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Abstract—Modeling the structure of the C-domain of bovine angiotensin-converting enzyme revealed two putative chloride-
binding sites. The kinetic parameters, K, and &, of hydrolysis of the substrate Cbz-Phe-His-Leu catalyzed by the testicular
(C-domain) enzyme were determined over a wide range of chloride concentrations. Chloride anions were found to be enzyme
activators at relatively low concentrations, but they inhibit enzymatic activity at high concentrations. A general scheme for
the effect of chloride anions on activity of the C-domain of bovine angiotensin-converting enzyme accounting for binding the

“activating” and “inhibiting” anions is suggested.
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Angiotensin-converting enzyme (ACE, peptidyl
dipeptidase A, EC 3.4.15.1) is metallopeptidase of the
gluzincin group. Two ACE isoforms are synthesized in
mammalian cells. The somatic form of the enzyme is
found in almost all tissues and consists of two homolo-
gous N- and C-domains; each of them contains a Zn**-
dependent catalytic site [1]. The testicular ACE isoform is
synthesized only in testis and corresponds to the C-
domain of somatic ACE (excluding the N-terminal
sequence of 67 amino acids); thus, it has only one active
site [2]. The two isoforms are encoded by the same gene
but differ in transcription initiation point [3].

Activation of the enzyme by anions, especially chlo-
ride, is a unique feature of ACE. When describing a newly
isolated ACE or studying new substrates, the degree of the
enzyme activation by chloride is usually one of the
parameters characterizing its catalytic activity. However,
the mechanism of the effect of anions on this enzyme is
still unclear, although there is a lot of information on
ACE activation by anions. The reason is that the depend-
ence of ACE activity on concentration of anions changes
when using various substrates and inhibitors [4-6]. Based
on the data obtained by Riordan and coworkers in the
mid-80s, tripeptide ACE substrates were formally divided
into three classes depending on the value of the apparent
activation constant by chloride anion (K3) and on the
apparent activation mechanism [5-7]. However, this
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approach did not rationalize all the peculiarities of ACE
activation by chloride, and also at that time it was not yet
known that somatic ACE consists of two homologous
domains and thus has two active sites [1].

Now it is known that two active sites of ACE
hydrolyze the same set of the substrates but with different
efficiencies [8, 9]. Both domains are activated by chloride
anions, but the N-domain is less chloride-dependent
than the C-domain [8, 9]. Besides, the pathway of the
substrate hydrolysis may be also determined by the con-
centration of chloride [9]. So, it is obvious that the
observed activation of ACE by chloride is a result of a
combination of various factors.

The spatial structure of the C-domain of human
ACE and its complexes with three inhibitors was recent-
ly determined by X-ray analysis [10, 11]. As found, in the
single-domain form of the human enzyme there are two
chloride-binding sites separated by 20 A from each other.
The first chloride-binding site is 21 A distant and the sec-
ond 10 A distant from Zn** of the active site [10].
According to the structural data on the C-domain of
ACE, the microenvironment of these two chloride
anions is as follows [12]: the first chloride anion (Cl', far
from Zn?" of the active site) is bound with two Arg
residues and surrounded with a hydrophobic envelope of
four Trp residues. The second chloride anion (CI, close
to Zn** of the active site) is bound with an Arg residue,
which is crucial for manifestation of chloride depend-
ence of ACE, as shown earlier [13]. Tyrosine and some
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other hydrophobic residues are also in the environment
of CI2.

So, even in the single-domain form of human ACE
there are two chloride-binding sites. Thus, it is necessary
to study the activation mechanism of the single-domain
forms of the enzyme before studying the anion-mediated
activation mechanism of the somatic two-domain ACE.

In this work we present the data on binding of two
chloride anions with the C-domain of bovine ACE
(82.5% homology with the C-domain of human ACE)
and show that binding of the second chloride can result
not in activation, but in inhibition of the enzyme.

MATERIALS AND METHODS

Reagents. In this work we used N*-3-(2-furyl)-acryl-
oyl-L-phenylalanyl-glycyl-glycine (FA-Phe-Gly-Gly),
N-(S-1-carboxy-3-phenylpropyl)-L-lysyl-L-proline
(lisinopril), and N-[2-hydroxyethyl]piperazine-N'-[2-
ethanesulfonic acid] (Hepes) of SigmaUltra grade from
Sigma (USA); histidyl-L-leucine (His-Leu) from Serva
(Germany); N%-carbobenzoxy-L-phenylalanyl-L-his-
tidyl-L-leucine (Cbz-Phe-His-Leu) from Bachem
(USA); and potassium chloride of extra pure grade from
Reakhim (Russia).

Bovine testicular ACE (C-domain) was obtained by a
procedure including extraction of the enzyme by 50 mM
phosphate buffer, pH 7.5, containing 150 mM KCI, 1 uM
ZnCl,, and 0.5% Triton X-100 (Dia-M, Russia) and cas-
cade affinity chromatography [14]. Electrophoresis of
ACE preparation was performed in 7.5% polyacrylamide
gel in the presence of 0.1% SDS and B-mercaptoethanol
according to Laemmli [15]. Protein was stained by
Coomassie Brilliant Blue G250.

The concentration of the active ACE in the prepara-
tion was determined by stoichiometric titration [16] with
specific competitive inhibitor lisinopril in 50 mM Hepes,
pH 7.5, containing 150 mM KCl and 1 uM ZnCl, at 25°C.
On establishment of the equilibrium between free enzyme
and the enzyme—inhibitor complex, FA-Phe-Gly-Gly
solution was added to the reaction mixture and the resid-
ual activity of the enzyme was determined spectrophoto-
metrically [17].

Kinetics of Cbz-Phe-His-Leu hydrolysis catalyzed by
ACE in the presence of chloride at various concentrations
was studied fluorometrically; the reaction product His-
Leu was determined with o-phthalaldehyde [18].
Experiments were performed in 50 mM Hepes, pH 7.5,
containing 1 uM Zn(CH;COO), and 0-700 mM KCI. All
buffers were prepared using deionized water from a
MilliQ (Millipore, USA).

Data obtained in at least three independent experi-
ments were analyzed in [S]/v — [S] coordinates, where
[S] is the substrate concentration and v is the rate of enzy-
matic hydrolysis. Parameters of the scheme of action of
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chloride anions in the reactions catalyzed by ACE were
calculated using Sigma Plot and Microsoft Excel pro-
grams.

ACE was desalted by gel chromatography on
Sephadex G-25 coarse using microcolumns from
Filtration Column, J. T. Baker, 6 ml in volume. The car-
rier was washed several times with deionized water and
excess water was removed by centrifugation at 3000 rpm
for 15 min using a VEB MLW centrifuge (Germany).
Then the enzyme sample was applied onto the carriers
and centrifuged again for 10 min. Desalting was moni-
tored conductometrically. Activity of the enzyme solution
was tested via the initial rate of FA-Phe-Gly-Gly hydrol-
ysis in 50 mM Hepes, pH 7.5, containing 150 mM KCI
and 1 uM ZnCl,.

The effect of ionic strength on ACE activity was stud-
ied by comparison of the enzyme activity in Cbz-Phe-
His-Leu hydrolysis in 50 mM Hepes, pH 7.5, containing
150 mM KClI; 600 mM KCI; 150 mM KCI and 450 mM
KNO;; 150 mM KCI and 150 mM Na,SO,. All solutions
contained 1 mM Zn(CH;COOQ),. The ionic strength of
the first solution was 0.15 M and that of the others was
0.6 M.

Amino acid sequences of the C-domain of human
ACE [1] and the C-domain of bovine ACE [19] were
aligned using the Clustal-X program [20] and BLOS-
SUM30 homology matrix.

The structure of the C-domain of bovine ACE was
modeled based on the alignment of amino acid sequences
and on the structure of the C-domain of human ACE
(PDB: 108 A) using the Biopolymer modulus of Sybyl 6.9
package [21]. On mutation of non-homologous amino
acid residues and insertion of the corresponding loops in
the template (PDB: 108 A), molecular geometry of the C-
domain of bovine ACE was completely optimized using a
Tripos force field.

RESULTS AND DISCUSSION

Modeling of the structure of the C-domain of bovine
ACE. Detection of putative chloride-binding sites. To
detect the putative chloride-binding sites in the C-
domain of bovine ACE, we first compared the amino acid
sequences of the C-domains of human and bovine ACE
(Fig. 1). It appeared that these sequences are 82.5% iden-
tical and that all the amino acids present in the microen-
vironment of chloride anions in the C-domain of human
ACE are also present in the C-domain sequence of bovine
ACE (Table 1).

We constructed a spatial model of the C-domain of
bovine ACE using a spatial structure of the C-domain of
human ACE as a matrix [10]. According to this model,
both putative chloride-binding sites identical to the bind-
ing sites of human ACE are present in the structure of the
C-domain of bovine ACE.
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Fig. 1. Comparison of the amino acid sequences of the C-domains of bovine (I) and human ACE (II). Amino acids composing the bind-
ing site of the near chloride anion (CI?) are highlighted in gray and those composing the binding site of the far chloride anion (Cl') are high-
lighted in bold. The conservative amino acids are marked by asterisks.

Determination of kinetic parameters of Chz-Phe-His-
Leu hydrolysis catalyzed by testicular bovine ACE at vari-
ous KCI concentrations. To prove the presence of two
chloride-binding sites in the C-domain of bovine ACE,
we studied the effect of chloride on the activity of testic-
ular enzyme in hydrolysis of Cbz-Phe-His-Leu tripeptide
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substrate. Kinetic parameters of hydrolysis, K, and k_,,
were determined at various KCI concentrations (from 0 to
700 mM).

As shown in Fig. 2, the value of K, decreases with
increase in KCI concentration. The data indicate that CI~
binding to ACE results in tighter binding of the substrate
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Table 1. Amino acid residues composing the binding sites
of chloride anions (Cl' and CI?) in the C-domains of
bovine and human ACE

cl CI?

Arg 186 Tyr 224
Arg 489 Arg 522
Trp 182 Pro 519
Trp 486 Pro 407
Trp 485 Met 223
Trp 279 Trp 220
Asp 507

Note: Numeration of the testicular ACE is used in this table.

to enzyme, which is consistent with the literature [22]. As
for k., at first it increases with increasing KCI concen-
tration, reaches a maximum at about 300 mM KCl, and
then it begins to decrease (Fig. 2). Thus, at relatively low
concentrations chloride anions activate the C-domain of
bovine ACE, but at high concentrations (that is, occupy-
ing both binding sites) chloride inhibits the enzyme activ-
ity.

It is known that the activating effect of chloride is
specific and is not governed by the ionic strength of the
solution. Anions of various chemical natures vary in their
activating effect on ACE, chloride being the most effi-
cient activator [6]. To find whether it is possible to con-
sider ACE inhibition in the presence of high KCI concen-
trations as a specific action of chloride, we performed two
series of experiments. First, we showed that replacement
of K™ for Na* did not influence the enzyme activity.
Second, our comparisons of the effect of anions of various
chemical natures on the activity of testicular ACE at the
same ionic strength of solution showed that the effect
depends on the nature of the anion: nitrate inhibited ACE
activity more efficiently than chloride, whereas sulfate
activated the enzyme (Table 2). Thus, at both low and
high salt concentrations, the effect of anions on ACE
activity is governed by the chemical nature of the anion
rather than the ionic strength of the solution.

So, the results indicate the presence of at least two
chloride-binding sites in the C-domain of bovine ACE:
binding of chloride to one of the sites causes activation of
the enzyme, whereas chloride binding to the second site
results in inhibition of the enzymatic activity. For com-
parison, we performed an analogous experiment studying
the effect of chloride on the activity of human testicular
ACE in Cbz-Phe-His-Leu hydrolysis. It appeared that
dependencies of the rate of enzymatic hydrolysis on KCl
concentration are similar for human and bovine ACE,
that is, chloride anions at the relatively low concentra-
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tions are activators, but at high concentrations they
inhibit ACE activity (data not shown).

Scheme of the action of chloride in the reactions cat-
alyzed by the C-domain of bovine ACE. Based on depend-
encies of K, ,,, and Ky 4, 01 KCl concentration, we sug-
gested a general scheme of the action of chloride in reac-
tions catalyzed by the C-domain of bovine ACE (Fig. 3).
According to this scheme, the values of K, ,,, and K.y
can be defined as follows:
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Fig. 2. Kinetic parameters of Cbz-Phe-His-Leu hydrolysis cat-
alyzed by testicular bovine ACE versus concentration of chloride.
Theoretical dependencies are presented by the curves. Data for
low KClI concentrations are presented in the insets.
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Table 2. Relative activity (a) of testicular ACE in Cbz-
Phe-His-Leu hydrolysis in solutions of various salts

Salt Tonic strength, M a, %
0.15 M KCl 0.15 100
0.6 M KC1 0.6 88
0.15 M KCI1 + 0.45 M KNO, 0.6 64
0.15 M KCI1 + 0.15 M Na,SO, 0.6 116

Note: Conditions: 50 mM Hepes, pH 7.5, I uM Zn(CH;COO),, [S] =
0.5 mM, 25°C.

Table 3. Parameters of the scheme of action of chloride in
Cbz-Phe-His-Leu hydrolysis catalyzed by testicular
bovine ACE

Parameter Value
K, o mM 0.4=+0.1
Kis.n» mM 160 £ 80

o 0.064 £ 0.036
Kegrs SECT 2151
Kyor M >10
BKys1, M 21205

CI'ECI?S complexes are inactive (y = » = 8 = 0) and only
ECI’S complex with only one chloride-binding site
occupied is active (Fig. 3). Using the abovementioned
equations, we calculated the dissociation constants for
the ACE complexes with the substrate and chloride, &,
and a coefficient (Table 3). The a value appeared to be
significantly less than 1 (Table 3); this means that bind-
ing of the activating chloride (designated as CI? in the
scheme) to the C-domain of ACE results in the tighter
binding of the substrate, this corresponding with the data
on K, decrease with increase in concentration of chlo-
ride [22]. The calculated dissociation constant of the
complex of activating chloride anion with the testicular
ACE (Kj;s ) is 0.16 M, whereas the dissociation constant
of the complex of inhibiting chloride anion (designated
as Cl' in the scheme) with the enzyme (Ky,;) exceeds
10 M and cannot be determined. However, substrate
binding significantly increased affinity of the inhibiting
chloride anion to the enzyme (Table 3, BKy; ;). It should
be noted that o and B coefficients used in the scheme
(Table 3) characterize the enhanced affinity of the acti-
vating and inhibiting chloride anions to the enzyme on
the substrate binding as well as enhanced affinity of the
substrate to the testicular ACE on binding of the corre-
sponding anions.
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Kinetic data interpreted from the structural viewpoint.
We agree with suggestions [12] that CI?-binding site near
the active site of the C-domain of ACE is responsible for
the activating effect of chloride. According to these sug-
gestions, in the absence of chloride, Arg522(1098) (num-
ber without parentheses corresponds to the testicular
ACE, number in parentheses corresponds to the somatic
human ACE) forms a salt bridge with Asp465(1041),
whereas the neighbor residue Tyr523(1099) is far from the
catalytic center and is not able to participate in stabiliza-
tion of the enzyme—substrate complex. In the presence of
chloride anions, this salt bridge is destroyed due to for-
mation of the ionic bond between chloride and
Arg522(1098), whereas Tyr523(1099) moves to the cat-
alytic center [12]. This is in accord with the earlier
reported data [13] that Argl098 in the C-domain of
somatic ACE is crucial for the activating effect of chlo-
ride. Thus, chloride plays a role of ionic “switch”.

The second (far from the active site) chloride-bind-
ing site (Cl') is also considered as an activating one [12].
However, our kinetic data allow consideration of this site
as one causing inhibition of enzymatic activity. In this
case, the enhanced binding of the inhibiting chloride after
binding of substrate to the enzyme (Table 3) can be eluci-
dated as follows. In a free enzyme the positively charged
side group Lys511(1087) forms a salt bridge with
Asp507(1083), thus blocking the Cl'-binding site (Fig.
4a). In the enzyme—substrate complex this salt bridge is
destroyed and the Lys side chain turns towards the active
site of enzyme and participates in stabilization of carboxyl
group of a substrate (Fig. 4b). Asp507(1083) also turns
from the Cl!-binding site to Arg501(1077) and forms a
strong ionic bond with the latter. Such a “switching” of
Lys511(1087) side chain from Cl'-binding site to the cat-
alytic center of the enzyme should result in the enhanced

A Yk cat A a)kcat
Km o BKdis.I 1
E - ES CI'ES
K 0K i o UK i o
ok BKgisa
ECA—" - ECP’S=— CI'ECI’S

cat E‘)kcat

\

Fig. 3. General scheme of action of chloride in the reaction cat-
alyzed by the C-domain of bovine ACE.
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a @

Lys511

b

f’}ArgSO1

Fig. 4. Positions of Lys511 and Asp507 amino acid residues in free enzyme (a) and in the enzyme—substrate complex containing the inhibit-

ing chloride anion (b).

binding of chloride to the enzyme—substrate complex.
Structural justification of the origin of inhibitory action of
chloride on the enzyme activity obviously demands fur-
ther studies.

This study in part was financially supported by the
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