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Biofonctionnaliteś des Proteínes et des Peptides (PB2P), Faculte ́ des Sciences et Technologies, Campus Aiguillettes, BP 70239,
Vandœuvre-les̀-Nancy F-54506, France
‡INRA, UR AFPA, Unite ́ Sous Contrat 340, Vandœuvre-les̀-Nancy F-54506, France
†Biotechnologie et signalisation cellulaire, Universite ́ de Strasbourg - CNRS, ESBS, Boulevard Seb́astien Brant BP 10413, Illkirch
F-67412, France

*S Supporting Information

ABSTRACT: Somatic angiotensin I-converting enzyme (ACE) possesses two catalytic domains and plays a major role in the
regulation of blood pressure, thus representing a therapeutic target for the treatment of hypertension. We present a
comprehensive surface plasmon resonance (SPR) study of the interaction of human somatic ACE with the pharmacological
inhibitors captopril and lisinopril, the bradykinin potentiating peptide BPP-11b, and the food peptidic inhibitors from bovine αs2-
casein, F174ALPQYLK181 and F174ALPQY179. SPR binding curves recorded with the high potency inhibitors captopril, lisinopril,
and BPP-11b were evaluated both by regression analysis and by kinetic distribution analysis. The results indicated that captopril
and lisinopril bound ACE with two KD’s differing by a factor 10−20 and >30, respectively (lowest KD = 0.1−0.3 nM for both
inhibitors). This shows, for the first time in a direct binding assay with the two-domain enzyme, the existence of two binding
modes of the pharmacological inhibitors, presumably with the two ACE domains. The BPP-11b−ACE binding curves were
complex but showed a predominant interaction with KD in the nanomolar range. The caseinopeptides, known to inhibit ACE
with an IC50 of 4.3 μM, bound to ACE with KD = 3−4 μM. Mapping of the F174ALPQY179 binding site on ACE by sequential
binding studies using captopril or BPP-11b indicated that it bound to (or near) the two active sites of ACE, in agreement with
the stoichiometry of 2 determined from data fitting. Our results provide a detailed characterization of ACE-inhibitor binding
modes and validate SPR for predicting the inhibitory potential of new compounds.

Somatic angiotensin I-converting enzyme (ACE; peptidyl-
dipeptidase A, EC 3.4.15.1) is a zinc-metallopeptidase

known to play a major role in the increase of blood pressure
level. It converts angiotensin I, an inactive decapeptide, to
angiotensin II, a powerful vasoconstrictor. Moreover, ACE
catalyzes the degradation of bradykinin, a nonapeptide involved
in vasodilatation.
Somatic ACE is a membrane-anchored enzyme chiefly

located in endothelial, epithelial, and neuronal cells and
consists of two homologous amino and carboxyl domains

(55% amino acid sequence identity), each domain possessing
its own catalytic site with the zinc-binding motif HEMGH.1

Considering the crucial role of somatic ACE in the regulation
of blood pressure, this enzyme is a key therapeutic target for the
treatment of hypertension, which represents a risk factor in the
development of cardiovascular and kidney diseases. The search
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for preventive or therapeutic treatments is an important
worldwide public-health challenge. The first ACE inhibitors
highlighted are bradykinin potentiating peptides (BPPs)
isolated from Bothrops jararaca venom.2 These peptides show
a strong ACE inhibitory activity (nanomolar Ki) in vitro

3 and in
vivo when administrated intravenously in Wistar rats and Swiss
mice.4 However, BPPs lose their effectiveness by the oral route,
which can explain why they are not used as drugs to treat
hypertension.5 Captopril, the first commercial ACE inhibitor
orally active, is used as an antihypertensive drug.6 Currently,
many other synthetic ACE inhibitors, such as enalapril and
lisinopril, are available for clinical uses.7 However, their chronic
administration to treat hypertension may generate some side
effects, such as dry coughing and angioedema.5

ACE-inhibitory peptides generated by hydrolysis of various
food proteins, particularly milk proteins,8 may provide a natural
and safe alternative to prevent hypertension. Indeed, no known
side effect is associated with their consumption to date,9 and
although they are less efficient than synthetic inhibitors, they
could be effective in maintaining a healthy level of blood
pressure. A previous study carried out in our lab on the
inhibitory potency of peptides released by trypsin from bovine
αs2-casein has highlighted the presence of eight ACE-inhibitory
peptides, the most efficient being F174ALPQYLK181 and
F174ALPQY179 with an identical IC50 of 4.3 μM.10

Several methods have been used to assess the ACE-inhibitory
potency of peptidic or pharmacological inhibitors. Most in vitro
tests are based on the enzymatic method of Cushman and
Cheung11 by quantifying an hydrolysis product in the presence
or in the absence of a given inhibitor using reversed-phase
HPLC.10 Other methods have been also employed, but to a
lesser extent, such as fluorescence resonance energy transfer12

and isothermal titration calorimetry.13 These methods have,
however, the disadvantage of being indirect, not very sensitive,
and time-consuming and/or requiring a large quantity of ACE.
Although a quartz crystal microbalance (35 mHz) and an
AutoLab surface plasmon resonance (SPR) have been used to
investigate the lisinopril-ACE binding,14 the real-time informa-
tion on the interaction between ACE and its inhibitors is still
limited. To our knowledge, the Biacore SPR technology has
never been used to study the interaction between ACE and
inhibitory peptides or pharmacological molecules. Its ability to
monitor association and dissociation kinetics for molecular
interactions provides detailed information on the mechanism of
complex formation, together with the affinity and stoichiometry
of the interaction.15 Moreover, this technology does not require
a large amount of enzyme in an experimental setup where
binders are flown over the surface-immobilized enzyme.
Our objective was to use a direct label-free approach, SPR-

based biosensing (Biacore), to determine the drug target ACE
binding properties of different specific inhibitors, in order to
derive kinetic and affinity parameters and map the binding sites.
To this end, we chose three types of inhibitors: (i) the
pharmacological inhibitors captopril and lisinopril, which
inhibit competitively both the amino and carboxyl active sites
of ACE,16,17 (ii) the bradykinin potentiating peptide BPP-11b
(<EGLPPRPKIPP, where <E corresponds to a pyroglutamyl
residue) which is highly selective for the carboxyl domain,18

and (iii) the food peptidic inhibitors from bovine αs2-casein,
F174ALPQYLK181, and F174ALPQY179.10 Because of their
different inhibitory behaviors toward the somatic ACE,
captopril and BPP-11b were used in a SPR competition assay
in order to determine if the inhibitory peptide FALPQY binds

to the amino active site of ACE or the carboxyl active site, or
both.

■ EXPERIMENTAL PROCEDURES
CHO-ACE Cell Culture and Membrane-Bound ACE

Recovery. Adherent Chinese hamster ovary cell line trans-
fected with a full-length cDNA encoding human somatic ACE
and expressing high levels of membrane-bound wild-type ACE
(called here CHO-ACE) was established by Wei et al.19 and
kindly supplied by Prof. Franco̧is Alhenc-Gelas from the
Institut National de la Sante ́ et de la Recherche Med́icale
(INSERM, Paris, France).
CHO-ACE cells were cultured in flasks T150 (BD

Biosciences, Le Pont-de-Claix, France) at 37 °C in the presence
of air enriched with 5% CO2 in Ham’s F-12/Dulbecco’s
modified Eagle’s medium (Life Technologies SAS, Saint-Aubin,
France) containing 15 mM Hepes and phenol red. This
medium was supplemented with 10% fetal calf serum (Sigma-
Aldrich Co., St-Quentin-Fallavier, France) heated at 56 °C for
30 min, 750 μg/mL Geneticin (Life Technologies SAS) and 4
mM L-glutamine (Sigma-Aldrich Co.).
At confluence, culture medium was removed from flasks, and

cells were washed three times with PBS buffer to eliminate
bovine ACE contained in fetal calf serum and then fed again
with a serum-free medium supplemented with 80 μM ZnSO4.
After a 48-h incubation, culture medium was removed from
flasks, and adherent cells were incubated for 15 min with an ice-
cold PBS and removed from flasks by scraping. In order to
eliminate PBS, cells suspension was centrifuged at 3320g at 4
°C for 15 min. The pellet was recovered and resuspended in 10
mM Hepes buffer, pH 8, containing 100 mM NaCl, 1 mM
CaCl2, and 1 μM ZnSO4. This operation was repeated three
times, and then cells were suspended in the Hepes buffer.
Membrane-bound ACE was released from CHO-ACE cells

by L-1-tosylamide-2-phenylethyl chloromethyl ketone-treated
trypsin (EC 3.4.21.4) from bovine pancreas (Sigma-Aldrich
Co.). For this purpose, the CHO-ACE cell suspension was
incubated for 1 h at 37 °C with 10 mg trypsin/g total protein.
The pH was then adjusted at 5.2 with 1.75 M acetic acid, and
the cell suspension was gently stirred for 30 min at 4 °C.
Straight afterward, the suspension was centrifuged for 30 min at
20000g and 4 °C. The pH values of the solution of pellet
resuspended in the Hepes buffer and of the supernatant were
adjusted to 8.0 and 8.3, respectively, with 0.4 M NaOH. They
were then reincubated for 30 min at 37 °C. The supernatant
was kept on ice, while the pellet was submitted to a second
trypsinolysis under the same conditions. Newly generated
supernatant was pooled with the previous one, and the solution
was concentrated by centrifugation with a 100-kDa molecular
mass cutoff membrane (Merck Millipore, Billerica, MA, USA)
at 4 °C before being stored at −20 °C.

ACE Activity Assay. ACE enzymatic activity was
determined by quantifying hippuric acid released by hydrolysis
of the synthetic substrate hippuryl-L-His-L-Leu (HHL) using
reversed-phase HPLC according to a method adapted from that
of Tauzin et al.10 Briefly, a volume of 20 μL of enzymatic
solution was added to 130 μL of 50 mM Hepes buffer, pH 8.3,
containing 5.2 mM HHL and 300 mM NaCl and incubated at
37 °C for 5−60 min. The enzymatic reaction was then stopped
by adding 75 μL of inhibiting solution composed of 15 μM
captopril (Sigma-Aldrich Co.), 3 mM trisodium EDTA, and
0.2% (v/v) trifluoroacetic acid. The hippuric acid quantification
was performed according to Tauzin et al.10 Increasing
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quantities of hippuric acid were injected on the C18 column in
order to plot a standard curve and calculate enzyme activity.
One unit of ACE activity corresponds to 1 μmol of hippuric
acid produced per min.
ACE Purification by Affinity Chromatography and

Characterization. Purification of recombinant somatic ACE
was carried out on lisinopril Sepharose 6B column (GE
Healthcare, Uppsala, Sweden) according to a method adapted
from that of Bull et al.20 The solution containing the trypsin-
solubilized form of ACE was concentrated and washed 10 times
with 15 mM Hepes buffer, pH 8.3, containing 250 mM NaCl
and 10 μM ZnSO4 by centrifugation at 3320g at 4 °C using
Amicon concentrators with a 100-kDa cutoff membrane
(Merck Millipore). Afterward, the solution was centrifuged
for 15 min at 3320g at 4 °C, and its pH (which should be close
to 8.3) and absorbance at 280 nm were measured before
loading the sample on the lisinopril Sepharose 6B column (3.1
× 1.0 cm) equilibrated with the Hepes buffer at 4 °C and at a
flow rate of 0.8 mL/min. During the run, aliquots of 1 mL were
collected and monitored at 280 nm. After removal of the
unbound material by washing the column with Hepes buffer,
elution of recombinant ACE was performed with the same
buffer containing 10 μM lisinopril. These elution fractions were
pooled and dialyzed at 4 °C against lisinopril-free Hepes buffer.
Apparent molecular mass and purity control of recombinant

somatic ACE were determined by SDS−PAGE with a 5% (w/
v) acrylamide stacking gel at pH 6.8 and a 7.5% (w/v)
acrylamide resolving gel at pH 8.8 according to the method of
Laemmli21 with the Mini-Protean 3 system (Bio-Rad
Laboratories Inc., Marnes-la-Coquette, France). The conditions
of migration were 200 V, 500 mA, and 4 °C. After a 30−45 min
migration, the proteins were revealed in gel by silver staining.
Precision Plus Protein prestained standards (Bio-Rad) were
used to provide a ladder of molecular masses.
Purification of Inhibitory Peptides. Peptides FALP-

QYLK and FALPQY were synthesized by PolyPeptide Group
(Strasbourg, France), while peptide BPP-11b was obtained
from Genosphere Biotechnologies (Paris, France). All these
synthetic peptides were purified by reversed-phase HPLC as
described by Zidane et al.22 with a linear gradient 10−50% (v/
v) acetonitrile in water and in the presence of 0.1% (v/v)
trifluoroacetic acid for 80 min. Volumes of 500 μL of each
peptide solution at 0.5 mg/mL were injected onto the column
per run. Pure peptides were collected, freeze-dried, and stored
at −20 °C.
Determination of Protein and Peptide Contents. Total

protein content was determined according to the method of
Bradford23 using bovine serum albumin as standard. Measure-
ments were performed in triplicates. The ACE concentration
was determined by measuring its absorbance at 280 nm and
using its theoretical molar extinction coefficient of 309815 M−1

cm−1 calculated with ProtParam tool available online (http://
web.expasy.org/protparam/).
Peptide concentrations were determined by quantifying free

amino groups of peptides by the o-phthaldialdehyde method of
Frister et al.24 at 340 nm with an MRX microplate reader
(ThermoLabsystems, Chantilly, VA, USA). Measurements were
carried out in triplicates. The presence of reactive ε-amino
group (in peptides containing lysyl residues) or the absence of
α-amino group in BPP-11b (pyroglutamyl residue at amino-
terminus position) was taken into account.
SPR Analysis of ACE−Inhibitor Interactions. The

interaction studies were carried out in real time by SPR

analysis using a Biacore 2000 or Biacore T200 instrument (GE
Healthcare Biacore). A carboxymethylated dextran sensor chip
CM5 (BR-1000-12, GE Healthcare Biacore) was used to
immobilize the purified enzyme via the standard amine
coupling method.
All experiments were carried out at 25 °C. A filtered (0.22

μm) and degassed mixture of 10 mM Hepes, pH 7.4,
containing 150 mM NaCl, 1 μM ZnSO4 and 0.005% (v/v)
Tween 20 was used as running buffer for the immobilization
and stabilization of ACE. The four flow cells (FC) of a CM5
sensor surface were activated with a 1:1 (v/v) mixture of 0.2 M
N-ethyl-N′-(3-dimethylaminopropyl)-carbodiimide hydrochlor-
ide and 0.05 M N-hydroxysuccinimide for 10 min (5 μL/min).
Various quantities of ACE that had been dialyzed at 4 °C in 10
mM sodium acetate buffer, pH 4.0, were immobilized on two
FC by injection of a 0.26-μM solution at a flow rate of 5 μL/
min. The response levels were in the range of 4150−8770 and
9960−11790 resonance unit (RU) for FC1 and FC2,
respectively. As a negative control, bovine αs1-casein purified
according to Miclo et al.25 was dissolved at 1 mg/mL in 10 mM
sodium acetate buffer, pH 4.0, and immobilized on FC3. FC4
contained no ligand and served as a reference. Remaining
reactive groups on the matrix were blocked by treatment with 1
M ethanolamine adjusted to pH 8.5 with HCl.
For binding experiments, filtered and degassed 10 mM

Hepes buffer, pH 7.4, containing 300 mM NaCl, 1 μM ZnSO4,
and 0.005% (v/v) Tween 20 (HBS-B) was used as dilution and
running buffer for binding experiments. Serial dilutions of each
purified peptide were injected over the four cells at a flow rate
of 30 μL/min (MCK, multicycle kinetics). Each cycle consisted
of a 60-s sample injection (except for BPP-11b: 600 s) followed
by a postinjection phase of 500 s for FALPQYLK and
FALPQY, and of 6000 s for BPP-11b. Captopril, lisinopril,
and BPP-11b were analyzed using single-cycle kinetic (SCK)
runs with successive 60 or 600 s injections of the samples
followed by a single postinjection phase of at least 20 min. The
tripeptide GGG (Sigma-Aldrich Co.) at a concentration of 50
μM was used as negative control. Captopril and lisinopril were
also used to evaluate the binding capacity of the immobilized
ACE.
The binding curves were prepared by double referencing,

that is, subtraction of the sensorgram recorded on the reference
flow cell (FC4), followed by subtraction of a sensorgram
resulting from HBS-B buffer injection on the ACE surface. Data
were XY-zeroed and the resulting binding curves were analyzed
by regression analysis, using the softwares BIAevaluation T200
version 1.0 (GE Healthcare), BIAevaluation 2000 version 3.0
(GE Healthcare), or Scrubber 2.0c (BioLogic Software,
Campbell, Australia). The association (kon) and dissociation
(koff) rate constants, the equilibrium dissociation constant (KD
= koff/kon), the maximum response Rmax, and the binding
stoichiometry (n) were determined using the heterogeneous
ligand model with two parallel interactions or the Langmuir
binding model. The theoretical binding capacity (Rmaxtheor) of
the surface was calculated from the level of fixed ACE (RUACE),
and Mr of ACE (Mr ACE) and inhibitors (Mr inhibitor), as

=R M Mmax RU /theor ACE r inhibitor r ACE (1)

assuming a one ACE/one inhibitor stoichiometry. The
experimental binding capacity of the surface (Rmax) was fitted
from kinetic or affinity data evaluation. The binding
stoichiometry (n) was calculated as the ratio of fitted to
theoretical binding capacity:
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=n R Rmax / max theor (2)

The binding curves (for captopril, lisinopril, and BPP-11b)
were also interpreted from kinetic distribution analysis using
the tool Interaction Map (Ridgeview Diagnostics, Uppsala,
Sweden). The software decomposes the curves into the
contributions of parallel interactions and presents the results
as an interaction map (koff on the x-axis; kon on the y-axis),
where each peak represents an interaction event.
The sequential binding studies were performed with

FALPQY and captopril or with FALPQY and BPP-11b. An
injection of the running buffer HBS-B or of a 200-nM captopril
solution (120 s; 10 μL/min) or a 9-nM BPP-11b solution (600
s; 10 μL/min) was followed by an injection of either running
buffer or 30 μM FALPQY (90 s; 10 μL/min) and a 7000-s
postinjection phase. The Scrubber 2.0c software was used for
data analysis.

■ RESULTS
ACE Expression, Purification, and Characterization.

Human recombinant somatic ACE expressed in CHO-ACE cell
line was solubilized from cell membranes by trypsin which
removed its membrane anchor without altering its catalytic
activity.26 After purification, ACE was recovered with high
degree of purity upper to 90% and displayed an apparent
molecular mass of ca. 187 kDa (Figure 1) and a specific activity
toward HHL of 26.8 U/mg of protein, close to the specific
activity of 24 U/mg determined by Nishimura et al.27

Assessment of the Binding Capacity of Immobilized
ACE. The well-known pharmacological ACE inhibitors
captopril (an N-thioalkyl derivative of the dipeptide sequence
AP) and lisinopril (tripeptide analogue of FKP) were used as
reference analytes to estimate the binding capacity of ACE
when covalently immobilized on sensor surfaces. Indeed, the
standard amine coupling of proteins results in random
immobilization, with different orientations that lead to a partial
steric hindrance of the binding sites.28 On the other hand, a
partial ACE denaturation might occur during the successive
experimental steps such as freezing, defrosting, dialysis, and
immobilization. The SPR response expected at surface
saturation (Rmaxtheor) can be calculated knowing that the
enzyme possesses two active sites, each being able to recognize

and bind an inhibitor molecule.13,14,17,29 The experimental
maximal response (Rmax) was obtained by injecting samples
containing increasing concentrations of the inhibitors over the
ACE surfaces. The fraction of functional ACE is given by the
ratio of observed to expected saturation response.
The SPR binding curves corresponding to the injection of

captopril or lisinopril over two surfaces with different ACE
densities are shown in Figure 2, panels A and B, respectively.
Surface saturation was clearly achieved in the case of lisinopril,
with observed responses of 26 and 10 RU on the two ACE
surfaces (Figure 2B). The calculated saturation responses were
52 and 22 RU, respectively. Consequently, the fraction of
functional ACE is ca. 50% (26/52 or 10/22). Surface saturation
is almost reached in the case of captopril with experimental
responses around 12 and 10 RU (Figure 2A), as compared to
calculated saturation responses of 30 and 22 RU, respectively,
confirming that the fraction of functional enzyme lies around
50%. This value will be used to correct experimental
stoichiometries thereafter.

Binding of Captopril or Lisinopril to Immobilized ACE.
The binding curves showing the real-time association and
dissociation of captopril and lisinopril onto immobilized ACE
were analyzed by regression analysis using either the 1:1
Langmuir binding model or the heterogeneous ligand model,
which describes the different interactions of the analyte with
two different immobilized binding sites.
The two interactions were difficult to describe with high

precision because the SPR signal was small due to the low
molecular weight of the inhibitors and because binding was
limited by mass transport (data not shown). Reducing the
amount of immobilized ACE to prevent mass transport was not
possible because the SPR signal would then be reduced as well.
The fits were better in the case of the heterogeneous ligand

model (Figure 2A,B), with an average Chi2 < 0.26, as compared
to >0.7 obtained with the Langmuir model. In the case of
captopril, the fits indicated the existence of two interactions
with KD around 0.1 and 1.3 nM (Table 1). The corrected
stoichiometries were similar (0.84, 0.80; Table 1) as expected if
the two interactions correspond to the binding of captopril to
the two ACE active sites. The half-time t1/2 of the strong and
weak affinity complexes, calculated from the off-rate constants,
were ∼1 h and 2.2 min, respectively.
Regression analysis of the ACE−lisinopril binding curves

indicated two interactions with KD’s around 0.1 and 2.4 nM
(Table 1). The corrected stoichiometries were 1.3 and 0.7
lisinopril/ACE for the strong and weak interactions,
respectively. The half-time t1/2 of the strong and weak affinity
complexes, calculated from the off-rate constants, were ∼1.3 h
and 2.3 min, respectively.

Interaction Study between Immobilized ACE and the
Selective Peptide Inhibitor BPP-11b. Binding kinetics of
BPP-11b to ACE were investigated in SCK runs by injecting
concentrations of BPP-11b ranging from 1.9 to 150 nM. When
fitting the data to the 1:1 Langmuir binding model (Figure 2C),
BPP-11b was found to bind to ACE with KD = 0.51 nM and a
corrected stoichiometry of ≈1 (Table 1), suggesting the
presence of a predominant BPP-11b binding site on ACE.
These results are in accordance with the findings of Cotton et
al. who showed that this peptide bound preferentially to the
carboxyl domain (apparent Ki = 30 nM) of human somatic
ACE, and with a 266-fold weaker affinity to the amino domain
(apparent Ki = 8000 nM).18

Figure 1. Purity control of ACE. The SDS-PAGE profile using 7.5%
(v/v) acrylamide resolving gel shows the purified recombinant human
somatic ACE expressed in CHO-ACE cell line solubilized by trypsin
and stained by silver nitrate. MM: molecular mass standards.
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Kinetic Distribution Analysis of the Binding Data of
Captopril, Lisinopril, and BPP-11b. Regression analysis of
kinetic data is limited to relatively simple binding models and
can provide acceptable fits even when the model does not
conform to the complexity of experimental data. Alternative
mathematical approaches have been proposed that decompose
kinetic curves into the contributions of parallel interactions,
based on a two-dimensional distribution of kinetic parame-
ters.30−33 In contrast with regression analysis, kinetic
distribution analysis of kinetic curves does not require a priori
assumptions regarding the number of interactions contributing
to the curve. We have used Interaction Map (Ridgeview
Diagnostics) to investigate if the kinetic curves recorded with
captopril and lisinopril indeed conform to the sum of two
parallel interactions, and to further investigate the complexity of
the ACE−BPP-11b interaction. The maps calculated from three
different ACE−captopril, ACE−lisinopril, or ACE−BPP-11b
kinetic curves are shown in Figure 3.
The kinetic distribution analysis of the curves recorded with

captopril and lisinopril identified two peaks, indicating the
contribution of two interactions to the curves (Figure S1,
Supporting Information). The kinetic/affinity parameters of the
weakest interactions were difficult to resolve precisely because
of their small contribution to the SPR signal at low inhibitor
concentration. Furthermore the signal itself was small (<26 RU

at surface saturation) because of the low Mr of the inhibitors.
Despite these technical challenges, the peak patterns obtained
in three independent experiments were strikingly similar. The
peaks were located on a same level in the y-direction indicating
similar on-rate constants and were separate in the x-direction
indicating different off-rate constants and therefore equilibrium
affinity constants. The two peaks in the ACE−lisinopril maps
(Figure 3D−F) consistently lay further apart than those in the
ACE−captopril maps (Figure 3A−C), indicating a larger
difference in affinity between the two interactions contributing
to the ACE−lisinopril curves compared to those contributing
to the ACE−captopril curves. The most stable interaction, in
both the lisinopril and captopril maps, showed a KD in the 0.1−
0.3 nM range. The weakest interaction showed a KD in the 2−4
nM range in the case of captopril and >8 nM in the case of
lisinopril. These values are consistent with those found from
regression analysis (Table 1), except for the lower affinity (>8
nM) of the weakest ACE−lisinopril interaction. The decom-
position of each kinetic curve into the two contributing
interactions is shown in Figure S1, Supporting Information.
The peak weights reflect their contribution to the overall

signal. They are expected to be higher for the strongest
compared to the weaker interaction if surface saturation was
not reached. The highest affinity peak contributed between 45
and 65% of the signal, while the lowest affinity peak contributed

Figure 2. Regression analysis of the SCK binding curves recorded for the ACE−inhibitor interactions. (A) Increasing concentrations of captopril
(0.37−30 nM) were injected successively over two surfaces with immobilized recombinant human somatic ACE (8770 and 11790 RU). (B)
Increasing concentrations of lisinopril (4−1000 nM) were injected simultaneously over two surfaces with immobilized ACE (4150 and 10000 RU).
(C) BBP-11b at concentrations ranging between 1.9 and 150 nM was injected over a surface with immobilized ACE (9960 RU). The sample
injections lasted for 10 min (A) or 1 min (B and C), and were separated by a 2-min buffer wash. The experimental curves (black) were fitted to the
heterogeneous ligand binding model with two parallel interactions (A and B) or the 1:1 Langmuir binding model (C) using the BIAevaluation T200
software (version 1.0). Fitted curves are in gray.

Table 1. Kinetic and Equilibrium Constants for the Interaction of Captopril, Lisinopril, and BPP-11b with the Immobilized
ACEa

kon (10
6 M−1 s−1) koff (10

−3 s−1) KD (nM)
experimental stoichiometry (mol/mol

ACE)
corrected stoichiometryd (mol/mol

ACE)

captoprilb Site 1 1.4 ± 0.8 0.17 ± 0.05 0.15 ± 0.09 0.42 ± 0.05 0.84 ± 0.1
Site 2 8.6 ± 6.0 5.1 ± 0.7 1.3 ± 1.4 0.40 ± 0.05 0.80 ± 0.1

lisinoprilb Site 1 1.3 ± 0.4 0.14 ± 0.14 0.10 ± 0.08 0.67 ± 0.02 1.34 ± 0.04
Site 2 1.8 ± 0.6 4.9 ± 4.9 2.4 ± 1.9 0.33 ± 0.02 0.66 ± 0.04

BPP-11bc 1.2 ± 0.6 0.65 ± 0.31 0.51 ± 0.34 0.43 ± 0.08 0.86 ± 0.16
aStandard error values were calculated from four to five measurements for each analyte. bData were fitted with the heterogeneous ligand model (two
parallel interactions). cData were fitted with the 1:1 Langmuir binding model. dValues corrected according to functional ACE percentage (ca. 50%).

Biochemistry Article

dx.doi.org/10.1021/bi4006144 | Biochemistry 2013, 52, 8722−87318726



to 22 and 45% of the signal. The weight parameter is difficult to
determine precisely, in particular when one high affinity
interaction is compared to a low affinity interaction and the
concentrations used do not fully saturate the lower-affinity
binding site. Under such conditions, the weight may be less
precise and its value of indicative nature.
We also verified that simulated mass transport-influenced

kinetic curves produce a single peak (data not shown). The two
peaks identified from the ACE−lisinopril and ACE−captopril
kinetic curves are therefore not related to mass transport.
The kinetic distribution analysis of the ACE interaction with

BPP-11b produced complex maps (Figure 3G−I). The
predominant peak corresponded to an interaction with
nanomolar affinity, consistent with the global KD calculated
from regression analysis using the Langmuir model. The peak is
broadened toward higher affinities (slower dissociation) in two
of three experiments (Figure 3G,H) and a higher affinity peak
appears in the last one (Figure 3I). The meaning of this pattern
is unclear, but the existence of a different, stronger-affinity
binding site can be excluded because it would be most
populated (highest peak weight). A low affinity peak is present
in all maps. These curves present complexities that could not be
unraveled with the current approaches, possibly resulting from
peptide BPP-11b conformational heterogeneity.
Interaction Study between Immobilized ACE and

Inhibitory αs2-Caseinopeptides. Sensorgrams of the inter-
action of ACE with FALPQYLK and FALPQY displayed
similar profiles characterized by a fast dissociation of the ACE−
peptide interactions (Figure 4A,B). Fits of the binding curves to
the 1:1 Langmuir model indicated equilibrium dissociation

constants of 3.1 μM for FALPQYLK and 3.7 μM for FALPQY
(KD, Table 2). These ACE−peptide affinities are weak when
compared to those measured with captopril, lisinopril and BPP-
11b, and close to the published IC50 value (4.3 μM10). Their
similarity indicates that the carboxyl terminal dipeptide LK had
no influence on the ACE binding properties as evaluated by
Biacore SPR, consistent with their similar inhibitory capacity.10

A corrected binding stoichiometry around 2 was calculated for
both peptides, suggesting the existence of two peptide binding
sites on ACE.

Development of a Mapping Method for the Deter-
mination of ACE−FALPQY Binding Sites. We used
sequential binding experiments to determine if FALPQY
bound either specifically to the active sites of ACE or to
other surface regions of the enzyme. The peptide FALPQY was
first studied in competition with captopril toward ACE. Hence,
the binding sites of the amino and carboxyl domains of ACE
were almost fully saturated by injection of a 200-nM captopril
sample (ca. 200-fold the highest KD). A solution of FALPQY at
a concentration of 30 μM (ca. 8-fold the KD value) was then
injected and a remaining response signal of 2.7 RU was
measured (Figure 5A), as compared to 19 RU in the absence of
captopril (Figure 5B). Comparison between response signals of
FALPQY in the presence and in the absence of captopril
showed a signal loss of ca. 90%. The observation that the
binding of FALPQY was almost fully blocked when ACE was
saturated with captopril indicated that FALPQY bound at the
same locations as captopril, presumably in or near the two
active sites located on the two domains of ACE.

Figure 3. Kinetic distribution analysis of the SCK binding curves recorded for the ACE−inhibitor interactions. Three SCK binding curves recorded
for captopril (A, B, C), lisinopril (D, E, F), and BPP11b (G, H, I) were evaluated with the Interaction Map software. The maps display each
interaction contributing to the measured binding curve as a peak using log (kon) and log (koff) coordinates. Colors represent the relative degree of
contribution of the different interactions (red: large contribution, blue: small contribution). The inhibitor concentrations were 2.5−200 nM (A and
B) and 0.4−30 nM (C) for captopril, 4−1000 nM (D and E) and 3.7−300 nM (F) for lisinopril, 0.009−18 nM (G) and 1.85−150 nM (H and I) for
BPP-11b. Recombinant human somatic ACE immobilization levels were from top to bottom 6575, 9960, and 11787 RU for assays with captopril,
4150, 10000, and 11790 RU for assays with lisinopril; 8080, 11790, and 9960 RU for assays with BPP-11b. The decomposition of the experimental
curves into the contributing interactions is shown in Figure S1, Supporting Information.
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In contrast to captopril, BPP-11b should only partially block
FALPQY binding. Indeed BPP-11b is believed to bind
preferentially to the carboxyl terminal domain of ACE,18 as
supported by the corrected stoichiometry close to 1 measured
here (Table 1), while a stoichiometry of 2 was calculated for
FALPQY (Table 2). In the present study, a concentration of 9
nM BPP-11b was used to investigate the competition between
the latter and FALPQY toward ACE. At 9 nM, the preferential
binding site of BPP-11b on ACE is predicted to be ca. 80%
saturated (n = 0.8). If two FALPQY molecules are able to
interact with one ACE molecule, and if one of the two binding
sites is ca. 80% saturated with the BPP-11b thus leaving 1.2/2
(60%) sites available for FALPQY binding, we expect that the
FALPQY response in the presence of BPP-11b will be ca. 60%
of that in the absence of BPP-11b. The measured FALPQY
responses in the presence and absence of BPP-11b were 14 and

25 RU, respectively (Figure 6A,B). The 56% FALPQY response
remaining in the presence of BPP-11b was close to the expected
response of 60%.

■ DISCUSSION
We have applied the Biacore SPR technology to study the
mode of binding of ACE with the pharmacological inhibitors
captopril and lisinopril, with BPP-11b (a carboxyl domain
selective peptidic inhibitor) and with two inhibitory casein-
opeptides. Numerous publications focus on the inhibition
mechanisms of ACE by pharmacological or peptidic inhibitors
using conventional enzymatic approaches. However, the
resulting values of the inhibitory constants Ki of different
molecules depend on the substrate used to perform the study,28

which complicates data interpretation and the comparison of
data resulting from different studies. This drawback can be
overcome by eliminating the substrate from the system in direct
binding assays. To this end, various methods were used to
analyze inhibitor binding to ACE instead of measuring
enzymatic inhibition, such as equilibrium dialysis,34 isothermal
titration calorimetry,13,35 quartz crystal microbalance techni-
que,14 resonance energy transfer,12 and fluorescence polar-
ization technique.36 However, these approaches present a
number of disadvantages that limit their application or affect
their informative content (lack of sensitivity, high ACE
consumption, use of mutated, single-domain or labeled
molecules...).29,37−39

We present here a comprehensive study that uses a direct
label-free approach, SPR-based biosensing, to compare the
ACE binding properties of different classes of molecules. In
addition, our results show that immobilized ACE can be reused,
and this limits the costs of production of the enzyme. In
contrast with most of the previous studies, binding measure-

Figure 4. Analysis of the ACE−caseinopeptide interactions. Sensor-
grams recorded when injecting samples with increasing concentrations
of FALPQYLK (A) and FALPQY (B) over immobilized recombinant
human somatic ACE (7860 RU) in MCK runs. Each cycle consisted of
a 60-s sample injection followed by a postinjection phase of 500 s.
Equilibrium responses were plotted as a function of FALPQYLK (A′)
and FALPQY (B′) concentration and fitted to the 1:1 Langmuir
binding model using Scrubber 2.0c software. The resulting equilibrium
dissociation constants are reported in Table 2.

Table 2. Equilibrium Constants for the Interaction of the
Peptide Inhibitors FALPQYLK and FALPQY with the
Immobilized ACEa

KD (μM)

experimental
stoichiometry (mol/

mol ACE)

corrected
stoichiometryb (mol/

mol ACE)

FALPQYLK 3.1 ± 0.1 0.9 ± 0.1 1.8 ± 0.2
FALPQY 3.7 ± 0.1 0.9 ± 0.1 1.8 ± 0.2

aData were fitted with the 1:1 Langmuir binding model using Scrubber
2.0c software. Standard error values were calculated from two
measurements for each analyte. bValues corrected according to
functional ACE percentage (ca. 50%).

Figure 5. Competition between FALPQY and captopril for binding to
immobilized recombinant human somatic ACE (7860 RU). (A)
Injection of a saturating concentration of captopril (200 nM) for 120 s
followed by a 90-s injection of either running buffer (1), or a saturating
concentration of FALPQY (30 μM) (2). The signal remaining after
subtracting (1) from (2) corresponds to the interaction of FALPQY
with the captopril-saturated enzyme. (B) Comparison of this
remaining (2) − (1) signal with that produced when FALPQY (30
μM) is injected in the absence of captopril.
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ments were performed using the whole two-domain human
somatic ACE. The quality of the SPR binding curves combined
with their analysis via performing data evaluation approaches
enabled a precise description of the ACE−inhibitor binding
modes. Moreover, we show that the technology can be
employed to determine the binding site(s) of a given ACE
inhibitor and differentiate the involvement of the two active
sites of ACE in the interaction.
The enzyme inhibition and binding properties of captopril

and lisinopril have been previously extensively studied.
Enzymatic inhibition assays showed that they bind with
different affinities to the two domains of ACE, captopril
showing a preference for the amino domain and lisinopril for
the carboxyl domain. Nevertheless, results depended on the
substrate used in the tests, and the measurements were
performed with mutated enzymes or with each of the amino
and carboxyl domains separately.14,17,28,40 Direct binding assays
were also performed. Isothermal titration calorimetry studies
indicated that captopril bound ACE with a global dissociation
constant lower than 10 nM.13 Moreover, investigation of the
binding of [3H]captopril to ACE indicated a global KD in the
nanomolar range. In the case of lisinopril, a global KD in the
nanomolar range was measured using quartz crystal micro-
balance14 and in the 20-nM range using fluorescence
polarization.36

The SPR analysis of the whole two-domain ACE binding to
the pharmacological inhibitors, combined with the kinetic
distribution analysis of the binding curves, clearly indicated the
existence of two interactions with similar on-rate constants and
different off-rate constants (Figure 3). The two KD’s differed by
a factor 10−20 in the case of captopril, and >30 in the case of

lisinopril. Considering the earlier findings that captopril and
lisinopril preferentially bind to the amino and carboxyl domains
of ACE, respectively,17,28,40 we can speculate that captopril
binds the amino and carboxyl domains with KD’s around 0.2
and 3 nM, respectively, and that lisinopril binds these domains
with KD’s > 8 and around 0.2 nM, respectively. The fast
formation of ACE−captopril complex and its slow dissociation
are consistent with the clinical efficiency of captopril in the
treatment of hypertension.7

The interaction of the snake venom peptide BPP-11b with
the enzyme was also investigated by SPR, indicating a
nanomolar affinity and a corrected stoichiometry of 1. This
interaction probably corresponded to BPP-11b binding to the
carboxyl domain active site, as Cotton et al. have found that
BPP-11b was 266-fold more selective for the carboxyl domain
of ACE than for the amino domain (apparent Ki = 30 and 8000
nM, respectively).18

Besides these strong inhibitors, many peptides able to inhibit
ACE activity in vitro have been isolated from food protein
sources, notably milk, but their mechanism of binding to ACE
is still misunderstood. Tryptic digestion of αs2-casein leads to
produce ACE-inhibitory peptides among which FALPQYLK
and FALPQY are the most efficient with the same IC50 of 4.3
μM, a value lower than IC50 of most of the inhibitory
caseinopeptides.10 The inhibitory potency of FALPQYLK
could not be attributed to the generation of FALPQY by
ACE as only 2% of FALPQYLK was hydrolyzed into FALPQY
by ACE in the presence and the absence of the synthetic
substrate HHL.10 Therefore, these peptides were chosen to
compare their mode of binding to human ACE with that of the
stronger inhibitors (pharmacological inhibitors, BPP-11b). A
fast dissociation immediately after stopping the injection into
the microfluidic system was observed, resulting in a much
weaker affinity compared to the pharmacological inhibitors
captopril and lisinopril, with similar KD’s values of 3.1 and 3.7
μM respectively. This confirmed that the two carboxyl-terminal
residues LK did not have any role in determining the affinity of
these peptides to ACE.10 Moreover, the corrected binding
stoichiometries indicated that the αs2-caseinopeptides FALP-
QYLK and FALPQY bound to two sites on ACE. The ability of
captopril and BPP-11b to fully and partly, respectively, block
FALPQY binding to ACE in a SPR competition assay indicated
that the αs2-caseinopeptide recognized the active site regions on
both amino and carboxyl domains of ACE. The SPR study thus
demonstrated that (i) the caseinopeptides FALPQYLK and
FALPQY, unlike the other inhibitors studied in this work, form
an unstable complex with ACE, (ii) the two caseinopeptide
molecules are able to interact with one enzyme molecule, and
(iii) the peptide binding sites and ACE active sites overlap.
We show here that SPR analysis is a complementary tool to

enzymological investigations, as it represents an efficient means
to determine the t1/2 of ACE−inhibitor complex, its binding
stoichiometry, and the location of the binding site(s) of the
inhibitor on ACE. The technology is suitable to predict, in a
first step, if a molecule interacting with ACE in vitro possesses
some potentiality to be antihypertensive in vivo before carrying
out investigations on its bioavailability and its capability of
lowering the level of blood pressure in vivo, or displays any
other biological activity related to its selective interaction with
the amino domain.41 Indeed, whereas pharmacological
inhibitors such as enalapril, lisinopril, and fosinopril are, like
captopril, able to inhibit both amino and carboxyl domains of
ACE,28 their chronic use in the treatment of hypertension may

Figure 6. Competition between FALPQY and BPP-11b for binding to
immobilized recombinant human somatic ACE (7860 RU). (A)
Injection of a 9-nM BPP-11b sample (a concentration that allowed
saturating 80% its binding site on ACE) for 600 s followed by a 90-s
injection of either buffer (1) or a saturating concentration of FALPQY
(30 μM) (2). The signal remaining after subtracting (1) from (2)
corresponds to the interaction of FALPQY with the BBP-11b at a
concentration saturating 80% its binding site on ACE. (B)
Comparison of this remaining (2) − (1) signal with that produced
when FALPQY (30 μM) is injected over ACE in the absence of BPP-
11b.
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lead to some undesirable effects which have been attributed to
the accumulation of bradykinin after full inhibition of ACE.5

Therefore, several studies focus on molecules able to inhibit
ACE in a selective way. According to Georgiadis et al., the
selective inhibition of ACE carboxyl domain could lead to a
reduction of blood pressure, without altering bradykinin
degradation by the amino domain active site, and could thus
reduce side effects.42 On the other hand, selective inhibition of
the amino domain could prevent cardiac and renal fibrosis,43 as
the administration of the antifibrotic acetyl-SDKP to Sprague−
Dawley rats lead to minimize collagen deposition and cell
proliferation in the heart and the kidney.44,45 With this regard,
the approach presented here was shown to be a quick and
efficient mean to assess the binding domain of a given molecule
and the selection of those possessing the desired properties.
In conclusion, we were able to characterize the ACE−

inhibitor binding mode using the SPR technology, combined
with the regression or kinetic distribution analysis of the
binding curves. These approaches represent an efficient means
to select inhibitors that form stable complexes with ACE, which
is a prerequisite for an efficient action in vivo, and to investigate
their selectivity toward the amino or the carboxyl domain of
ACE. They could thus be employed, in a first step, to select
promising inhibitors, prior to more time-consuming in vivo
experiments.
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