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ABSTRACT: Angiotensin I-converting enzyme (ACE), a key enzyme in cardiovascular pathophysiology,
consists of two homologous domains (N and C), each bearing a Zn-dependent active site. We modeled
the 3D-structure of the ACE N-domain using known structures of the C-domain of human ACE and the
ACE homologue, ACE2, as templates. Two monoclonal antibodies (mAb), 3A5 and i2H5, developed
against the human N-domain of ACE, demonstrated anticatalytic activity. N-domain modeling and
mutagenesis of 21 amino acid residues allowed us to define the epitopes for these mAbs. Their epitopes
partially overlap: amino acid residues K407, E403, Y521, E522, G523, P524, D529 are present in both
epitopes. Mutation of 4 amino acid residues within the 3A5 epitope, N203E, R550A, D558L, and K557Q,
increased the apparent binding of mAb 3A5 with the mutated N-domain 3-fold in plate precipitation
assay, but abolished the inhibitory potency of this mAb. Moreover, mutation D558L dramatically decreased
3A5-induced ACE shedding from the surface of CHO cells expressing human somatic ACE. The inhibition
of N-domain activity by mAbs 3A5 and i2H5 obeys similar kinetics. Both mAbs can bind to the free
enzyme and enzyme-substrate complex, forming E‚mAb and E‚S‚mAb complexes, respectively; however,
only complex E‚S can form a product. Kinetic analysis indicates that both mAbs bind better with the
ACE N-domain in the presence of a substrate, which, in turn, implies that binding of a substrate causes
conformational adjustments in the N-domain structure. Independent experiments with ELISA demonstrated
better binding of mAbs 3A5 and i2H5 in the presence of the inhibitor lisinopril as well. This effect can
be attributed to better binding of both mAbs with the “closed” conformation of ACE, therefore, disturbing
the hinge-bending movement of the enzyme, which is necessary for catalysis.

Angiotensin I-converting enzyme (ACE1) (EC 3.4.15.1,
CD 143) is a zinc-metallopeptidase, responsible for the
formation of the vasoconstrictor angiotensin II and the
inactivation of the vasodilator bradykinin. The enzyme is
also involved in neuropeptide metabolism and reproductive
and immune functions (for reviews see refs1-4). The
somatic isoform is expressed widely at surface-fluid inter-
faces and plays an important role in blood pressure regula-
tion, the development of vascular pathology, and endothelium
remodeling in some disease states. ACE has been assigned

as a CD marker: CD 143 (5, 6). The testicular isoform is
limited to spermatozoa and is essential for male fertility (7).

Somatic ACE consists of two homologous N- and C-
domains, each having a functional active site (8). The tertiary
structure of somatic ACE is still unknown. Testicular ACE
is coded by the same gene as somatic ACE but from an
alternative promoter (9). This ACE is identical to the
C-terminal domain of somatic enzyme, except for a short
N-terminal sequence of 36 amino acids, and thus contains
only one catalytic site (10). The crystal structure of the
human C-terminal domain was recently described (11).
Somatic and testicular ACEs are both type 1 integral
membrane-anchored proteins. Somatic ACE also exists as a
soluble form, e.g., in plasma, cerebrospinal fluid, and seminal
plasma (see reviews1-3), that lacks the transmembrane
domain responsible for membrane attachment (12-16).

The “bridge sequence” between the two ACE domains can
be cleaved both in vivo and in vitro (17-21). Different heat
stabilities of the domains allow selective inactivation of the
C-domain and underlie the method of acquiring an active
N-domain with inactive C-domain within a full-length ACE
(19, 21). These results suggest that the two domains within
the somatic ACE molecule are rather separate and distinctive
structures.
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Hydrolysis of various substrates by different ACE forms
and, especially, the inhibition of ACE by inhibitors have been
studied intensively (3, 20, 22-27). Special attention was paid
to the differences in the function of N- and C-domains of
ACE, as well as to the development of ACE inhibitors
specific for each domain (20, 28-33). The two catalytic
centers within somatic ACE were long considered to function
independently (22, 24, 28, 34). However, our recent studies
with both bovine and human ACE (20, 27) revealed the
existence of strong negative cooperativity between the N-
and C-domain active centers functioning in full-length ACE,
which implies tight proximity of the domains within the
somatic enzyme molecule.

Development of numerous mAbs to different epitopes of
the ACE molecule which influence ACE functions, in
conjunction with epitope mapping, provides a unique op-
portunity to study ACE in fine structural detail. Thus, the
study of the effect of mAbs on ACE shedding (35) or ACE
dimerization in reverse micelles (36) plus epitope mapping
of functionally active antibodies allowed us to identify the
region on the N-domain that determines a low rate of somatic
ACE shedding from the cell surface (36). One of the mAbs,
3A5, which greatly influences ACE shedding (35), also
demonstrated strong anticatalytic activity (25).

The presence of anti-ACE autoantibodies was indicated
recently in several diseases with an autoimmune compo-
nent: lupus erythrematosis, scleroderma, and rheumatoid
arthritis (35, 38). The clinical significance of the presence
of these autoantibodies is still unclear. However, we might
assume that an epitope specificity of the autoantibodies to
ACE for these distinct diseases could be a characteristic of
the pathology.

In this study we identified the epitopes for two mAbs that
exhibit inhibitory activity toward the N-domain of ACE.
Detailed kinetic analysis of ACE inhibition by these mAbs
allowed us to reveal their mechanisms of action. Modeling
of the N-domain structure along with the knowledge of these
kinetic mechanisms of inhibition allowed us to hypothesize
about a mechanism action of the enzyme.

MATERIALS AND METHODS

Chemicals.Benzyloxycarbonyl-L-phenylalanyl-L-histidyl-
L-leucine (Z-Phe-His-Leu) was from Bachem (King of
Prussia, PA). Hippuryl-L-histidyl-L-leucine (Hip-His-Leu),
N-(S-1-carboxy-3-phenylpropyl)-L-lysyl-L-proline (lisinopril)
and other reagents (unless otherwise indicated) were obtained
from Sigma (St. Louis, MO).

Expression of Human ACE Constructs in CHO Cells.
Stable cell lines of CHO cells expressing wild-type human
somatic ACE (clone 2C2) or single N-domain of ACE
(D629-clone 4G6) were cultured as described previously (39,
40). CHO-ACE cells at confluence were washed gently with
PBS and incubated 24-48 h with “complete culture medium”
(Mediatech, Inc., Herndon, VA) without FBS. Culture
medium was collected as a source of soluble ACE, whereas
a cell lysate prepared with 8 mM CHAPS was a source of
the membrane-bound form of ACE (35, 39).

Purified N-domain of human ACEwas obtained by limited
proteolysis of the parent pure somatic ACE after partial
denaturation in NH4OH solution as described in ref41.
N-Domain preparations proved to be homogeneous according

to SDS-PAGE electrophoresis. Stoichiometric titration of
active molecules in solutions of N-domain of ACE was
performed with the specific competitive inhibitor lisinopril
as described in refs27, 41.

Antibodies.Properties of a set of monoclonal antibodies
directed to different epitopes located on the N-domain of
ACE were described in detail elsewhere (25, 35-37, 39, 40).

ACE actiVity was assayed fluorimetrically with different
substrates, Hip-His-Leu and Z-Phe-His-Leu, as described (42,
43).

Inhibitory action of anti-ACE mAbswas tested using single
N-domain as well as numerous mutants of recombinant
truncated N-domain and somatic ACE, membrane-bound and
soluble. ACEs with enzymatic activity of around 10 mU/
mL (with Hip-His-Leu or Z-Phe-His-Leu) were incubated
with different concentrations of mAbs in 10 mM phosphate
buffer saline, pH 7.4, containing 150 mM NaCl with 0.1
mg/mL bovine serum albumin, for 2 h at 25°C, then 20-
40 µL of the reaction mixture was added to 200µL of
substrate (5 mM Hip-His-Leu or 2 mM Z-Phe-His-Leu) in
the potassium phosphate buffer (100 mM), pH 8.3, containing
300 mM NaCl and 80 mM ZnS04 (PBS-I), and the residual
ACE activity was determined.

In some experiments the reaction mixtures (475µL)
containing 0.1 nM N-domain and 0-7 nM mAbs in 50 mM
phosphate buffer, pH 7.5, containing 150 mM KCl and 1
µM ZnCl2 (PBS-II), were incubated for 2 h at 25°C. Residual
enzyme activities were then determined by adding 25µL of
3.2 mM Hip-His-Leu or 2 mM Z-Phe-His-Leu and measuring
the initial rates of hydrolysis. The influence of pH on the
inhibitory action of mAbs on the N-domain of ACE was
determined at two mAb concentrations, 0.7 nM and 3.0 nM,
in 15 mM acetate-15 mM phosphate-15 mM borate buffer,
containing 0.15 M KCl and 1µM ZnCl2.

Kinetic studies of the inhibitory action of mAbs 3A5 and
i2H5 were performed with the N-domain of ACE obtained
by limited proteolysis of somatic enzyme. The reaction
mixture containing 0.1 nM N-domain and 0-10 nM mAbs
in PBS-II was incubated for 2 h at 25°C. This preincubation
time was proved to be sufficient for establishing equilibrium
between enzyme and mAb. The N-domain of ACE was found
to be stable under these conditions. Residual ACE activity
was then determined in duplicate with different concentra-
tions (50-400 µM) of Hip-His-Leu. The mode of ACE
inhibition by mAbs 3A5 and i2H5, as well as the values of
the inhibition constants, was determined by data processing
in Dixon coordinates, 1/V vs [mAb], and modified Cornish-
Bowden coordinates, [S]/V vs [mAb] (44, 45).

Quantification of ACE Binding by Anti-ACE mAb (Plate
Precipitation Assay and ELISA).Microtiter plates bound with
goat-anti-mouse IgG were coated with different anti-ACE
mAbs and were incubated with serum-free culture medium
obtained from CHO-ACE cells (wild-type or mutants). In
some experiments mAbs were adsorbed to the wells of
microtiter plates directly, without the goat-anti-mouse bridge
(46). In some experiments the incubation of ACEs with
immobilized mAbs was performed in the presence of ACE
inhibitor lisinopril or EDTA as well.

The amount of ACE precipitated by a given mAb (which
reflects the affinity of binding) was quantified by two
methods:
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(i) Precipitated ACE activity was estimated in the wells
using Hip-His-Leu or Z-Phe-His-Leu as substrate as de-
scribed previously (25). The minor background hydrolysis
of the substrate in the wells coated by non-immune mouse
IgG was subtracted from each value obtained with specific
anti-ACE mAbs.

(ii) The amount of precipitated ACE protein was quantified
by incubation with sheep-anti-ACE polyclonal antibodies
conjugated with horseradish peroxidase from ACE ELISA
kit (Chemicon Int, Temecula, CA) followed by spectropho-
tometric assay with tetramethylbenzidine (TMB) as a sub-
strate at 450 or 620 nm.

Quantification of Anti-ACE mAb Binding by the N-Domain
of ACE (Direct ELISA).Microtiter plates coated with purified
N-domain (10µg/mL, 50 µL/well) were incubated with
mAbs, 3A5 or i2H5. The amount of mAb (which reflects
the affinity of binding) was quantified by incubation with
rabbit-anti-mouse-IgG polyclonal antibodies conjugated with
horseradish peroxidase (Imtek, Moscow, Russia) followed
by spectrophotometric assay with TMB. In a separate set of
experiments the incubation of mAbs with immobilized
N-domain was performed in the presence of ACE inhibitor
lisinopril.

Binding constants for mAb i2H5 and 3A5 were determined
using purified N-domain adsorbed to plastic. In a separate
experiment the binding constant for mAb 3A5 was deter-
mined using somatic ACE as well. The amount of adsorbed
ACE was preliminarily estimated from its activity in micro-
titer wells and known kinetic parameters (27) for the
hydrolysis of the substrate Z-Phe-His-Leu. The complete
curves of ACE titration with mAbs were obtained. Concen-
trations of the ACE-mAb complex and of the free enzyme
and free mAb were calculated from the direct ELISA data
for each experimental point using the following relations:

wherePf is a peroxidase signal in the absence of mAb (which
corresponds to the lower plateau value in the complete
titration curve); Pb is a peroxidase signal at maximal
concentration of the enzyme-inhibitor complex (the upper
plateau value in the titration curve);Pm are the peroxidase
signals determined at different concentrations of mAb; mAb0

and ACE0 are the total concentrations of mAb and of the
N-domain, respectively;Cf and Cf(E) are the equilibrium
concentrations of the free mAb and enzyme; andCb is the
concentration of the ACE-mAb complex. The processing
of Cb and Cf values in theCb/Cf versusCb coordinates,
Scatchard’s coordinates (47), provides the dissociation
constant of the ACE-mAb complex.

Mutagenesis.For mutagenesis studies and following fine
epitope mapping of mAbs 3A5 and i2H5, the truncated N
terminal domain of human ACE containing the first 629
amino acid residues (D629) (and its cDNA) was used (40).

A series of 21 single or double amino acid substitutions in
cDNA for D629 was generated using a mutagenesis kit
(Stratagene, La Jolla, CA). Mutants were identified and
confirmed by DNA sequence analysis. Mutated variants of
the truncated N-domain were expressed in CHO cells using
lipofectamine as described (39). These constructs do not
contain a transmembrane anchor; therefore the expressed
ACE protein was secreted to the culture medium. Serum-
free “complete culture medium” (see above) from these
transfected cells was used as a source of the mutated variants
of the N terminal domain of human ACE. These mutants
are referred to by the single letter amino acid code for the
wild-type protein (in our case D629), the position of this
amino acid in the amino acid sequence, followed by the
variant amino acid in single letter code, e.g., N203E is an
asparagine (N) substitution by a glutamic acid (E) at position
203. In a separate experiment the D558L mutation was also
generated in somatic, two domain ACE.

Cell ELISA.CHO-ACE cells were grown in 96-well plates
until confluence, chilled on ice for at least 30 min, and
washed several times with cold PBS. Control mouse IgG or
anti-ACE mAbs (10µg/mL in PBS-I-BSA) was added and
incubated for 2 h on ice. After washing, cells were fixed
with 4% paraformaldehyde for 15 min at room temperature
and washed several times with PBS-I, before the bound
mAbs (that reflect membrane-bound ACE) were quantified
by incubation with alkaline phosphatase-conjugated anti-
mouse IgG (Sigma, St. Louis, MO) followed by spectro-
photometric assay withp-nitrophenylphosphate as a substrate
at 405 nm.

ACE Shedding Assay.CHO-ACE cells were grown in 96-
well microtiter plates. Once confluent, they were washed 3
times with complete culture medium and then were incubated
for 4-24 h with mAbs, diluted in the same medium. Basal
shedding of ACE was calculated 24 h after culturing with
fresh “complete medium”.

To determine cell-associated ACE activity as well as to
quantify the rate of ACE release (by comparing the levels
of ACE in the culture medium and those on the cell surface),
cells from each well were lysed with 100µL of 8 mM
CHAPS. Both culture medium and cell lysates were centri-
fuged, and aliquots (10-50 µL) were added to 200µL of 5
mM Hip-His-Leu or 2 mM Z-Phe-His-Leu and incubated
for the appropriate time at 37°C for the following determi-
nation of ACE activity and calculation of the rate of ACE
shedding according to ref35.

Modeling of the N-Domain Structure.The structures of
tACE, PDB 1O86 (11), and ACE2, PDB 1R42 (48), have
been used for predicting the structure of the N-domain of
human ACE (“closed” and “open” conformations, respec-
tively). We have taken advantage of the 54% amino acid
sequence identity (65% sequence similarity) between the N-
and C-domains of human ACE and 43% amino acid sequence
identity (64% sequence similarity) between the N-domain
and ACE2. Sequences of the N- and C-domains of the human
somatic ACE and ACE2 were aligned using Clustal X
software (49). These sequence alignments were used as a
basis for homology modeling of the N-domain structure using
the Biopolymer module in the Sybyl 6.9 molecular modeling
package (Sybyl 6.9 Tripos Assoc., St. Louis, MO) on the
SGI Octane workstation. In the course of modeling, “in
silico” mutations were performed in the amino acid se-

Pm )
PbCb + PfCf

Cb + Cf
(1)

Cf(E) ) ACE0 - Cb (2)

Cf ) mAb0 - Cb (3)

Cb )
Pm - Pf

Pb - Pf
ACE0 (4)
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quences of template proteins to the sequence of the goal
N-domain by the following procedure. All aligned nonidenti-
cal amino acids in the template tACE or ACE2 were mutated
to the corresponding amino acids in the N-domain by
changing their side chains while keeping the main chain
atoms unchanged and retaining their original position in
space. The most appropriate internal torsion angles in the
side chains of new amino acids were chosen for each
mutation site in a given secondary structure state. All
insertions and deletions were handled by defining “loops”,
containing all amino acid residues being inserted, and several
residues neighboring to positions of insertion or deletion,
followed by searching the Brookhaven Protein Data Bank
(50) for them. The conformations of the loops were
considered as appropriate only when (1) the geometry of the
main chain atoms neighboring to the deletion or insertion
positions underwent only minimal changes and (2) no
unfavorable spatial hindrance between atoms belonging to
the loop and to the remaining part of the protein could be
expected. Then, all proline residues and the side chains of
all other amino acid residues were “fixed” by finding new
appropriate values of several torsion angles so as to remove
spatial overlapping between atoms. The resultant models for
the N-domain were submitted to a steepest-descent energy
minimization (1000 steps) using the Tripos force field. The
stereochemical quality of the N-domain models was assessed
by the PROCHECK program (51) at the same resolution as
the 1O86 and 1R42 structures.

The domain movement between the “open” and “closed”
conformations was analyzed using the program DynDom,
available at http://www.cmp.uea.ac.uk/dyndom/main.jsp.

RESULTS

Previously we demonstrated that two mAbs (out of 8)
directed to the N-domain of human ACE inhibited catalytic
activity of the N-domain within somatic ACE (25). In a
recent study, based on the species cross-reactivity of this
set of mAbs to the N-domain and on their functional
properties we proposed a location of the epitopes for some
of the mAbs, including the epitope for inhibitory mAb 3A5
(37). Here we performed a more detailed study of inhibitory
action of two inhibitory mAbs, 3A5 and i2H5, using fine
epitope mapping and detailed kinetic analysis.

Anticatalytic ActiVity of mAbs 3A5 and i2H5.We studied
inhibition of both truncated single N-domain of ACE and
two-domain somatic ACE by these mAbs. The method of
obtaining the N-domain of ACE did not influence the results,
as we observed similar inhibitory activity of these mAbs
toward recombinant truncated N-domain D629 and the
N-domain obtained by limited proteolysis of the parent
somatic ACE (data not shown).

Figure 1 (A and B) demonstrates that Z-Phe-His-Leu
hydrolysis by the truncated N domain (having one active
center) and by the somatic ACE (having N- and C-domain
active centers) was inhibited by both mAbs 3A5 and i2H5
in a dose-dependent manner, but with different efficiencies:
IC50 for mAb 3A5 inhibition of substrate hydrolysis by the
truncated N domain (0.14µg/mL) was significantly lower
(more than 3-fold) than IC50 for i2H5 (0.54µg/mL) in these
experimental conditions, i.e., at pH 8.3 and 37°C. The extent
of inhibition of somatic ACE activity by both mAbs was

lower than for the N-domain, which is explained by the
different substrate specificity of the whole enzyme and its
domains (22, 25, 27) and by the fact that mAbs 3A5 and
i2H5 are directed to the epitopes located on the N-domain
(25). The values of IC50 for inhibition of single N-domain
by mAb 3A5 and i2H5 when Hip-His-Leu was a substrate
were similar, whereas the extent of inhibition of Hip-His-
Leu hydrolysis by somatic two-domain ACE by these mAbs
was significantly lower (data not shown). The reason for the
substantial difference in inhibitory action of mAbs 3A5 and
i2H5 on Z-Phe-His-Leu and Hip-His-Leu hydrolysis by the
whole ACE molecule can be explained by the preferential

FIGURE 1: Anticatalytic effect of mAbs 3A5 and i2H5 on the Z-Phe-
His-Leu hydrolysis by recombinant truncated N domain (A), wild-
type somatic ACE (B), and the N-domain, obtained by limited
proteolysis of the parent somatic form (C). Experimental conditions
A and B: [ACE] ) 10 mU/mL, 100 mM potassium phosphate
buffer, containing 300 mM NaCl, 80 mM ZnSO4, pH 8.3, 37°C.
Results are shown as mean+ SD of several (6-8) experiments.
MAb 9B9, which does not inhibit ACE catalytic activity (25), was
used as a negative control. C: [ACE]) 0.1 nM, [mAb] ) 33 nM,
15 mM acetate-15 mM phosphate-15 mM borate buffer, contain-
ing 0.15 M KCl and 1µM ZnCl2, 25 °C. Residual ACE activity is
expressed as the percentage of ACE activity remaining after mAb,
3A5 or i2H5, was added to the reaction mixture.
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hydrolysis of the Hip-His-Leu by the C-domain at pH 8.3
(22, 25).

The efficiencies of inhibition of the N-domain of ACE
by both mAbs 3A5 and i2H5 are dependent, however, on
the pH value of the reaction medium. Figure 1C demonstrates
the pH dependence of N-domain inhibition by both mAbs
at a constant ratio [ACE]/[mAb]. The mode of the function
“inhibitory effect- pH” is different for the two mAbs. While
inhibitory activity of mAb i2H5 decreased with pH value,
the curve of the dependence of inhibitory efficiency of mAb
3A5 had an optimum near pH 8.5. Thus, the difference in
the inhibitory action of these mAbs is dependent on the pH
value of the medium and is the most pronounced near pH
8.5.

Kinetic Analysis of ACE Inhibition by mAbs 3A5 and i2H5.
To study the anticatalytic action of mAbs 3A5 and i2H5 in
more detail, we determined the kinetic mechanism of
inhibition of the N-domain of ACE by the two mAbs in
solution at pH 7.5. For this purpose we performed several
sets of experiments; each set included measuring residual
ACE activity at different mAb concentrations (more and less
than the preliminarily determined IC50 value) at a constant
concentration of the substrate Z-Phe-His-Leu. For different
sets of experiments, substrate concentration varied in the
range 0.1-1 mM.

In general, the rate of the enzymatic reaction in the
presence of inhibiting mAbs is represented by equation

where [E]0 and [S]0 are initial concentrations of an enzyme
and a substrate, whilek′cat andK′M are the effective catalytic
constant and effective Michaelis constant, respectively. These
parameters depend both on the inhibitor (antibody) concen-
tration, [I]0, and on the value of the inhibition constant,KI.
Data processing in Dixon coordinates 1/V vs [I]0 and modified
Cornish-Bowden coordinates [S]0/V vs [I]0 (Figure 2) allowed
us to determine the kinetic mechanism of the N-domain
inhibition by anticatalytic mAbs, 3A5 and i2H5, and state
that this mechanism ismixed according to the Dixon
classification (44) for both mAbs. This mechanism is
represented by Scheme 1. According to this scheme, mAb
is able to bind both with free enzyme and with the enzyme-

substrate complex; however, the complex E‚S‚Ab is non-
productive and only the E‚S complex can form a product.
Thus, binding of anticatalytic mAb, 3A5 or i2H5, with the
N-domain of ACE totally blocks its catalytic activity.

The values of the binding constant of antibodies with free
enzyme,KI, were found from intersection points of the sets
of straight lines in Dixon coordinates and were equal to 2.9
( 0.9 nM for mAb i2H5 (Figure 2A) and 4.7( 0.9 nM for
mAb 3A5 (graph not shown). The values of the binding
constants of mAbs with the enzyme-substrate complex were
found from data processing in Cornish-Bowden coordinates
and were equal to 0.7( 0.03 nM for mAb i2H5 (Figure
2B) and 0.9( 0.05 nM for mAb 3A5 (graph not shown).
Similar results were obtained with angiotensin I as a substrate
(data not shown).

Thus, according to kinetic analysis, both mAbs bind better
with the enzyme-substrate complex, which, in turn, implies
that upon binding of a substrate conformational adjustments
in the N-domain structure occur.

In a separate experiment, similar values for the binding
constant,Kapp, were determined using the N-domain adsorbed
to plastic (direct ELISA) and mAbs i2H5 and 3A5. Data
processing in Scatchard coordinates gaveKappof 1.73( 0.5
nM (n ) 2) andKapp of 2.9 ( 0.4 nM (n ) 2) for mAbs
i2H5 and mAb 3A5, respectively. The value of the binding
constant for mAb 3A5 determined using somatic ACE
adsorbed to plastic appeared to be equal to 2.6( 0.1 nM.
Hence, the adsorption of ACE to microtiter wells did not
cause any dramatic deformation in its structure, at least, in
the region of its contact with mAbs i2H5 and 3A5.

Lisinopril Effect on the Antibody Binding with the N-
Domain of ACE.The above-mentioned kinetic analysis
indicates that mAbs i2H5 and 3A5 bind better with the
N-domain of ACE in the presence of a substrate in solution.
Therefore, we could expect that binding of any ligand to
the ACE active site would affect mAb binding to ACE in
the same manner. To prove this, we performed a series of
experiments on binding of mAbs i2H5 and 3A5 to the

FIGURE 2: Dixon (A) and Cornish-Bowden (B) plots of N-domain inhibition by mAb i2H5. Experimental conditions: [ACE]) 0.1 nM,
PBS-II buffer, 25°C. Substrate: Z-Phe-His-Leu.

V )
k′cat[E]0[S]0
[S]0 + K′m

(5)

Scheme 1
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N-domain of ACE and somatic ACE in different settings in
the presence of the specific ACE inhibitor, lisinopril.

MAbs binding to the N-domain, directly adsorbed to
microtiter plate wells (direct ELISA), was significantly
enhanced in the presence of lisinopril (Figure 3, bar A): 140
( 8% and 130( 20% (n ) 3) from control for mAbs i2H5
and 3A5, respectively. The values of the binding constant,
Kapp, for mAbs i2H5 and 3A5 with the N-domain adsorbed
to the wells were estimated to be equal to 0.53( 0.06 nM
and 0.9( 0.08 nM (n ) 3), respectively, which is much the
same as the values of the binding constants of these mAbs
with the ACE-substrate complex determined by us in
solution. The value of the binding constant for mAb 3A5
with somatic ACE adsorbed to plastic was 1.0( 0.1 nM.

These values, however, significantly differ from those
obtained for the free enzyme, both in solution (N-domain)
and on plastic (N-domain and somatic ACE).

The influence of lisinopril on the binding of mAbs 3A5
and i2H5 to the truncated N domain was studied by other
two approaches as well. In one set of experiments mAbs
were adsorbed to the microtiter plates coated via a goat anti-
mouse IgG bridge, whereas in the second set mAbs were
bound directly to uncoated plates. Precipitation of ACEs by
mAbs 3A5 and i2H5 was estimated by two methods: (i)
The amount of ACE protein precipitated by mAbs was
quantified with sheep polyclonal antibodies to human ACE
conjugated with peroxidase (46); (ii) Enzymatic activity
precipitated by mAbs was estimated by direct measurement
of ACE activity in the wells of microtiter plates by
fluorimetric assay (25). As a negative control we used mAb
9B9, which did not show a significant inhibitory potency
toward the N domain active site at least in solution.

These experiments (Figure 3) demonstrate the following:
(1) The presence of lisinopril did not affect the amount of

ACE protein precipitated by mAb 3A5 bound to microtiter
plates via goat anti-mouse IgG (Figure 3, mAb 3A5, bars
B, C). However, binding of 3A5 with ACE complexed with
lisinopril retained some inhibitor within the active center,
because ACE activity precipitated by this mAb in the
presence of lisinopril was significantly (p < 0.05) lower
(Figure 3, mAb 3A5, bars D, E);

(2) Precipitation of ACE protein by mAb i2H5, bound to
microtiter plates via goat anti-mouse IgG, increased slightly

in the presence of lisinopril, albeit significantly: 113.5(
1.9% of control,n ) 3, p < 0.05 (Figure 3, mAb i2H5, bar
C). Precipitated ACE activity, 84.1( 3.2% of control,n )
3, p < 0.05 (Figure 3, mAb i2H5, bar E), did not follow the
increase in precipitation of ACE protein, which indicates that
binding of mAb i2H5 to the complex of ACE with inhibitor
also restricts a natural dissociation of lisinopril from the
active center during washing steps in this assay.

(3) Both ACE protein and ACE activity precipitated by
mAb 3A5 in the presence of lisinopril were much the same
regardless of how this mAb was immobilized on the
microtiter plate, via goat anti-mouse bridge or directly.
However, the effect of lisinopril on mAb i2H5 binding was
greatly affected by the mode of mAb immobilization:
precipitation of ACE protein in the presence of lisinopril by
mAb i2H5 directly bound to the plastic was stronger than
when mAb i2H5 was immobilized via goat-anti-mouse
bridge: 121.6( 0.8% of control (p < 0.05) compared to
113.5% (Figure 3, mAb i2H5, bars B, C). ACE activity
precipitated in the presence of lisinopril by mAb i2H5
directly bound to the microtiter plates was higher (143.5(
9.6% of control,p < 005) compared with only 84.1% in the
case of mAb i2H5 immobilized via goat anti-mouse IgG
(Figure 3, mAb i2h5, bars D and E, respectively).

These results also indicate that the greater flexibility of
mAb i2H5 fixed via goat-anti-mouse bridge provided more
inhibition of ACE activity by this mAb. Another fact to
support a proposed effect of mAb i2h5 flexibility on the ACE
inhibition is that the greatest extent of N-domain active center
inhibition was observed when both ACE and mAbs were in
solution, i.e., at their maximal flexibility (See Figure 1A).

In a separate experiment, we used EDTA at concentrations
up to 5 mM, as an alternative inhibitor, so as to remove Zn2+

from the active site of ACE. We found that EDTA neither
increases nor decreases the binding of mAbs 3A5 and i2H5
with both recombinant human somatic ACE and truncated
N domain (data not shown).

Mutagenesis of the N-Domain of ACE.In a previous study
we defined broadly the epitopes for some mAbs to the
N-domain of human ACE by examining the cross-reactivity
of these mAbs, raised against human ACE, with naturally
occurring variants of ACE, and the differences in functional

FIGURE 3: Effect of lisinopril on mAbs 3A5 and i2H5 binding with N-domain of ACE. A: Binding of mAbs to the N-domain, directly
bound to microtiter plate wells. B: Precipitation of N-domain protein by mAbs, directly bound to microtiter plate wells. C: Precipitation
of N-domain protein by mAbs, bound to microtiter plate wells via goat anti-mouse IgG bridge. D: Precipitation of N-domain ACE activity
(with Z-Phe-His-Leu as a substrate) precipitated by mAbs, directly bound to microtiter plates. E: Precipitation of N-domain ACE activity
(with Z-Phe-His-Leu as a substrate) precipitated by mAbs, bound to microtiter plates via goat anti-mouse IgG. Binding of mAbs to ACE,
precipitation of ACE N-domain protein, and precipitation of the activity of the N-domain by mAbs in the absence of lisinopril were taken
as 100%.

4836 Biochemistry, Vol. 45, No. 15, 2006 Skirgello et al.



properties of these mAbs (37). However, the residues that
could be evaluated were limited by the availability of amino
acid sequences of naturally occurring variants. Replacement
of specific amino acids in the N-terminal domain by site-
directed mutagenesis allowed for a rationally designed,
systematic and quantitative analysis of the interaction
between antibodies and ACE.

Figure 4 demonstrates the effect of 21 mutations in the
N-terminal domain on the binding with mAbs 3A5 and i2H5.
The chosen amino acid residues in the N-domain were
substituted by the corresponding amino acids in the C-
domain, because neither mAb 3A5 nor i2H5 recognizes
C-terminal domain.

The rationale for the choice of amino acid residues to be
mutated for fine epitope mapping of mAb 3A5 was dictated
by the previously predicted region for the epitope 3A5, in
particular, amino acid residues A564, Q568, and L572 (37).

The region for the mAb i2H5 epitope (and choice of amino
acid residues for mutagenesis) was chosen based on the
following facts:

(i) Previously we made the K407S mutation in the
N-terminal domain construct (D737), and found that this
mutation almost completely abolished the binding of mAb
6A12 (data not shown), which recognizes an epitope that
highly overlaps with the epitope for i2H5 (25). Binding of

another mAb, belonging to this group, 1G12, was diminished
significantly after mutation as well.

(ii) Binding of all mAbs belonging to this group (i2H5,
1G12, and 6A12) was completely absent with chimpanzee
ACE (52), which has a substitution in the same region:
E403A and R413N (53).

Thus, we chose for mutagenesis those amino acid residues
that fall into the region and within an area of<700-800
Å2: the mean value of the surface area of the epitopes for
mAbs (54, 55) around amino acid residues already known
as counterparts of the epitope recognized by a definite mAb.
Some amino acid residues were chosen on the basis of
analysis of the N-domain model, described below. They are
predominantly “hills” on the protein surface, as this would
make them most favorable for interacting with antibody. We
considered the effect of mutation as positive only when a
change of 10%, or more, occurred in the binding of mutated
ACE with mAb.

Anticatalytic ActiVity of mAbs 3A5 and i2H5 on the
N-Domain Mutants.The 21 mutants can be classified into
three subsets with respect to their effects on ACE precipita-
tion by mAb 3A5: (1) those mutants where precipitation of
ACE activity by mAb 3A5 did not change in comparison
with wild-type ACE (in that case D629)sE315A-G316E,
R413N, and R541A; (2) those mutants where precipitation

FIGURE 4: The effect of mutations on the precipitation of ACE activity by mAbs. ACE activity of culture fluid from CHO cells expressing
each mutant was equalized with ACE activity of truncated N-domain (D629), which was considered here as a wild-type ACE, in a range
of 5-10 mU/mL (with Z-Phe-His-Leu as a substrate). Then precipitation of ACE activity of each mutant by mAbs 3A5 and i2H5 was
estimated by the plate precipitation assay. Results are expressed as a percentage of precipitated ACE activity from each mutant to that of
truncated N fragment and shown as mean( SD of 4-6 independent experiments, each in duplicate or triplicate.
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of ACE activity by mAb 3A5 decreased in comparison with
wild typesmost of the studied mutants; (3) those mutants
where precipitation of ACE activity by mAb 3A5 increased
in comparison with wild typesN203E, R550A, K557Q, and
D558L.

Of particular interest were the mutants belonging to the
third group. Because mAb 3A5 effectively inhibits the
catalytic activity of the truncated N-terminal domain (D629)
(see Figure 1), the increase in the precipitation of ACE
activity by mAbs immobilized on microtiter plates might be
due to a dramatic increase (2-3-fold) in affinity of mAb
3A5 binding with these mutants or to an abolition of the
anticatalytic properties of this antibody.

In order to define the reason for the increase in precipita-
tion of ACE activity we determined the anticatalytic effect
of mAbs 3A5 and i2H5 on the N domain mutants in solution.

Figure 5 demonstrates the effect of mAbs 3A5 and i2H5
on the catalytic activity of mutants representing a spectrum
of the responses. One can see that the K407S mutation, which
led to a significant albeit weak decrease in the precipitation
of ACE activity by mAb i2H5 (Figure 4), also showed a
significant decrease of mAb i2H5 inhibitory potency: IC50

increased more than 3-fold (Figure 5). K542T mutation, in
which ACE activity precipitation by mAb 3A5 was signifi-
cantly decreased (more than 2-fold: Figure 4), also demon-
strated a dramatic decrease in anticatalytic activity (Figure
5). Mutations Q286K and R413N, whose effects on the
precipitation of ACE activity by mAb i2H5 were dramatics
>90% decrease (Figure 4)scompletely abolished the inhibi-
tory potencies of mAb i2H5 as well (not shown). Other

mutants demonstrating a decrease in ACE precipitation by
mAb 3A5 in the plate precipitation assay (Figure 4) also
showed a significant and corresponding decrease in the
anticatalytic potency of mAb 3A5 (not shown).

In contrast, all four mutants, where precipitation of ACE
activity by mAb 3A5 was dramatically increasedsN203E,
K557Q, D558L, and R550A (Figure 4)sdemonstrated a
remarkable decrease in the anticatalytic effect of mAb 3A5
(Figure 5). The effect of R550A on 3A5 inhibition, the same
as for three other mentioned mutations, is not shown.
Therefore, the dramatic increase in precipitation of ACE
activity by mAb 3A5 obtained with these mutants should
be attributed not to better binding of mAb 3A5 but to
abolition of its anticatalytic potency toward mutants with
critical amino acid substitutions N203E, R550A, K557Q, and
D558L.

In most mutants, where binding of one mAb was changed,
the binding of another mAb was not influenced, confirming
that the epitopes for mAbs 3A5 and i2H5 are essentially
nonoverlapping (25).

Modeling of the N-Domain of ACE and Fine Epitope
Mapping.Crystallization of the C-domain of human ACE
(tACE) and resolution of its 3D structure (11) made possible
the modeling of the N-domain of human ACE as well (26,
33, 37). By combining knowledge of the 3D structure of the
N-domain and the effects of site-directed mutagenesis we
became able to define epitope mapping of mAbs 3A5 and
i2H5 in fine detail.

Kinetic analysis together with direct ELISA and activity
precipitation experiments demonstrate different affinities of

FIGURE 5: Anticatalytic effect of mAbs 3A5 and i2H5 on N domain mutants. Assay conditions were as described in Materials and Methods
and in the caption to Figure 1. Residual ACE activity is expressed as the percentage of ACE activity remaining after mAb 3A5 or i2H5 was
added to the reaction mixture in comparison with ACE activity in the presence of normal, nonimmune mouse IgG, which was taken as
100%. MAb 9B9, which did not inhibit ACE catalytic activity (25), was used as negative control for the truncated N-domain, which was
considered here as a wild-type ACE. The effect of mAb 9B9 on the catalytic activity of other mutants was absent and is not shown for
clarity. Results are shown as mean( SD of 3-4 experiments, each in duplicate.
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mAbs 3A5 and i2H5 for the free and ligand-bound N-domain
of ACE indicating, therefore, the possible existence of two
conformational states for this domain. The native C-domain
structure was reported to be nearly identical to the inhibitor-
bound C-domain structure (11), suggesting that no ligand-
dependent conformational change occurs for the C-domain.
However, the reported C-domain structure actually appeared
to contain two ligands, acetate andN-carboxyalanine, that
are bound to the active site of the enzyme, and, therefore,

might represent another ligand-bound structure. For this
reason we employed two models of the N-domain of ACE:
the “closed” conformation was based on the structure of the
C-domain of human ACE (PDB 1O86), while the “open”
conformation was based on the structure of human ACE-
related carboxypeptidase, ACE2 (PDB 1R42).

The aligned sequences of the N-domain, the C-domain,
and ACE2 are presented in Figure 6. There are two gaps
with a total of five inserted amino acids and 272 differences

FIGURE 6: Sequence alignment of the ACE N-domain with C-domain and ACE2. Identical residues between the N- and C-domains and
between the N-domain and ACE2 are shown against a background. Secondary structure elements (R-helices andâ-strands) are represented
on the top of the alignment according to the resolved tACE and ACE2 crystal structures. Zinc binding motif is marked by red. The numbering
of ACE relates to mature somatic ACE (8).
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between the N- and C-domains over the 595 aligned residues,
which correspond to 54% of sequence identity. There are,
however, five deletions and 3 insertions with total 21 deleted/
inserted amino acid residues within 340 differences between
the N-domain and ACE2 (43% of sequence identity). A
higher conservation of amino acid residues in ACE2,
C-domain and N-domain structures is observed in the
sequence 200-550 (numeration according to the N-domain).
The central sequence containing and surrounding the HEMGH
motif is most conservative.

The secondary structure elements described for the tem-
plates (tACE and ACE2) are mapped in the alignment (Figure
6). The main elements of the secondary structures of the
template proteins coincide well providing feasible compari-
son of the two models of the N-domain. The region D85-
A94 in the N-domain, however, contains both deletion and
insertion in the templateR-helices. This could be the reason
for some inexactitude in modeling of this particular region.

Analysis of the Ramachandran plots using the program
PROCHECK (51) for both N-domain models showed 82%
and 77% of the residues in the N-domain structures modeled
with the C-domain and ACE2 as templates, respectively, in
the most favorable region.

Fine epitope mapping of mAb 3A5 and i2H5 is presented
in Figure 7 and Figure 8, respectively, using both N-domain
model structures. Both “open” and “closed” N-domain
conformations exhibit similar relative dispositions ofR-he-
lixes and amino acid residues within the epitopes for binding
mAbs 3A5 and i2H5.

The surface area of the epitope for mAb 3A5 was
estimated to be about 740 Å2. This area is slightly longer on
the surface of the “open” structure of the N-domain than on
the “closed” structure, e.g., amino acid residues N203 and
L562 are 19.16 Å and 18.69 Å from each other in the “open”
and “closed” structures, respectively. Most of the amino acid
residues that are counterparts of the epitope for mAb 3A5
are charged residues (50%), such as 3 Arg, 7 Lys, 4 Tyr, 6
Glu, 5 Asp, while hydrophobic amino acid residues represent
only near 7% (Figure 7).

The surface area of the amino acid residues that take part
in binding to antibody i2H5 was assigned at least 350 Å2

(Figure 8). Charged amino acid residues (1 Arg, 2 Lys, 2
His, 3 Glu, 6 Asp) account for 38% of amino residues in
this epitope area, while hydrophobic residues represent 25%.
We propose that the real surface area of the epitope for i2H5
is much larger, because the minimal surface for published

FIGURE 7: Fine epitope mapping for mAb 3A5 (surface presentation). The structure of the N-domain of human ACE was modeled based
on the 3D structures of human C-domain (PDB 108A) and ACE2 (PDB 1R42).The various amino acid residues belonging to the epitope
for mAb 3A5 are color-coded. Amino acid residues, whose substitution results in significant changes in mAb 3A5 binding, are marked by
purple. Amino acid residues marked by green were recently predicted as belonging to the epitope for mAb 3A5 (37). Amino acid residues
marked by blue were suggested to be in the epitope for mAb 3A5 because (i) they are located between amino acid residues crucial for mAb
3A5 binding and (ii) the surface of the epitope for the mAb should be about 500-900 Å2 (54, 55). Amino acid residues around the putative
epitope for mAb 3A5 were marked by yellow for orientation. The rest of the surface is in gray. The first amino acid residues seen in the
modeled N-domain structures are colored in red.
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FIGURE 8: Fine epitope mapping for mAb i2H5 (surface (A) and ribbon (B) presentations). The surface and ribbon presentations of the
N-domain of human ACE were modeled on the basis of the 3D structures of human C-domain (PDB 108A) and ACE2 (PDB 1R42).
Various amino acid residues belonging to the epitope for mAb i2H5 are color-coded. Amino acid residues whose substitution results in
significant changes in mAb i2H5 binding are purple. Amino acid residues in green were recently predicted as belonging to the epitope for
mAb i2H5 (52). Amino acid residues in blue were suggested to be in the epitope for mAb i2H5 because (i) they are located between amino
acid residues crucial for mAb i2H5 binding and (ii) the minimal surface area of the epitope for mAb is about 500 Å2. Amino acid residues
around the putative epitope for mAb i2H5 are in yellow for orientation. Residues in white belong to the epitope for mAb 3A5. The rest of
the surface is in gray.
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epitopes is about is 500 Å2 (54, 55). It is worth noting that
the epitope for mAb i2H5 is positioned in the region of a
“chewing muscle” in the jaws of the “open” structure, while
in the “closed” structure it is located near one of the entrances
to the active site channel (Figure 8).

The regions of epitopes for mAbs i2H5 and 3A5 are partly
overlapping. This partial overlap allows binding of mAb 3A5
with the ACE-mAb i2H5 complex, whereas binding of mAb
i2H5 with the ACE-mAb 3A5 complex is impossible (25).
This could be explained by serious conformational changes
in ACE structure upon binding mAb 3A5.

3A5-Induced Shedding of ACE from the Cell Surface.
Previously we demonstrated that binding of mAb 3A5 to
somatic ACE on the cell surface led to a dramatic increase
(3-4-fold) in ACE proteolytic cleavage from the cell surface
- antibody-induced ACE shedding (35). We suggested that
binding of mAb 3A5 induced a significant conformation
change in the ACE molecule on the cell surface, improved
the accessibility of ACE for secretase, and, as a result, led
to increased ACE shedding (35-37). It is logical to suggest
that binding of mAb 3A5 with residues 203, 550, 557, 558
might determine (to some extent) the significant ACE
conformational changes observed on mAb binding.

In order to investigate the role of these amino acids in the
3A5-induced ACE shedding, we generated D558L in the
somatic ACE and determined its effect on binding of anti-
ACE mAbs to this two-domain enzyme, as well as on 3A5-
induced ACE shedding (Figure 9). As is apparent, the binding
of mAb 3A5 (Figure 4), as well as mAbs i1A8 and 3G8
(data not shown), to D558L is significantly decreased as
revealed by the plate precipitation assay. We also compared
the rate of shedding of wild-type somatic ACE and D558L
mutant under identical conditions and found that the mutation
almost completely abolished 3A5-induced ACE shedding
from the cell surface (Figure 9D). The basal rate of ACE
shedding (without any inhibitors or mAbs) was not changed
as a result of this mutation (not shown). Interestingly, despite
the fact that D558L has significantly (albeit weakly) lower
mAb 3G8 binding, the inhibitory effect of 3G8 on ACE
shedding (35-37) was not diminished as demonstrated for
the NdelACE chimeric mutant (37). Therefore, we suggest
that covering of some critical amino acid residues on the
surface of the N-domain of ACE by mAb 3A5 leads to
significant changes in ACE conformation, which, in turn,
leads to allosteric inhibition of ACE activity and/or deter-
mines the strong effect of mAb 3A5 on ACE shedding.

DISCUSSION

Monoclonal antibodies to ACE are extremely useful tools
for investigation of enzyme functions, its structural topog-
raphy, etc. Thus, mAbs to human ACE that recognize
conformational epitopes on the N-domain surface and
sequential epitopes on the denatured C-domain have been
successfully used (i) for ACE quantification both in solution
by ELISA (46) and on the cell surface by flow cytometry
(56); (ii) to study the structure and function of ACE (25,
35-37); (iii) to deliver enzymes and genes to the pulmonary
endothelium (57-60); (iv) as a diagnostic tool for lung vessel
visualization (61, 62); and (v) for immunohistochemistry of
ACE (40, 63-67).

In this work we performed fine epitope mapping for two
monoclonal antibodies to human ACE, 3A5 and i2H5, and

studied the influence of these mAbs on enzyme catalysis. It
was shown previously (25) that mAbs 3A5 and i2H5 are
produced to the N-domain of human ACE and both exhibit
anticatalytic activity. Measurement of the residual ACE
activity at different mAb concentrations demonstrated that,
in general, mAb 3A5 inhibits the N-domain of ACE more
effectively than mAb i2H5 in the pH range 7.1-9.5.
However, the relative efficiency of inhibition by the two
mAbs is dependent on pH, because the anticatalytic ef-
fectiveness of mAb i2H5 decreases with pH, while the
inhibitory activity of mAb 3A5 has an optimum near pH
8.5.

For fine epitope mapping of binding of mAbs i2H5 and
3A5, we used two N-domain models based on recently
published structures of the homologous C-domain of human
ACE (11) and the homologous ACE-related carboxypepti-
dase, ACE2 (48). Besides, we already identified at least three
amino acid residues that participate in binding with mAb
3A5, namely A564, N568, and K572 (37). An extensive
search of amino acid residues as counterparts of epitopes
for both mAbs demonstrated that epitopes for mAb 3A5 and
mAb i2H5 contain 50% and 38% of charged amino acid
residues, respectively, whereas hydrophobic amino acid
residues represent less than 25%. Taking into account the
pKa values for each amino acid residue, the overall pKa value
of the epitope for mAb 3A5 should be slightly more than 7,
while the overall pKa value of the region of the epitope for
mAb i2H5 is less than 7. These results are in agreement with
the dependence of the anticatalytic activity of both mAbs
on pH (Figure 1C).

The areas of the epitopes for mAb 3A5 and mAb i2H5
are slightly overlapping (see Figure 8). Amino acid residues
Y521, E522, G523, P524, D529, K407, and E403 are present
in both epitopes. This distribution allows binding of mAb
3A5 to the ACE-i2H5 complex (25), though less effectively
than to free enzyme. However, binding of another mAb,
i2H5, to the complex ACE-3A5 was impossible (25). The
most likely reason for this could be significant conforma-
tional changes of ACE upon binding of mAb 3A5, but not
mAb i2H5.

Modeling of the structure of the N-domain of human ACE
using the C-domain structure as a template resulted in a
protein structure with a channel, containing the active site
on one of the walls (Figure 8, see also Figures 7 and 8 in
ref 37). The ligands, substrates or inhibitors, are supposed
to enter to the entrance of this channel to reach the active
site (11, 31). However, the authors already pointed out that
the aperture of the channel opening is approximately 3 Å in
diameter, too small for most peptide substrates (for example,
the distance between C atoms in the benzyl ring of pheny-
lalanine, which is a common component of ACE substrates,
can reach 4.3 Å). Clearly, the C-domain of ACE must
undergo some conformational change, possibly associated
with its unique chloride ion activation, for the substrate to
enter the channel (68). Thus, in the native, flexible ACE the
size of the entrance to the channel should be bigger than
that presented in the structure of the crystalline enzyme (11,
30) in order to provide binding of a ligand.

Epitope mapping for mAb i2H5 demonstrates that it binds
in close proximity to one of the entrances into the channel
(Figure 8). Therefore, the anticatalytic action of mAb i2H5
could be due to direct blockade of the entrance, thus
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FIGURE 9: Effect of D558L mutation in somatic ACE on antibody-induced ACE shedding. A, B: Anti-ACE mAb binding (ELISA). The
CHO-somatic ACE (clone 2C2) and D558L mutant were grown on 96-well plates until confluence. Anti-ACE mAbs (10µg/mL) were
added to the cells in serum-free medium (containing 2% BSA) and incubated for 2 h at 4°C for mAb binding assay. Bound anti-ACE
mAbs were revealed with goat anti-mouse IgG-alkaline phosphatase. C: The ratio D558L/wild-type of ACE binding with each mAb. (*)
p < 0.05 for the differences of mAbs binding ratio to mutant and wild-type somatic ACE. D: The rate of antibody-induced ACE shedding.
The CHO-ACE cell lines were grown on 96-well plates until confluence. Anti-ACE mAbs (10µg/mL) were added to the cells in serum-
free medium and incubated for 4 h at 37°C for ACE shedding assay. The ACE activity shed from the plasma membrane of cells was
measured fluorimetrically in a culture fluid with Hip-His-Leu as a substrate. The rate of ACE shedding was calculated as described in
Materials and Methods. Antibody-induced shedding is expressed as percentage of the basal shedding of ACE (in the presence of control
mouse IgG only). The data represent results of several independent experiments and are expressed as mean( SD. (*) p < 0.05 for the
differences of antibody-induced and basal shedding.

Anti-ACE Inhibitory Antibodies Biochemistry, Vol. 45, No. 15, 20064843



obviating penetration of substrate into the active site channel.
This physical mechanism of action would correspond to a
noncompetitive kinetic mechanism of inhibition of ACE
activity by this mAb, i.e., the mAb would be equally able to
bind to the free enzyme and the enzyme-substrate complex.
However, in kinetic experiments we observed amixedtype
of inhibition, close touncompetitiVe (a mechanism in which
inhibitor binds only to an enzyme-substrate complex, but
not to free enzyme), with much better binding of antibody
to the enzyme-substrate complex. We obtained similar
results when using lisinopril as a ligand and measuring the
binding of mAb by ELISA. In this case, the presence of
lisinopril caused an increase in binding of mAb i2H5 by 40%
(Figure 3). The results of both kinetic experiments in solution
and ELISA on the microtiter plates indicate probable
conformational changes in the N-domain globule caused by
a ligand binding in the active site of the enzyme and resulted
in better binding of mAb i2H5 with its surface.

Epitope mapping for mAb 3A5 demonstrated that this area
is quite far from both entrances to the active site channel
(Figure 7). Nevertheless, in this case, we also observed a
mixedtype of inhibition of the activity of the N-domain by
this mAb in solution with better binding of the mAb to the
enzyme-substrate complex. The presence of inhibitor lisi-
nopril led to an increase in binding of antibody to the
N-domain by up to 30% as well (ELISA).

An investigation of the recently found structural homo-
logue of ACE, carboxypeptidase ACE2, demonstrated that
binding of a ligand to the ACE2 active site is accompanied
by a so-called “hinge-bending” movement (48). The structure
of the free enzyme represents an “open” conformation of
the protein with the active site on the bottom of the “opened
mouth”. Binding of a ligand to the active site causes
structural movements in the enzyme, which, in turn, cause
“closing” of the “mouth” with the active site inside. The
authors suggested that this mechanism could be common for
both ACE2 and ACE (48). This suggestion is supported by
the fact that while the 3D structure of the C-domain of human
ACE was reported to be identical with inhibitor-bound
structure (11), the first structure included two ligands, acetate
and carboxyalanine, in the active site. Therefore, the structure
of the C-domain cannot be considered as, in fact, free.
Besides, the same hinge-bending movement has been ob-
served for two other structural homologues of ACE and
ACE2, namely, neurolysin and human thimet oligopeptidase
(69, 70). Most probably, this mechanism pertains to two other
ACE homologues as well:Escherichia coli dipeptidyl
carboxypeptidase Dcp has been presented in a “closed”
conformation in complex with two dipeptides (71), and
carboxypeptidase fromPyrococcus furiosushas been pre-
sented in an “open” conformation (72). On the other hand,
investigation of the structure of AnCE, theDrosophila

FIGURE 10: Shifting regions in the ACE N-domain upon putative hinge-bending movement (ribbon presentation). The ribbon presentation
of the N-domain of human ACE was modeled on the basis of the 3D structures of human C-domain (PDB 108A) and ACE2 (PDB 1R42).
The domain movement between the “open” and “closed” conformations was analyzed using the DynDom program. Amino acid residues
changing spatial angles and their position concerning other elements of the molecule structure upon the hinge-bending movement are
marked by red. TheR-helices changing relative spatial positions are numbered. The regions of the epitopes for mAbs i2H5 and 3A5 are in
blue and green colors, respectively.
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homologue of ACE (73), showed that the structures of the
free and inhibitor-bound enzyme are identical. However, the
authors also pointed out that the diameters of the entrances
into the active site channel (3 Å) are too small for allowing
a substrate to pass through, which, in turn, suggests that
conformational movements must occur on binding a ligand.
Also, the 2.4 Å refinement used in this work may be not
enough for discovery of a small ligand in the active site
(similar to ligands in the ACE structure).

Thus, conformational changes connected with a ligand
binding in an enzyme active site, or a hinge-bending
movement, could be a common mechanism for all these
structurally related zinc-dependent enzymes. Moreover, the
possibility exists that these enzymes have a common ancestor
protein (74).

This suggestion allows us to explain the results obtained
with the N-domain of ACE and anticatalytic mAbs i2H5 and
3A5. Epitope mapping for mAb i2H5 shows that the amino
acid residues included in this epitope are located on the sides
of the “mouth” with the active site inside (Figure 8), and,
therefore, the “closed” conformation appears preferable for
this mAb binding. If the N-domain of ACE could exist in
both “closed” and “open” conformations, binding of a ligand
(substrate or inhibitor) in the active site would cause the
“jaws” closing and increase mAb i2H5 binding to the
N-domain. The inhibiting action of mAb i2H5 itself could
consist of fixing of one of the conformations of the ACE
molecule, thus preventing movement of the enzyme and,
therefore, catalysis.

The mechanism of inhibition of ACE activity by mAb 3A5
can be also explained by fixing one of the ACE conforma-
tions upon binding. The epitope for mAb 3A5 is located on
three R-helixes, which move relative to each other upon
changing from the “open” to the “closed” conformation
(Figure 7). Thus, binding of this mAb can fix the relative
position of these structural elements and, therefore, prevent
catalysis. This suggestion is supported by the fact that
mutation of amino acid residues, N203, R550, K557, and
D558, positioned on these threeR-helixes (Figure 7) does
not disturb binding of mAb 3A5 due to multipoint interac-
tions of the mAb with ACE, but abolishes its inhibitory action
toward ACE.

Moreover, both epitopes for mAbs i2H5 and 3A5 contain
amino acid residues and structural elements that could be
directly involved in the hinge-bending movement, as can be
seen in Figure 10. Thus, the epitope for mAb i2H5 contains
P272, D273, and amino acid residues in positions 412-416;
the epitope for 3A5 includes R381, G382, A383, R550, P551,
G561, L562, and amino acid residues in positions 529-533;
both epitopes contain the amino acid residues 520-523.
These amino acid residues are marked by red in Figure 10.
During the movement of ACE from an “open” conformation
to a “closed” conformation, the positions of these residues
relative to other elements of the molecular structure are
changing. The torsion angles of these residues, as revealed
by the DynDom program, are different in the two N-domain
conformations as well. Moreover, relative spatial positions
of some secondary structural elements also appeared to be
different in the “closed” and “open” conformations of the
N-domain: (i) the positions ofR-helicesR14 andR19 in
the mAb i2H5 epitope differ in the two N-domain structures;
(ii) the positions ofR-helicesR11 andR27 in the mAb 3A5

epitope in the N-domain structure with the C-domain as a
template and the positions of correspondingR-helicesR10
andR31 in the N-domain structure with ACE2 as a template
differ as well (Figure 10).

The results of the present study also demonstrate that the
amino acid residue D558 (and, likely, N203, R550, and
K557) in the epitope for mAb 3A5, crucial for its inhibitory
action, is also crucial for the significant increase in ACE
shedding after binding with mAb 3A5 (Figure 9), thus
confirming our previous suggestion (36, 37) that the con-
formational changes in the ACE molecule upon mAb 3A5
binding are responsible for both effects of this mAb:
anticatalytic activity and antibody-induced shedding from the
cell surface.

Thus, fine epitope mapping of anticatalytic mAbs in
conjunction with a homology model of ACE N-domain
structure has allowed us to reveal putative mechanisms of
inhibitory action of mAbs 3A5 and i2H5 and shed some light
on the mechanism of angiotensin-converting enzyme func-
tion.
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