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s-ACE (the somatic form of angiotensin-converting enzyme)
consists of two homologous domains (N- and C-domains), each
bearing a catalytic site. Negative co-operativity between the two
domains has been demonstrated for cow and pig ACEs. However,
for the human enzyme there are conflicting reports in the literature:
some suggest possible negative co-operativity between the do-
mains, whereas others indicate independent functions of the
domains within s-ACE. We demonstrate here that a 1:1 stoichio-
metry for the binding of the common ACE inhibitors, captopril
and lisinopril, to human s-ACE is enough to abolish enzy-
matic activity towards FA {N-[3-(2-furyl)acryloyl]}-Phe-Gly-
Gly, Cbz (benzyloxycarbonyl)-Phe-His-Leu or Hip (N-benzoyl-
glycyl)-His-Leu. The kinetic parameters for the hydrolysis of
seven tripeptide substrates by human s-ACE appeared to represent
average values for parameters obtained for the individual N- and

C-domains. Kinetic analysis of the simultaneous hydrolysis of
two substrates, Hip-His-Leu (S1) and Cbz-Phe-His-Leu (S2), with
a common product (His-Leu) by s-ACE at different values for
the ratio of the initial concentrations of these substrates (i.e.
σ = [S2]0/[S1]0) demonstrated competition of these substrates for
binding to the s-ACE molecule, i.e. binding of a substrate at one
active site makes the other site unavailable for either the same or
a different substrate. Thus the two domains within human s-ACE
exhibit strong negative co-operativity upon binding of common
inhibitors and in the hydrolysis reactions of tripeptide substrates.

Key words: active-site titration, angiotensin-converting enzyme,
negative co-operativity, simultaneous hydrolysis of two sub-
strates.

INTRODUCTION

ACE (angiotensin-converting enzyme; EC 3.4.15.1) is a zinc-
metallopeptidase and a member of the gluzincin family, which is
defined by a HEXXH motif and a glutamic acid residue as the
third zinc ligand [1]. The enzyme is responsible for the hydrolysis
of angiotensin I and bradykinin and, thus, is essential for blood
pressure control and water/electrolyte homoeostasis.

Two distinct ACE isoenzymes have been identified in mam-
malian tissues, and their primary structures have been determined
by molecular cloning and sequencing of the cDNA [2,3]. The
widely distributed s-ACE (somatic ACE) is composed of two
homologous domains, N-ACE (the N-domain) and C-ACE (the
C-domain), within a single polypeptide chain, with each domain
bearing its own catalytic site [2]. The smaller ACE isoenzyme (t-
ACE) is present exclusively in testes [4] and is involved in male
fertility [5]. This isoenzyme is identical with C-ACE, except for
36 amino acid residues at its N-terminus [3]. N-ACE has been
found in ileal fluid; this form of the enzyme is probably the result
of limited proteolysis of the parent intestinal somatic form [6].

Since the discovery that s-ACE has two active sites, there has
been much speculation about the significance of the presence of
two active sites in the same enzyme. The two active sites both
possess peptidyl dipeptidase and endopeptidase activities [1,7,8],
but have distinct enzymatic properties with different substrates.
Experiments with mutants of human s-ACE that have had one
domain suppressed by deletion or one active site inactivated by
point mutation have been performed [9]. These experiments have
shown that both active sites of s-ACE are active.

The two catalytic sites were long considered to function
independently, as the activity of human s-ACE on some substrates

(especially angiotensin I) was found to be equal to the sum of
the activities of N-ACE and C-ACE [9], and two molecules
of inhibitor were required for full inhibition of angiotensin I
or bradykinin cleavage in vitro [10]. The use of radiolabelled
inhibitors also demonstrated binding of 2 mol of inhibitor per mol
of s-ACE [11,12]. The concept of independent functions of the
two domains within human s-ACE was given additional support
by the discovery of domain-specific inhibitors [13,14] capable of
blocking predominantly either N-ACE or C-ACE, while the other
domain retained its catalytic activity.

However, other data indicate the possibility of some co-
ordination or co-operation between the domains [7,15,16]. Active-
site titration with tight-binding inhibitors [17,18], isothermal
titration calorimetry [18], and kinetic analysis of the hydrolysis
of tripeptide substrates by two-domain and single-domain ACE
forms [17] presented evidence for strong negative co-operativity
between the domains within s-ACE from bovine and porcine
lung. Recently, negative co-operativity between the two domains
was also reported for human ACE [19]. However, these reports
were based either on the assumption that the enzyme prepara-
tions were fully active [19], or on rather contradictory find-
ings that s-ACE demonstrates negative co-operativity between
the two active sites upon hydrolysis of angiotensin I or
angiotensin-(1–7), but exhibits independent functioning of
active sites when titrated with lisinopril or Mca-ASDK-Dpa [(7-
methoxycoumarin-4-yl)acetyl-Ala-Ser-Asp-Lys-3-(2,4-dinitro-
phenyl)-L-2,3-diamino-propionic acid] as substrate [20]. Thus,
some uncertainty remains about how the two domains interact
within human s-ACE, and the possibility that negative co-
operativity is limited to ACEs of certain species requires clarifi-
cation.

Abbreviations used: ACE, angiotensin-converting enzyme; s-ACE, somatic ACE; C-ACE, C-domain of ACE; N-ACE, N-domain of ACE; FA, N-[3-(2-
furyl)acryloyl]; Hip, N-benzoylglycyl; Cbz, benzyloxycarbonyl.
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In the present study, by kinetic analysis of the catalytic pro-
perties of three forms of human ACE and by analysis of the
simultaneous hydrolysis of two substrates by s-ACE, we present
evidence that the two active sites in human ACE act in absolutely
dependent manner.

MATERIALS AND METHODS

Materials

FA {N-[3-(2-furyl)acryloyl]}-Phe-Gly-Gly, captopril and lisino-
pril were from Sigma; Hip (N-benzoylglycyl)-His-Leu and Cbz
(benzyloxycarbonyl)-Phe-His-Leu were from Bachem; FA-Phe-
Ala-Pro and FA-Phe-Phe-Arg were synthesized as described in
[21] and [22] respectively; FA-Phe-Ala-Ala and FA-Phe-Ala-Lys
were a gift from Dr M. V. Ovchinnikov (Research Center of
Cardiology, RAMS, Moscow, Russia).

Enzymes

Human s-ACE was isolated from the membrane fraction of human
kidney by extraction with 50 mM phosphate buffer, pH 7.5, con-
taining 150 mM NaCl and 0.1% Triton X-100. Culture medium
containing recombinant C-ACE (expressed by CHO cells and
described as tACE�36NJ in [23]) was a gift from Dr S. Danilov
(Department of Anesthesiology, University of Illinois at Chicago,
IL, U.S.A.). Both s-ACE and C-ACE were purified by lisinopril
affinity chromatography as described previously [24]. N-ACE was
obtained by limited proteolysis of the parent s-ACE after partial
denaturation of the enzyme in NH4OH solution, as described
in [25]. All ACE preparations were proved to be homogeneous
according to electrophoresis by the Laemmli method [26] in
a polyacrylamide gel in the presence of 0.1% SDS and β-
mercaptoethanol. Proteins were stained with Coomassie Brilliant
Blue G-250. Protein concentrations were determined according
to the modified Lowry method [27,28].

Catalytic properties of the three ACE forms

Stoichiometric titration of ACE active sites in solutions of s-ACE,
recombinant C-ACE and N-ACE was performed with the specific
competitive inhibitors lisinopril and captopril, as described in
[17], in the presence of inhibitor and enzyme concentrations
much higher than the binding constant. Aliquots of the enzyme
containing 20 nM protein were incubated with 0–2.5 equivalents
of the inhibitors for 30 min to produce an equilibrium between
enzyme and inhibitor. Residual enzyme activities were then
determined by measuring the initial rates of hydrolysis of FA-
Phe-Gly-Gly, Hip-His-Leu or Cbz-Phe-His-Leu. The partition
ratio of the inhibitor/enzyme association was determined by
plotting the fractional activity vi/v0, (where vi is the activity in the
presence of the inhibitor and v0 is the initial activity) against
the inhibitor/enzyme concentration ratio. The linear part of the
plot extrapolated to the x-axis gives an intersection point
representing mol of inhibitor per mol of ACE required to abolish
enzymatic activity [29].

The rates of catalytic hydrolysis of FA-containing substrates
were monitored spectrophotometrically as described in [30].
Hydrolysis of Hip-His-Leu and Cbz-Phe-His-Leu was followed
fluorimetrically by the release of His-Leu, which was derivatized
with o-phthalaldehyde [31]. Initial rates were measured during the
first 5% of substrate hydrolysis. The kinetic constants, Km and
kcat, were calculated by Cornish-Bowden and Eisenthal analysis
[32] from at least three independent experiments. The S.D.s of
the Km and kcat values were <10%.

Figure 1 Stoichiometric titration of active sites in human s-ACE with
lisinopril (�) and captopril (�), and in N-ACE with captopril (�)

ACE (20 nM) in 50 mM phosphate buffer, pH 7.5, containing 150 mM NaCl and 1 µM ZnCl2
was incubated with 0–2.5 equivalents of inhibitor at 25◦C for 3 h in 980 µl. Residual enzyme
activities were then determined by adding 20 µl of 5 mM FA-Phe-Gly-Gly in the same buffer
and by measuring the initial rates of hydrolysis.

Kinetics of the simultaneous hydrolysis of two substrates

The simultaneous hydrolysis of Cbz-Phe-His-Leu and Hip-His-
Leu by s-ACE was followed fluorimetrically by the release of
their common product, His-Leu. The ratio, σ = [S2]0/[S1]0, of
the initial concentrations of Cbz-Phe-His-Leu ([S2]) to the initial
concentrations of Hip-His-Leu ([S1]) was varied in the range 0–
0.15. The data were plotted in Lineweaver–Burk co-ordinates, 1/v
against 1/[S]0, where [S]0 is Hip-His-Leu concentration.

RESULTS AND DISCUSSION

For all kinetic experiments we chose near-physiological con-
ditions, namely pH 7.5, 150 mM NaCl and 1 µM ZnCl2. Three
forms of human ACE were used in a single set of experiments:
two-domain s-ACE and the individual domains C-ACE and N-
ACE.

Active-site titration

Active-site titration of the three forms of human ACE was per-
formed with the tight-binding inhibitors lisinopril and captopril.
Lisinopril possesses similar affinity for both active sites in human
ACE, whereas captopril binds more tightly to N-ACE [33,34].
Titration curves of s-ACE with both inhibitors in comparison with
the titration curve of N-ACE with captopril are shown in Figure 1.
Plots of residual activity (expressed as percentage activity in
the presence of the inhibitor) against the ratio [I]/[ACE] gave,
in both cases, an intersection point on the x-axis corresponding
to approx. 1 mol of inhibitor per mol of ACE. Thus binding of
competitive inhibitor (lisinopril or captopril) at 1:1 stoichiometry
abolished the activity of both the two-domain and single-domain
forms of human ACE. This result is in agreement with previous
observations that the FA-Phe-Gly-Gly-hydrolysing activity of
human and bovine s-ACE was abolished by 1 equivalent of lisino-
pril [16,17] and the corresponding activity of ACE from pig
lung was abolished by 1 equivalent of lisinopril, captopril or
enalaprilat [18]. We obtained similar titration results when other
tripeptide substrates (Cbz-Phe-His-Leu or Hip-His-Leu) were
used for measuring residual ACE activity (results not shown).
Thus, binding of one molecule of the inhibitor (lisinopril or
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Table 1 Kinetic parameters for the hydrolysis of tripeptide substrates by three human ACE forms

Assay conditions were 50 mM phosphate buffer, pH 7.5, containing 150 mM NaCl and 1 µM ZnCl2 (25◦C). Theoretical parameters were calculated according to Scheme 1 and eqn (2).

s-ACE

Substrate Experimental parameters Theoretical parameters N-ACE C-ACE

Hip-His-Leu
k cat (s−1) 71 +− 7 65 49 +− 4 97 +− 6
K m (mM) 0.51 +− 0.07 0.375 0.60 +− 0.07 1.7 +− 0.4
k cat/K m (s−1 · mM−1) 139 82 57

Cbz-Phe-His-Leu
k cat (s−1) 116 +− 4 108 256 +− 17 81 +− 6
K m (mM) 0.055 +− 0.007 0.041 0.23 +− 0.02 0.033 +− 0.013
k cat/K m (s−1 · mM−1) 2109 1113 2455

FA-Phe-Gly-Gly
k cat (s−1) 438 +− 19 473 730 +− 58 420 +− 12
K m (mM) 0.29 +− 0.03 0.24 1.40 +− 0.13 0.29 +− 0.04
k cat/K m (s−1 · mM−1) 1510 521 1448

FA-Phe-Ala-Lys
k cat (s−1) 78 +− 4 81 325 +− 41 41 +− 4
K m (mM) 0.14 +− 0.03 0.033 0.23 +− 0.8 0.038 +− 0.008
k cat/K m (s−1 · mM−1) 557 1413 1079

FA-Phe-Ala-Ala
k cat (s−1) 320 +− 3 320 827 +− 15 44 +− 1
K m (mM) 0.081 +− 0.003 0.029 0.084 +− 0.009 0.045 +− 0.007
k cat/K m (s−1 · mM−1) 3950 9845 978

FA-Phe-Ala-Pro
k cat (s−1) 121 +− 8 129 273 +− 12 18 +− 1
K m (mM) 0.041 +− 0.007 0.021 0.048 +− 0.005 0.037 +− 0.008
k cat/K m (s−1 · mM−1) 2950 5688 486

FA-Phe-Phe-Arg
k cat (s−1) 120 +− 4 94 167 +− 6 29 +− 2
K m (mM) 0.019 +− 0.003 0.0067 0.011 +− 0.003 0.011 +− 0.001
k cat/K m (s−1 · mM−1) 6316 15182 2636

captopril) to any active site in human s-ACE prevented the
hydrolysis of a tripeptide substrate by the second active site.

Kinetic characterization of the three human ACE forms

In order to reveal a possible influence of each of the two domains in
human s-ACE on the other, we determined the kinetic parameters
for the hydrolysis of seven tripeptide substrates by s-ACE and by
the two single-domain forms, C-ACE and N-ACE. The results are
presented in Table 1.

The substrates widely used in laboratories for testing ACE
activity are Hip-His-Leu and Cbz-Phe-His-Leu. The ratio kcat

(Cbz-Phe-His-Leu)/kcat (Hip-His-Leu) was proved to be useful
for distinguishing the activities of N- and C-ACE in ACE mutants
[35]. Our data on the catalytic activities of the three forms of
human ACE gave ratios of hydrolysis of Cbz-Phe-His-Leu/Hip-
His-Leu equal to 1.6, 5.2 and 0.8 for s-ACE, N-ACE and C-ACE
respectively. These data coincide rather well with those published
elsewhere [35].

Hip-His-Leu is generally accepted as being more C-ACE-
selective [9], while Cbz-Phe-His-Leu does not usually distinguish
between the two active sites [35,36]. However, in our study the
kcat value for the hydrolysis of Hip-His-Leu by C-ACE was only
twice that with N-ACE, whereas the kcat value for the hydrolysis
of Cbz-Phe-His-Leu was higher for N-ACE (Table 1). The reason
is that we performed all experiments under near-physiological
conditions (i.e. pH 7.5 and 150 mM NaCl), whereas the catalytic
parameters for the hydrolysis of these substrates were usually
determined at pH 8.3 and 300 mM NaCl (optimal conditions for
Hip-His-Leu hydrolysis) [9,37,38]. It is known, however, that N-

and C-ACE activities show different responses to chloride anions.
While the Hip-His-Leu-hydrolysing activity of N-ACE reaches a
maximum at 10 mM NaCl, the activity of C-ACE increases up
to 800 mM NaCl [9]. Thus N-ACE possesses the same activity
at both 150 and 300 mM NaCl, whereas C-ACE exhibits much
higher activity at 300 mM NaCl compared with that at 150 mM
NaCl.

Comparison of our values of catalytic parameters obtained for
human ACE with results reported previously for bovine ACE
[17] reveals some difference in substrate specificity between
human and bovine ACEs. Whereas apparent Km values for the
hydrolysis of all substrates were similar for bovine N-ACE and
C-ACE, human C-ACE had a higher affinity for FA-Phe-Ala-
Lys and Cbz-Phe-His-Leu than N-ACE (Table 1). Among the
seven tripeptides surveyed, only Hip-His-Leu was hydrolysed
by human C-ACE with a higher catalytic-centre activity (kcat)
than with N-ACE, whereas other substrates were hydrolysed
faster by N-ACE (Table 1). For bovine ACE, however, only
Cbz-Phe-His-Leu was hydrolysed faster by N-ACE, whereas
other substrates were hydrolysed either faster by C-ACE or at
equal rates by N-ACE and C-ACE [17]. Comparison of catalytic
efficacies (kcat/Km) revealed that FA-Phe-Ala-Ala and FA-Phe-
Ala-Pro were hydrolysed preferentially by human N-ACE, but
by bovine C-ACE. In contrast, Cbz-Phe-His-Leu was hydrolysed
preferentially by human C-ACE, but by bovine N-ACE. Despite
relatively high identity between human and bovine ACEs (89.1%
between N-ACEs and 82.5 % between C-ACEs), the differences
in substrate specificity between human and bovine ACE may
indicate structural differences in the active-site channels within
these ACE forms.
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Scheme 1 Hydrolysis of a substrate by an enzyme with two active sites
(indicated by N and C) that exhibit strong negative co-operativity

Comparison of the catalytic activities of the three human ACE
forms shows that, although both domains in s-ACE are active,
the kcat values for the hydrolysis of any substrate by s-ACE never
represented the sum of the corresponding kcat values obtained for
N-ACE and C-ACE. Thus the two domains within s-ACE cannot
be considered as being absolutely independent.

If human N- and C-ACE exhibit strong negative co-operativity,
the kinetic mechanism of the hydrolysis of a substrate would be
described by Scheme 1. The rate of the enzymatic reaction is
represented by:

v = kC[SEC] + kN[ENS] (1)

According to steady-state assumption:




d[ESC]

dt
= k+1[E][S] − (kC + k−1)[SEC] = 0

d[ENS]

dt
= k+2[E][S] − (kN + k−2)[ENS] = 0

[S] = [S]0

(2)

and the stoichiometric relationship:

[E]0 = [E] + [ENS] + [SEC] (3)

the rate of the reaction is as follows:

v = [E]0

kN

[S]0

Km,N

+ kC

[S]0

Km,C

1 + [S]0

Km,N
+ [S]0

Km,C

(4)

where kN and kC are the catalytic constants for the hydrolysis of a
substrate by N- and C-ACE respectively, and Michaelis constants
are:

Km,C = (k−1 + kC)/k+1 and Km,N = (k−2 + kN)/k+2 (5)

The kinetic parameters of the hydrolysis of a substrate by s-ACE
would be represented, therefore, by:

kcat = (kN Km,C + kC Km,N)/(Km,N + Km,C);
(6)

Km = (Km,C × Km,N)/(Km,C + Km,N)

Scheme 2 Hydrolysis of two substrates by an enzyme with two active sites
(indicated by N and C) that exhibit strong negative co-operativity

Theoretical values of parameters kcat and Km for the two-domain
ACE were calculated, in accordance with Scheme 1, from the
values of kcat and Km obtained for the single-domain forms.
The calculated values are given in Table 1 along with experimental
data. Good coincidence between experimental and theoretical
values for the catalytic constants (kcat) demonstrates that the
two domains within human s-ACE exhibit strong negative co-
operativity. Thus, random binding of a substrate molecule to
one of the active sites in human s-ACE prohibits or dramatically
decreases hydrolysis of another substrate molecule by the second
site.

The theoretical and experimental Km values, however, differed
for several substrates (Table 1), suggesting that the catalytic
parameters of a single domain can differ slightly from those in a
two-domain molecule. This suggestion is in agreement with our
earlier observation [39] that the rates of dissociation of complexes
of a fluorescein-labelled inhibitor with bovine s-ACE were not the
same as the rates of dissociation of complexes of this inhibitor
with single-domain ACE forms.

Simultaneous hydrolysis by s-ACE of two substrates with a
common product

In order to probe inter-domain co-operation in s-ACE further,
we investigated the simultaneous hydrolysis by this enzyme of
two substrates, Cbz-Phe-His-Leu and Hip-His-Leu, giving the
common product His-Leu. Kinetic analysis of the simultaneous
hydrolysis of two substrates with a common product by an
enzyme with single active site was reported previously [40] to
probe competition between these substrates for binding to the
enzyme. We applied this approach to an enzyme with two active
sites.

The hydrolysis of two substrates by an enzyme with two
active sites (marked as N and C) that exhibit strong negative co-
operativity (‘competition’ of substrates for binding to the enzyme)
can be described by Scheme 2. The rate of the enzymatic reaction
is represented by:

v = k2,N[ENS2] + k1,C[S1EC] + k1,N[ENS1] + k2,C[S2EC] (7)

With steady-state assumption, the final rate equation is very
complicated, and thus we used equilibrium approximation:

[ENS2] = ([E][S2])/Ks2,N; [S1EC] = ([E][S1])/Ks1,C;
(8)

[ENS1] = ([E][S1])/Ks1,N; [S2EC] = ([E][S2])/Ks2,C
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and the stoichiometric relationship:

[E]0 = [E] + [ENS2] + [S1EC] + [ENS1] + [S2EC] (9)

If the hydrolysis product is common for the two substrates, the in-
itial rate of the simultaneous hydrolysis of these substrates at a
constant ratio of initial substrate concentrations (σ = [S2]0/[S1]0)
is as follows:

v = [E]0

(
k1,N

KS1,N

+ k1,C

KS1,C

)
[S1]0 +

(
k2,N

KS2,N

+ k2,C

KS2,C

)
σ [S1]0

1 + [S1]0

(
1

KS1,N

+ 1

KS1,C

)
+ σ [S1]0

(
1

KS2,N

+ 1

KS2,C

)

(10)

where KS1,C and KS2,C are binding equilibrium constants of
substrates 1 and 2 respectively for the C-ACE active site; KS1,N

and KS2,N are binding equilibrium constants of substrates 1 and
2 respectively for the N-ACE active site; k1,N and k1,C are the
catalytic constants of the hydrolysis of substrate 1 by the N-ACE
and C-ACE active sites respectively; and k2,N and k2,C are the
catalytic constants of the hydrolysis of substrate 2 by the N-ACE
and C-ACE active sites respectively.

Lineweaver–Burk plots at various σ values yielded, in this
case, a set of straight lines with a single intersection point with
co-ordinates:

1

[S1]0

= (k1,N + k1,C) − (k2,N + k2,C)
KS1,N × KS1,C

KS1,N + KS1,C

(k2,N + k2,C)
;

1

v
= 2

k2,N + k2,C

(11)

The hydrolysis of two substrates by an enzyme with
independent active sites (absence of substrate ‘competition’ for
binding to the enzyme) can be described by Scheme 3 . The rate
of enzymatic hydrolysis is given by:

v = (k2,N + k1,C)[S2,NES1,C] + k1,C[S1EC] + (k1,C + k1,N)[S1,NES1,C]

+ k1,N[ENS1] + (k2,C + k1,N)[S1,NES2,C] + k2,C[S2EC]

+ (k1,N + k2,C)[S2,NES2,C] + k2,N[ENS2] (12)

Under equilibrium conditions, the rate of hydrolysis at a constant
ratio of initial substrates concentrations (i.e. σ = [S2]0/[S1]0) is
represented by:

v =
[S1]0

KS1,N

[
k1,N + (k1,C + k1,N)

[S1]0

KS1,C

]
+ σ [S1]0

KS2,C

[
k2,C + (k1,N + k2,C)

[S1]0

KS1,N

]

1 + [S1]0

KS1,N

(
[S1]0

KS1,C

+ 1

)
+ σ [S1]0

KS2,C

(
1 + [S1]0

KS1,N

)
+ σ [S1]0

KS2,N

(
1 + σ [S1]0

KS2,C

)
+ [S1]0

KS1,C

(
1 + σ [S1]0

KS2,N

) [E]0

+
σ [S1]0

KS2,N

[
k2,N + (k2,N + k2,C)

σ [S1]0

KS2,C

]
+ [S1]0

KS1,C

[
k1,C + (k2,N + k1,C)

σ [S1]0

KS2,N

]

1 + [S1]0

KS1,N

(
[S1]0

KS1,C

+ 1

)
+ σ [S1]0

KS2,C

(
1 + [S1]0

KS1,N

)
+ σ [S1]0

KS2,N

(
1 + σ [S1]0

KS2,C

)
+ [S1]0

KS1,C

(
1 + σ [S1]0

KS2,N

) [E]0 (13)

where all symbols are as in eqn (10).
In general, Lineweaver–Burk plots at various σ values are not

linear in this case, and do not yield a single intersection point.
However, if Michaelis constants for the hydrolysis of a substrate
were equal for both active sites, the rate equation would be much

Scheme 3 Hydrolysis of two substrates by an enzyme with two independent
active sites (indicated by N and C)

simpler:

v =
k1,C + k1,N

KS1,C

[S1]0 + k1,C + k1,N

KS2,N

σ [S1]0

1 + [S1]0

KS1,C

+ σ [S1]0

KS2,N

(14)

and Lineweaver–Burk plots at various σ values would yield a set
of straight lines with intersection point co-ordinates:

1

[S1]0

= (k1,C + k1,N) − (k2,C + k2,N)

KS1(k2,C + k2,N)
;

1

v
= 1

k2,C + k2,N

(15)

These co-ordinates, however, differ markedly from co-ordinates
given in eqn (11), obtained for ‘competitive’ substrates.

The Michaelis constants for the hydrolysis of either Cbz-
Phe-His-Leu or Hip-His-Leu were not equal for N-ACE and
C-ACE (Table 1), so we could not expect linear Lineweaver–
Burk plots and single intersection point in the case of non-
competitive binding of these substrates with s-ACE, in accordance
with Scheme 3.

The results for the simultaneous hydrolysis of Cbz-Phe-
His-Leu and Hip-His-Leu by human s-ACE showed, however,

that Lineweaver–Burk plots were linear over the Hip-His-Leu
(S1) concentration range 100 µM–1 mM for various values of
parameter σ , and yielded a single intersection point (Figure 2).
The position of this point coincides well with the intersection
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Figure 2 Lineweaver–Burk plots for the simultaneous hydrolysis of two
substrates with a common product (His-Leu) by s-ACE (750 pM) at different
values of the ratio σ = [S2]0/[S1]0

The two substrates used were Hip-His-Leu (S1) and Cbz-Phe-His-Leu (S2). Reactions were
carried out in 50 mM phosphate buffer, pH 7.5, containing 150 mM NaCl and 1 µM ZnCl2
at 25◦C. Arrow A indicates the intersection point of theoretical plots calculated from kinetic
parameters for the hydrolysis of Hip-His-Leu and Cbz-Phe-His-Leu by N-ACE and C-ACE
according to an assumption of strong negative co-operativity of the two domains in s-ACE.
B indicates the intersection area of theoretical plots calculated from kinetic parameters for the
hydrolysis of these substrates by N-ACE and C-ACE according to an assumption of independent
domains within s-ACE. Each cross corresponds to the intersection of two plots with different
values of σ (0 and 0.025; 0 and 1.15; 0.15 and 0.025).

point calculated from the values of kinetic parameters for
the hydrolysis of these two substrates by N-ACE and C-ACE
(Table 1), in accordance with Scheme 2 and eqns (10) and (11).
For comparison, Figure 2 also shows the theoretical intersection
points calculated for each pair of σ values (0 and 0.025; 0 and
0.15; 0.025 and 0.15) according to Scheme 3. The area of these
points appeared to be quite far from the intersection point obtained
experimentally. Thus the present study demonstrates that Cbz-
Phe-His-Leu and Hip-His-Leu compete for binding to s-ACE;
thus binding of a substrate at one active site makes the other site
unavailable for another substrate molecule.

Conclusion

In conclusion, two domains of human s-ACE exhibit strong
negative co-operativity, at least upon binding of common
inhibitors, such as captopril and lisinopril, and in the hydrolysis
of tripeptide substrates. Thus this property can be considered as
a characteristic of s-ACE that suggests a close proximity of the
domains, and may be the result of a flexible domain–domain
movement upon binding of a ligand.

This work was supported by the Russian Foundation for Basic Research, grant 03-04-
48821.
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