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Abstract

The angiotensin I-converting enzyme (ACE; EC.3.4.15.1) is a dipeptidyl carboxypeptidase that plays a central role in blood pressure
regulation. The somatic form of the enzyme is composed of two highly similar domains, usually referred to as N and C domains, each
containing one active site. Nevertheless, a 1:1 stoichiometry for the binding of lisinopril, captopril or enalaprilat to somatic pig lung ACE is
shown by isothermal titration calorimetry (ITC) and enzymatic assays. The binding of the three inhibitors at neutral pH is very tight and the
enthalpy changes are positive, indicating that the binding is entropically driven. The origin of this thermodynamic signature is discussed

under the new structural information available.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The angiotensin-converting enzyme (ACE; EC 3.4.15.1)
is a type I membrane anchored dipeptidyl carboxypeptidase
that plays an important role in blood pressure regulation,
converting the inactive decapeptide angiotensin I to the
potent vasopressor octapeptide angiotensin II by the remov-
al of the C-terminal dipeptide His—Leu [1]. ACE control of
blood pressure also takes place degrading the nonapeptide
bradykinin, a blood vessel dilatator that reduces blood
pressure [2]. ACE has been under extensive study for many
years in order to develop antihypertensive drugs [3,4].

In mammals, there are two forms of ACE: a larger one,
usually referred to as somatic ACE, which is composed of
approximately 1300 amino acids and which is present in
most tissues [3], and a smaller one referred to as testicular
ACE (t-ACE) with only 730 amino acids and which is found
exclusively in the testicles and appears to be involved in
male fertility [5]. Somatic ACE is composed of two highly
similar domains with an overall 60% homology in both
nucleotide and amino acid sequence, known as N and C
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domains according to their position in the N-terminal or C-
terminal half of the single chain protein [6,7]. On the other
hand, testicular ACE contains a single domain that shows
high identity to the C-terminal domain of the somatic ACE
[8—10]. Both domains contain a canonical Zn-binding
sequence motif, HExxH (His—Glu—x—x—His), and both
domains have protease, dipeptidyl carboxypeptidase and
endopeptidase activities [11]. In order to study the function
of both catalytic sites, experiments with mutants that had
one domain suppressed by deletion or one active site
inactivated by point mutations have been performed [12].
These experiments have shown that the C-terminal domain
is more important for blood pressure regulation. The C-
terminal domain has a higher catalytic constant for angio-
tensin I and the nonphysiological substrate hippuryl—his-
tidyl—leucine. The N-terminal domain shows a higher
catalytic constant for other substrates such as the luteiniz-
ing-hormone releasing hormone and N-Ac-Ser-Asp-Lys-
Proline (AcSDKP), which is a negative regulatory factor
of hematopoietic stem cell differentiation and proliferation
[13]. Therefore, the physiological functions of ACE are not
limited to its cardiovascular role, and ACE may also be
involved in hematopoietic stem cell regulation by constantly
degrading AcSDKP [14]. The two domains of somatic ACE
also show differences in stability to thermal denaturation.
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Differential scanning calorimetry of the enzyme revealed
two distinct thermal transitions with melting points at 55.3
and 70.5 °C, which correspond to the denaturation of C- and
N-domains, respectively [15]. Also, both domains show
differing sensitivity to proteolysis, with the C-terminal
domain more sensitive to degradation with proteases [16].

Recently, the crystal structures of the human testicular
ACE (t-ACE) [17] and Drosophila AnCE (D-AnCE) [18]
have been solved at 2.0 and 2.6 A resolutions, respectively.
D-AnCE contains a single ACE domain similar to that of t-
ACE. Moreover, lisinopril-ACE structures have been solved
for both sources, and the captopril-ACE structure is avail-
able from Drosophila AnCE. The knowledge of the inter-
action of these potent inhibitors of ACE at molecular level
will provide useful information for the design of new drugs
to combat high blood pressure. However, the design of new
drugs can also be enhanced by thermodynamic data show-
ing the nature of the binding [19]. Isothermal titration
calorimetry (ITC) has been widely used to obtain thermo-
dynamic information about the binding process in biological
macromolecules [20], and it has been proposed as an
important tool to understand the correlation between struc-
ture and thermodynamic parameters [21,22]. ITC studies
have been conducted with bovine lung ACE [23,24] and the
inhibitors lisinopril and captopril. In both cases, the en-
thalpy of binding is positive and the binding process is
entropically driven. The basis of the unfavorable enthalpy
change is unclear as both inhibitors show extensive polar
interactions upon the binding to t-ACE and D-AnCE.

In the present study, we report the ITC results on the
binding of the three potent inhibitors to somatic ACE from
pig lung. We analyze these results taking into account the
new structural information provided by the t-ACE and D-
AnCE structures to explain the thermodynamic behavior of
the binding process.

2. Experimental setup
2.1. Materials

Concanavalin A-Sepharose and epoxy-activated Sephar-
ose 6B were purchased from Amersham Biosciences. Lisi-
nopril, captopril, HEPES, cacodylate, MES, ACES, Tris and
PIPES were from Sigma. Enalaprilat was a gift from Merck.
All other chemicals were of reagent grade and obtained
locally. Lisinopril was coupled to epoxy-activated Sephar-
ose 6B as described elsewhere [25].

Somatic ACE was purified from pig lung using two-step
affinity chromatography with Concanavalin A-Sepharose
followed by Lisinopril Sepharose 6B as described pre-
viously [26]. The purity of the protein was confirmed by
SDS/PAGE. ACE concentrations were determined using a
molar absorption coefficient of 2.18 x 10° M~ ' cm™ ' at
280 nm determined by the Gill and Von Hippel method
[27] as described by Andujar et al. [26].

2.2. Enzyme activity studies

ACE activity was assayed using furanacryloyl-L-phenyl-
alanylglycylglycine (FAFGQG) as substrate [28]. The assays
were performed in 50 mM HEPES, 0.3 M NaCl and 10 uM
ZnCl, pH 7.5, at 25 °C. A total of 200 ul of 0.5 mM
FAFGG was diluted in 770 pl of buffer, and the reaction
was initiated by adding 30 pl of enzyme solution containing
1-3 pg of protein. Absorbance decrease at 334 nm was
monitored and initial velocities were determined. One unit
of activity is defined as the amount of ACE that produces a
unit decrease in absorbance at 334 nm in 1 min. Purified
somatic ACE from pig lung had a specific activity of 35—
37 U/mg.

In order to study the stoichiometry of the inhibition,
activity assays were performed under conditions of inhibitor
and enzyme concentrations much higher than the binding
constant. As ACE inhibition is strongly dependent on the
presence of chloride ions [12], two different NaCl concen-
trations (20 and 300 mM NaCl) were used in the assays.
Aliquots of the enzyme containing 1-3 pg of protein were
incubated with different amounts of the inhibitors for 2
h before enzyme activity assay in order to ensure the
complex formation. The partition ratio of the inhibitor/
enzyme association was determined by plotting the frac-
tional activity (velocity of the inhibited enzyme reaction/
velocity of the uninhibited enzyme reaction) versus the ratio
of inhibitor/enzyme ([IJ/[E]). Linear regression analyses
were performed to determine the intercept between the
two straight lines that yields the stoichiometry of the
inhibition.

2.3. Isothermal titration calorimetry

Isothermal calorimetric titrations were performed using
an MCS Microcalorimeter from Microcal (Northampton,
MA, USA) [29]. The reference cell was filled with water,
and the instrument was calibrated using standard electrical
pulses. A circulating water bath was used to stabilize the
temperature. The instrument was allowed to equilibrate
overnight. All solutions were thoroughly degassed by
stirring under vacuum before use. Solutions of ACE were
titrated with 10 identical 10-ul injections at 6-min inter-
vals. The injection syringe, on which a paddle is mounted,
stirred the solutions at 300 rpm, ensuring immediate
mixing. Concentrations of ACE used for the titrations
were in the range from 3.5 to 10.2 pM, while concen-
trations of the inhibitors were 0.33—0.51 mM for lisinopril,
0.15-0.46 mM for captopril and 0.15-0.54 mM for
enalaprilat.

The peaks of the thermograms were integrated using an
ORIGIN 5 software (Microcal) supplied with the instru-
ment. In the titration experiment, total heat measured is the
contribution of the intrinsic binding heat of the ligand to the
protein together with the ligand dilution heat and the
protonation heat. Dilution experiments were performed by
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Fig. 1. Titration of active sites in pig lung angiotensin-converting enzyme
using lisinopril, captopril and enalaprilat as competitive inhibitors. The
samples were incubated with the inhibitor 2 h at 25 °C in 50 mM
HEPES, 0.3 M NaCl and 10 uM ZnCl,. Substrate used for activity
measure was FAFGG.

identical injections of ACE inhibitor into the cell containing
buffer alone. The thermal effect of protein dilution was
negligible in all cases. The protonation heat arises from the
fact that the binding of a ligand to a protein is usually

enthalpy of the buffer.

Enzyme activity was checked before and after the calo-
rimetric experiment. After titration, the ACE-inhibitor com-
plex showed less than 1% activity in all the experiments.
The pH values of the buffers, inhibitors and protein sol-
utions were controlled before and after titration.

2.4. Structure superposition and ligand—protein contacts
Coordinates from the Protein Data Bank (PDB) for

human testicular ACE (108a), human testicular ACE-lisi-
nopril complex (1086), Drosophila AnCE (1j38), Drosoph-

Table 1
Binding enthalpies for lisinopril, captopril and enalaprilat
Inhibitor Temperature (°C) pH Buffer n AH+ (kJ/mol) AH,? (kJ/mol)
Lisinopril 25 7 HEPES 1.06 + 0.08 49.17 + 1.89 26.90 + 1.70
Aces 60.19 + 1.95
Cacodylate 24.82 +1.63
20 HEPES 1.05 + 0.06 54.70 + 1.25 3290+ 1.20
Aces 66.02 +1.36
Cacodylate 3125+ 1.18
16 HEPES 1.08 £ 0.11 70.52 £ 1.36 48.30 = 1.50
Aces 82.48 +1.45
Cacodylate 46.95 + 1.63
Captopril 25 7 HEPES 0.42 +0.03 3092+ 1.20 22.10 + 1.00
Aces 3529 £ 1.30
Cacodylate 21.28 +0.90
20 HEPES 0.40 + 0.04 42.10 + 1.65 33.80 + 1.60
Aces 46.42 + 1.60
Cacodylate 33.17+1.55
16 HEPES 0.38 + 0.04 4752+ 1.25 39.70 £1.20
Aces 51.73 £ 1.36
Cacodylate 3923+ 1.15
Enalaprilat 25 7 HEPES 1.02 +£0.07 4423 +0.52 22.80 + 0.60
Aces 54.84 +0.75
Cacodylate 20.80 +0.63
20 HEPES 1.01 +0.10 53.77+0.32 32.80 £ 0.50
Aces 64.66 + 0.85
Cacodylate 31.21 £0.22
16 HEPES 1.01 £ 0.09 67.88 +£1.36 47.10 + 1.50
Aces 79.07 £ 1.56
Cacodylate 4584 £ 1.52
16 6 Mes 1.83+0.14 54.10 £ 1.36 2595+ 1.79
Aces 83.61 +1.95
16 8 Tris 0.89 + 0.08 92.75 £2.06 4995+ 1.74
HEPES 68.22 +1.25

* These values were obtained considering the ionization values for the buffers reported for HEPES (AH;,,=21.01kJ/mol, AC,,;o,=48.74J/Kmol),
Cacodylate (AHio,=—1.96kJ/mol, AC, jon=—78.49J/Kmol), Aces (AHion=31.41kJ/mol, AC, jon=—26.64J/Kmol), Mes (AH;,,=15.53kJ/mol,
AC, ion=16.37J/Kmol), Tris (AH;,,=47.44kJ/mol, AC,, ;on = —72.78 J/Kmol).
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ila AnCE-lisinopril complex (1j36) and Drosophila AnCE-
captopril complex (1j36) were used. In order to determine
changes in the structures as a result of the inhibitor binding,
superposition and RMS deviations of the structures were
performed using the CCP4 program LSQKAB [30]. Con-
tacts between inhibitor and residues in the active site were
calculated with the program CONTACT from CCP4 suite
[31].

3. Results
3.1. Active sites titration

Active sites titration of pig lung ACE with lisinopril,
enalaprilat and captopril under low and high chloride ion
concentrations are shown at Fig. 1. Plots of residual activ-
ities expressed as percentage of activity in the absence of
inhibitor versus the ratio inhibitor concentration over en-
zyme concentration [IJ/[ACE] result in two linear portions.
When the first linear portion is extrapolated to the x-axis, the
intersection point takes place at an inhibitor/enzyme molar
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Fig. 2. Calorimetric titration of the binding of enalaprilat to pig lung
angiotensin-converting enzyme in 50 mM HEPES, 0.3 M NaCl and 50 uM
Zn(CH3COO0), at pH 7 and 16 °C. The experiment consisted of 10 injections
of 10 pl each of a 0.25-mM stock solution of enalaprilat. Enalaprilat was
injected into a sample cell (volume=1.38 ml) containing 7.06 pM of pig
lung angiotensin-converting enzyme. Injections were at 6-min intervals.
Similar experiments were performed with lisinopril and captopril.

Table 2
AC,, AASA,,, AASA,,, values for lisinopril, captopril and enalaprilat at pH 7

Inhibitor AC, (kJ/Kmol) AASA,, (A?) AASA,, (A?)
Lisinopril —24+02 —1795.3 —-912.2
Captopril —21402 —1550.8 —792.2
Enalaprilat —24+02 —1843.1 —949.0

ratio of approximately 1. Thus, only 1 mol of inhibitor is
required to abolish ACE FAFGG hydrolyzing activity.

3.2. Isothermal titration calorimetry

ITC experiments were conducted at pH 7 and different
temperatures to determine the thermodynamic parameters of
the binding of the three potent ACE inhibitors lisinopril,
captopril and enalaprilat (Table 1). A typical ITC profile for
the binding of enalaprilat to pig lung ACE at pH 7 is shown
in Fig. 2A. Fig. 2B includes a plot of the total heat evolved
per mole of the inhibitor versus the relation inhibitor
concentration over enzyme concentration. It shows that
saturation of the enzyme corresponds to a stoichiometry of
1 mol of enalaprilat per mole of the enzyme. The same
results were obtained for lisinopril and captopril.

As the binding process is very tight, ITC allows precise
measuring of the enthalpy change of binding but not the
binding constant. Binding enthalpies for the three inhibitors
are shown in Table 1. AH, decreases linearly with increas-
ing temperature, and from the slope of the graphical
representation of AH, versus temperature, the values of
heat capacity changes AC, were determined. As Table 2
shows, the AC,, for the binding of lisinopril, captopril and
enalaprilat to pig lung ACE are negative and large. Heat
capacity changes involved in protein—ligand binding arise
from changes in the degree of surface hydration in the free
and complex molecules, and to a lesser extent, from changes
in molecular vibrations [32,33]. In the association process of
a ligand to a protein, a substantial fraction of polar and
nonpolar surface is buried, and some semiempirical methods
have been developed to calculate the molecular surface
buried in the complex. The application of Murphy’s ap-
proach [32] to the experimentally determined values (Table
2) indicates that the surface area buried on complex forma-
tion comprises 66% nonpolar surface and 34% polar surface
for the three inhibitors.

4. Discussion

Our results show that the binding of one molecule of the
inhibitor to one of the active sites prevents the hydrolysis of
substrate from the second active site. The stoichiometry of
the binding obtained by means of the activity inhibition
experiments agrees with that obtained from the ITC experi-
ments. This result is in agreement too with Binevski et al [34]
that obtained a 1:1 stoichiometry for the binding of lisinopril
to bovine ACE and suggests that both sites of bovine ACE
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are active, but that binding of the substrate or lisinopril to one
of the active sites prevents binding to the other site.

The positive value for the number of protons exchanged
(Table 1) indicates that protein-inhibitor complex takes up
protons upon binding. Moreover, some protein residues
must show an increase in the pK, value in order to become
protonated upon binding. Several ionizable groups are
present at the active site of ACE: His513 and His 353 at
t-ACE (His497 and His337 at D-AnCE) are located close to
the carbonyl group of lisinopril and captopril (Fig. 3), and
they may be responsible for the proton uptake. In addition,
mutation of the His1089 residue of human somatic ACE,
corresponding to the His513 residue at t-ACE (His497
residue of D-AnCE), prevents binding of captopril and
lisinopril to the enzyme [35].

Nevertheless, lisinopril and enalaprilat show a higher
number of protons exchanged than captopril. This difference
could be explained in the dissimilar interactions established
between protein residues and inhibitors. So far, no structure
is available for pig lung ACE but structures for t-ACE and
D-AnCE have been recently reported [17,18] and residues
directly involved in the Zinc and inhibitor binding are
completely conserved in the known ACE sequences [18].
Fig. 3 shows contacts between lisinopril and t-ACE protein
residues and captopril and D-AnCE protein residues. Cap-
topril coordinates to Zinc ion through its thiol group, while
lisinopril and enalaprilat are coordinated through a carbox-
ylate group. At pH 7, lisinopril and enalaprilat carboxylate
groups will be unprotonated whereas the captopril thiol
group, with a pK,=9.8 [36], would be protonated. In order
to interact with the zinc atom, the thiol group must lose its
proton, so the difference in the number of protons ex-
changed between captopril and lisinopril or enalaprilat
would arise from this ionizable group.

The three inhibitors show a positive enthalpy for the
binding process at pH 7 and over the range of temperatures
studied, so the binding process is entropically driven. When
the dominant driving force for binding is a large positive
entropy change, this originates primarily from a large
positive solvation entropy due to the burial of a large
hydrophobic surface upon binding and a small loss of
conformational entropy due to the little flexibility of inhib-
itors preshaped to the geometry of the binding site [37].
ACE-inhibitor binding has a negative AC,,, so a reduction of
solvent accessibility to nonpolar surfaces accompanies pro-
tein—ligand binding. In spite of the size differences between
lisinopril, captopril and enalaprilat, the same percentage of
polar and apolar surface area is buried upon binding, being
the apolar surface value almost twice than for polar surface.
These changes are bigger than those expected for a rigid
body binding, and contributions other than the change in
polar—apolar surface area upon binding must be considered.
To date, all ACE structures available are homologous to the
carboxyl-terminal domain of the somatic ACE, and super-
position of the free inhibitor ACE structure with lisinopril/
captopril-ACE complex structures doesn’t show major
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Fig. 3. Contacts between residues in the active site of ACE structures and
lisinopril and captopril. (A) Contacts between ACE and lisinopril, (B)
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AnCE-captopril structure. Enalaprilat was modelled either from t-ACE or
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changes (RMS displacement 0.152 A, maximum displace-
ment 1.138 A), but molecular modelling of the amino-
terminal domain [38] and some structural features (for
example, the distal position of the chloride binding sites
from the active site) indicate the possibility of conforma-
tional changes [17,18].

The three inhibitors reported in this study have a pseudo-
peptide structure with a proline residue at the position P’ 2
(Fig. 3) that confers rigidity to the molecule. This proline
residue is also present in the natural substrate of ACE,
angiotensin I, and it has been suggested that the preference
of proline at position P’ 2 of the peptide may reside in its
rigid conformation that allows the carboxy terminus to be
placed in a favorable alignment for the interaction with a
positively charged amino acid of the active site of the
enzyme [39]. In t-ACE structure, Lys511, GIn281 and
Tyr520 (Lys495, GIn265 and Tyr504 at D-AnCE) are
forming salt bridge and hydrogen bond interactions with
the proline carboxy terminus of the inhibitor. It has been
proven that these interactions play a central role in the
binding of peptidic substrates to ACE2, a novel human zinc
metalloprotease homologous to ACE [40] that is unable to
bind ACE inhibitors, such as lisinopril, captopril and
enalaprilat. As can be seen at Fig. 3, lisinopril shows several
additional polar interactions as compared to captopril:
Glul62-Lysil moiety, Glu384 and Tyr523 with the carbo-
xyl of lisinopril, which coordinates the Zinc ion. The first is
lost too in enalaprilat but the Glu384 and Tyr523 interac-
tions are expected to be conserved in the enalaprilat-ACE
complex. These enthalpic favorable interactions could play
a role in the specificity of the binding process, but their
contribution to the energetics of the binding is overcome by
the hydrophobic contribution to the binding as shown by the
positive value of the enthalpies that is approximately the
same for the three inhibitors. This thermodynamic behavior,
high binding constants values but positive enthalpies, has
been previously reported for the HIV-1 protease binding to
most of its inhibitors currently in clinical use and to its
natural substrate [41,42] and has been attributed to the
predominantly hydrophobic nature of the binding.

ACE is a metalloproteinase that contains zinc at the
active site, and it is the prime example of mechanism-based
design of inhibitors taking into account the role of the metal
at the catalysis [43]. In t-ACE structure (PDB code 108a),
zinc is coordinated with an acetate ion while in D-AnCE
structure (PDB code 1j38), it is coordinated to two water
molecules. An entropy gain can be expected when these
ions or water molecules are released from the zinc site upon
inhibitor binding. In lisinopril and enalaprilat, the carboxylic
group is involved in zinc chelation. These two carboxylic
oxygens make direct coordination to zinc with penta-coor-
dinated geometry that appears to mimic the nucleophilic
water and the carboxyl oxygen of the substrate in the
tetrahedral intermediates during enzymatic reaction [18].
Furthermore, an increase in ligand field stabilization energy
is expected when these inhibitors are bound to ACE by

means of the relaxation of a low symmetry centre to one of
high symmetry [44], and this factor may play an important
role in the exceptionally tight binding of these inhibitors
[45]. It has been proven that the removal of the zinc atom
from ACE results in a huge decrease of its affinity for
enalaprilat and other ACE inhibitors [12].

5. Conclusions

The results presented here show a tight binding entropi-
cally driven of lisinopril, enalaprilat and captopril to pig
lung ACE. Comparing the three inhibitor structures, an
important role of the proline moiety at the binding process
is proposed. No conformational changes can be discarded
from the values of the heat capacity changes and the
changes of accessible surface areas calculated from them.
Moreover, the stoichiometry value of 1:1 for the complete
inhibition of the enzyme indicates that both active sites
would work in a cooperative manner.
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