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Abstract—Enzyme–inhibitor recognition is considered one of the most fundamental aspects in the area of drug discovery. However,
the molecular mechanism of this recognition process (induced fit or prebinding and adaptive selection among multiple conformers)
in several cases remains unexplored. In order to shed light toward this step of the recognition process in the case of human angio-
tensin I converting enzyme (hACE) and its inhibitor captopril, we have established a novel combinatorial approach exploiting solu-
tion NMR, flexible docking calculations, mutagenesis, and enzymatic studies. We provide evidence that an equimolar ratio of the cis
and trans states of captopril exists in solution and that the enzyme selects only the trans state of the inhibitor that presents archi-
tectural and stereoelectronic complementarity with its substrate binding groove.
� 2006 Elsevier Ltd. All rights reserved.
ACE (EC 3.4.15.1) plays a central role in the
metabolism of vasoactive peptides and its gene is a can-
didate for several cardiovascular diseases.1 It has two
metalloproteinase domains (called N- (ACE_N) and
C- (ACE_C)), each containing a canonical Zn2+-binding
sequence motif: HExxH (His-Glu-x-x-His),2 and inter-
domain co-operation upon inhibitor binding has been
reported.3,4 Inhibitors of ACE are effective and widely
used drugs for the therapy of hypertension, heart dis-
ease, diabetic neuropathy, and atherosclerosis.5–7 Ratio-
nalization of the substrate domain differentiation8 and
atomic level pharmacophore refinement of nine inhibi-
tors for both the N- and C-domains of ACE has been
recently reported by us.9

Captopril, 1-[2(S)-3-mercapto-2-methyl-1-oxopropyl]-LL-
proline, is the first angiotensin-converting enzyme inhib-
itor for treatment of hypertension and heart failure. The
incorporation of the active-analog approach, which
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allows the stepwise identification of the substrate phar-
macophoric pattern associated with the recognition by
a specific receptor,10 was the basis for discovery efforts
that produced the large family of the ACE inhibitors.11

Like other proline-containing peptides, captopril nor-
mally exists as an equilibrium mixture of cis and trans
isomers, with respect to the proline amide bond
(Fig. 1A). The crystal structures of the ACE enzyme
solved recently in complex with captopril,12–14 as well
as the X-ray structure of the inhibitor in its unbound
state,15 comprise only the trans isomer of the inhibitor.
However, a key question still exists concerning the
molecular basis for the selection of the inhibitor isomer-
ization states during the recognition processes.

The 1H NMR spectra of captopril as a function of pH
and solvent (H2O, D2O, and DMSO-d6) have been
recorded at 600 MHz and the cis/trans equilibrium
constant of captopril has been measured by the relative
integrals of the a- and d-proton resonances of the two
isomerization states of the proline moiety (Fig. 1A).
These signals are well resolved and allowed us to deter-
mine accurately the equilibrium constants for the cis-to-
trans interconversion at different temperatures and to
calculate the thermodynamic parameters enthalpy
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Figure 2. The binding of captopril trans conformation to the hACE

(A) and Y1096F mutant (B). The binding of captopril cis conforma-

tion to the hACE (C) and Y1096F mutant (D).

Figure 1. (A) Trans and cis isomers of captopril. (B) Representative

Van’t Hoff plot in D2O.
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(DH�), entropy (DS�), and Gibbs free energy (DG�) of
the equilibrium (Table 1) on the basis of the Van’t Hoff
equation (Fig. 1B).

Remarkably, a similar ratio for the cis-to-trans isomeri-
zation states is observed at neutral pH. The DG� is sta-
tistically the same in H2O, D2O, and DMSO-d6 at acidic
pH and almost the same in H2O and D2O at neutral pH.
Since DG� in DMSO-d6 solution is almost the same
as in H2O or D2O, it seems reasonable to assume that
the existence of exchangeable protons on the
solvent does not affect the cis/trans equilibrium. The
trans isomer in D2O solution is enthalpically and
entropically favored (DH� = �3.63 ± 0.28 kJ mol�1 and
DS� = 1.75 ± 0.23 J K�1), relative to the cis isomer
at acidic pH, whereas it is enthalpically favored but
entropically disfavored (DH� = �1.87 kJ mol�1 and
DS� = �3.76 ± 0.31 J K�1), relative to the cis isomer at
neutral pH. The decreasing enthalpic benefit of the trans
isomer at pH 6.8, compared to that at pH 2.15, should
be attributed to the repulsive interaction of the dipole
of the peptide bond with the negative charge of the car-
boxylate group. The increasing entropy contribution,
which results in nearly equal populations of the cis
(46%) and trans (54%) isomers at physiological pH,
should, similarly, be attributed to the repulsive interac-
tion between the dipole of the peptide bond with the
negative charge of the carboxylate group, which results
in a reduction in the conformational space of the inter-
acting groups and the associated solvent molecules of
water.These data together with the X-ray structure of
the ACE–captopril complex (where only the trans
Table 1. Apparent enthalpy (DH�), entropy (DS�), and free energy (DG�) ch

298 K

Solvent pH DH� (kJ mol�1) DS� (J mo

D2O 6.80 �1.87 ± 0.09 �3.76 ± 0.

90% H2O 10% D2O 6.80 �2.04 ± 0.11 �5.63 ± 0.

D2O 2.15 �3.63 ± 0.28 1.76 ± 0.

90% H2O 10% D2O 2.15 �3.87 ± 0.47 0.47 ± 0.

DMSO-d6 2.15 �4.25 ± 0.13 0.13 ± 0.
isomer is present) suggest, in a crude approximation,
that in the first step of recognition �50% of the inhibitor
is readily available for its direct selection by the enzyme.

In order to rationalize this aspect in detail, we per-
formed flexible docking calculations9,16 of both isomers
(trans and cis) of captopril to the C-domain of hACE.
The first finding is that for both isomers, the carbonyl
oxygen of the peptide bond is locked by two strong
hydrogen bonds with residues H1089 and H929 of the
enzyme (Fig. 2). This is in accordance with our previous
mutagenesis studies, where mutation of H1089 abolishes
binding of captopril to the enzyme.17 The accommoda-
tion of the trans captopril carboxy-terminal proline moi-
ety by the enzyme S2 0 subsite is mediated through ionic
interactions and hydrogen bonds with K1087, Q857,
and Y1096 (Fig. 2A).

In the case of the cis form of the inhibitor its pyrrolidine
ring is loosely stabilized by the S2 0 subsite via weak
hydrophobic interactions with the Y1096 and the
Y1099 rings, for which it has limited access due to the
bulky hydroxyl group of Y1096 (Fig. 2C); however,
the ‘locking’ interactions provided mainly by K1087
and Y1096 are present in the trans isomer and are absent
in the cis form. This less favorable accommodation of
the cis isomer of captopril by the enzyme active site is
in accordance to the estimated free energies of binding
(� �5 kcal/mol for cis and � �7 kcal/mol for trans)
and thus, it is in agreement with the conformational
state of the inhibitor as can be seen by the X-ray struc-
ture of the complex.13,14
anges for the conversion of the cis to the trans isomer of captopril at

l�1 K�1) TDS� (kJ mol�1) DG� (kJmol�1) R2

31 �1.12 ± 0.09 �0.75 ± 0.09 0.97

37 �1.68 ± 0.11 �0.36 ± 0.11 0.97

93 0.52 ± 0.28 �4.15 ± 0.28 0.93

64 0.14 ± 0.19 �4.01 ± 0.47 0.98

40 0.04 ± 0.12 �4.29 ± 0.13 0.99



Table 2. Determination of kinetic constants for the hACE and its

Y1096F and K1087A mutants

Enzyme logEC50 value-1 logEC50 value-2

hACE C-domain �4.6735 —

Y1096F �2.8469 �4.2347

K1087A �4.7319 —
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A grid flexible docking-calculation search has been per-
formed, by mutating iteratively the enzyme carboxylate
docking partners of captopril (since the rest of the mol-
ecule shares the same architectural topology), allowing
to identify a case in which both isomers could have
equal probability to be accommodated by the enzyme.
Specifically, the Y1096F mutant resulted in comparable
free energies of binding for both states of the inhibitor
(� �6.2 kcal/mol for cis and � �6.7 kcal/mol for trans).
This can be rationalized by the fact that the carboxylate
group of the inhibitor could be selectively ‘locked’ in the
trans conformation through ionic interactions with the
side chain of K1087 (Fig. 2B), whilst the polar to hydro-
phobic alteration accomplished in the Y1096F mutant,
as also the elimination of the bulky hydroxyl group of
Y1096, open access to a strong hydrophobic packing
of the pyrrolidine ring of the inhibitor, in the cis form,
with the side chains of F1096 and Y1099 (Fig. 2D).
Interestingly, a similar intra-molecular aromatic (Tyr)–
proline interaction has been recently suggested to stabi-
lize the cis conformation of the Tyr–Pro amide bond,18

whereas in the current case the aromatic residue is pro-
vided by the enzyme (Y1099).

In order to validate these findings, we mutated the
hACE C-domain residues Y1096 and K1087 to Phe
and Ala, respectively,19 and detailed kinetic studies have
been performed on these mutants. Indeed, Figure 3
shows that the Y1096F and K1087A mutations pro-
duced a decrease in captopril binding affinity (1/Ki),
indicating experimentally their importance for captopril
docking. However, we noticed an interesting phenome-
non: both mutants behave completely differently in their
inhibitor profile and, most importantly, data with capto-
pril inhibition for Y1096F best fit using a two-site mod-
el, whereas data for wild-type hACE C-domain and the
K1087A mutant fit on one-site model (Table 2).

Given these considerations, we could suggest that the
observed equimolar ratio of the two states (cis, trans)
of the inhibitor in solution is related to the two states
observed in our kinetic studies for the Y1096F mutant
that could accommodate both of them with the same
probability in accordance with the docking calculations.
Thus, since both states of the inhibitor could be accom-
Figure 3. Inhibition of wild-type hACE C-domain, Y1096F and

K1087A mutants of hACE C-domain by the ACE inhibitor captopril.
modated by the modified enzyme, either the cis or the
trans form of the inhibitor should be engineered and re-
strained achieving a more potent drug with complemen-
tary architecture to the native enzyme binding groove.

In conclusion, the combination of pharmacophore-
hypotheses and protein-structure based virtual screening
is successful in developing lead compounds. However, as
the present study revealed, many uncertainties remain
about the details of the ligand–receptor interactions,
possibly restraining the fine-tuning of the lead com-
pound to a more potent drug. Specifically, our NMR
studies on the ACE inhibitor captopril in solution were
able to map the presence of equal population of the cis
and trans conformational states at physiological pH. A
flexible docking grid-search allowed the identification
of a point mutation (Y1096F) of the hACE-C enzyme
that could preferentially incorporate both states of the
inhibitor with the same probability. This in silico finding
has been independently validated through mutagenesis
and enzymatic studies. The results of this combinatorial
approach through NMR, flexible docking, mutagenesis,
and enzymatic studies pinpoint the importance of the
multiple conformational states of the inhibitor that
should be taken into account in the frame of the drug
design process so as to maximize the inhibitory affinity
for the enzyme and minimize the side-effects of the inter-
action. The next step in this line of research will be the
utilization of our approach toward the investigation of
the current system in a drug-refinement effort.9
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