots were captured keeping the catalytic motif in the
same orientation to facilitate visual examination and com-
parison. The designed dual inhibitor shows considerable
improvement over the existing dual inhibitor when judged in
the light of balanced activity at both active sites. Designing

Int en. =-324.5 kCal/mol
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was based entirely on derived pharmacophoric features, both
conformational and electrostatic. The designed drug was also
completely optimised before docking. Docking results are
shown in Figs. 10 and 11 as mentioned above.

The calculated interaction energies for all drugs (Table 1)
were in accordance with experimentally observed potency
data, indicating that drug—receptor interactions are the key
to understanding a drug’s mechanism of action and potency.
This correlation also indicates that this methodology can be
applied successfully to predict the interaction of a designed
drug with an enzyme active site, and hence an estimate of
its activity as a dual inhibitor. Higher interaction energies
(see Table 1) are suggestive of competitive inhibition as
more potent drugs show more attractive interaction and can
thus compete effectively with the natural substrate.

The designed drug interacted optimally at both enzyme
active sites, indicating that it may be a better balanced dual
inhibitor. “Balanced” multi-target designing is a difficult
task due to differences in target enzymes. It is easy to
design multi-target drugs without balanced activity but
these are likely to lead to side effects. This stresses the need
for accurate methodology.

It is encouraging to realise that ab initio methods can
indeed be applied to such complicated design tasks, and can

Fig. 11 Designed drug in NEP
model

be driven towards actual correlation with activity data. This
approach is ‘unified and universal’, as a single approach
leads both to pharmacophore derivation and to understand-
ing mechanistic aspects leading to drug design. In addition,
this approach can be applied to the design of any type of
inhibitor/antagonist.

Conclusions

This article describes the development and application of
an accurate, cost-effective drug designing procedure that
can be applied where careful design of ‘balanced’ dual
inhibitors is needed. Pharmacophore models for ACE-
and NEP-specific inhibitors have been derived. Drug—
receptor interactions were studied in detail by making
models of the ACE and NEP enzymes followed by
docking of various inhibitors into these models. Accurate
interaction energy calculations led to the design of
balanced dual inhibitors.
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