
Biochemical Pharmacology. Vol. 44. No. 3. pp. 565-570. 1992. COL&Z952/92 $5.00 + 0.00 
Printed in Great Britain. 0 1992. Pergamon Press Ltd 

MIXED-TYPE INHIBITION OF BOVINE LUNG 
ANGIOTENSIN CONVERTING ENZYME BY LISINOPRIL 

AND ITS DANSYL DERIVATIVE 

GCJLBERK UCAR and INCI &ZER* 

Department of Biochemistry, School of Pharmacy, Hacettepe University, 061Ofl Ankara, Turkey 

(Received 13 January 1992; accepted 6 April 1992) 

Abstract-The steady-state inhibition of bovine lung angiotensin converting enzyme (ACE; EC 3.4.15.1) 
by the slow-binding inhibitor lisinopril and its dansyl derivative conformed to a linear mixed inhibition 
model with inhibitor binding to ES as well as to E. Studied at pH8, 35”, and using N-(3-[2-furyI]- 
acryloyl)phe-gly-gly as substrate, the approach to steady-state activity at different substrate con- 
centrations pointed to slow isomerizations in both EI and EIS. While an inhibitory scheme involving a 
single I-binding site adequately accounts for the data presented, information relating to the primary 
structure of ACE brings up a two-site alternative which remains to be tested. 

As a component of the renin-angiotensin-aldo- 
sterone system, angiotensin converting enzyme 
(ACEt; EC 3.4.15.1) has been a major target in the 
design of antihypertensive drugs [l-4]. A substantial 
volume of data has accumulated also with respect to 
the molecular and kinetic properties of the enzyme 
[5-191 and the gene encoding it [20]. Of particular 
interest from the kinetic viewpoint is the observation 
that some reversible inhibitors of ACE such as 
captopril, enalaprilat and lisinopril act as slow, tight- 
binding inhibitors conforming to Scheme I [21-241, 
where binding 
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of I to E is driven by the subsequent slow isomeri- 
zation of EI to EI*. Scheme I has been deduced 
from orogress curves for the hvdrolvsis of N-(3-12- 
furyl]acr$oyl)phe-gly-gly (FAPGG) ‘In the presence 
of inhibitor. Evidence for conformational changes 
has been obtained also in the chloride-depend&t 
hydrolysis of Class III substrates in the absence of 
inhibitor [25,26]. What follows is the result of a 
preliminary search for a fluorescent inhibitor which 
would exhibit slow-binding properties and could be 
used to monitor I-induced change(s) in enzyme 
conformation in the absence of substrate. Steady- 
state inhibition data obtained with bovine ACE 
using lisinopril and DNS-lisinopril are at variance 
with the simple competitive model previously 
proposed to account for the inhibition of rabbit lung 
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ACE and point to possible multiplicity in I-binding 
modes. 

MATERIALS AND METHODS 

Lisinopril was a gift of Merck Sharp & Dohme, 
U.S.A. Chromatographic media were obtained from 
Pharmacia-LKB, Sweden. All other chemicals were 
from the Sigma Chemical Co., U.S.A. 

ACE was partially purified from bovine lung using 
conventional methods: 200 g tissue was homogenized 
in 4~01. of 50 mM potassium phosphate (pH 8) 
containing 30 mM KCl. The homogenate was 
centrifuged at 16,300 g for 60 min. The pellet was 
resuspended in 2.5 vol. of homogenization buffer 
(HB) using a Waring blender, brought to 0.1% in 
Triton X-100 and incubated in a 35” water bath for 
1 hr. Following centrifugation at 16,300 g for 60 min, 
the Triton extract was subjected to ammonium 
sulfate precipitation overnight (4”, 65% saturation). 
The precipitate was collected by centrifugation at 
27,000g for 90min, resuspended in cu. 70mL HB 
containing 0.05% Triton-100, and cleared by 
centrifugation. The supernatant (60 mL) was dialyzed 
against 2 x 2300 mL of 20 mM potassium phosphate 
(pH 7) containing 0.05% Triton X-100. Particulate 
matter was removed by centrifugation. The super- 
natant was applied to a 3 x 29 cm column of DEAE- 
Sephadex A50 equilibrated with dialysis buffer. 
Elution was performed using a linear gradient 
(800 mL) of 0 to 0.5 M KC1 in the same buffer. ACE 
activity eluted at 0.23 M KCI. Active fractions 
were pooled, dialyzed against 20 vol. of 25 mM 
imidazole*HCl buffer (pH 7.4) containing 0.025% 
Triton X-100 and 0.1 mM ZnC12 and applied to a 
1.5 x 7.5 cm column of PBE 94 equilibrated with 
the same buffer (omitting ZnC12). Chromatofocusing 
was done with PB 74 (diluted 1:8 with water, adjusted 
to pH4 with HCl and supplemented with 0.025% 
Triton X-100). Activity was recovered in the pH 
range 5-4 (Fig. 1). Fractions 50-75 on the basic side 
were pooled, adjusted to pH 6 with 1 M Tris, and 
applied to the PBE 94 column equilibrated with 
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Fig. 1. Chromatofocusing of bovine lung ACE. Column 
dimensions, 1.5 x 7.5 cm; flow rate, 20 mL/hr; fraction 
volume, 3 mL. Key: (--)pp; (0) activity; and (----) 

25 mM imidazole*HCl (pH 6)-0.025% Triton X- 
100. Gradient elution (0 to 0.3 M KCl; 600mL) 
yielded enzyme at cu. 0.1 M KCI. The preparation 
had a specific activity of 20U/mg, based on V,,,,, 
using FAPGG as substrate (see section on kinetic 
measurements). Protein was determined according 
to Bradford [27]. 

Preparation of dan.syMsinopriI. Lisinopril 
(17 ymol) was dissolved in 10 mL of 50 mM NaHC03 
and added to 50 pmol solid dansyl chloride. The 
mixture was stirred at room temperature overnight 
in the dark. Particulate matter was removed by 
centrifugation. The supernatant was diluted with an 
equal volume of 25 mM potassium phosphate buffer 
(pH6.5) and applied to PBE 94 (1.6 X 8cm) 
equilibrated with the same buffer. Gradient elution 
with KC1 (0 to 0.5 M; 300mL) resolved DNS- 
lisinopril from dansic acid which eluted at 0.1 and 
0.15 M KCl, respectively. TLC of the DNS-lisinopril 
fraction on Silica Gel 60 (Merck, FRG) in 
butanol:acetic acid:water (4: 1: 1) revealed a single 
fluorescent spot (&0.73) with no evidence for 
contamination by DNS-OH (&0.62). Identification 
of DNS-lisinopril was based on TLC analysis [Silica 
Gel 60; chloroform:methanol:17% ammonia (2:2:1)] 
before and after acid hydrolysis. Treatment of the 
sample with 6.1 N HCl at 110” overnight yielded a 
ninhydrin-positive spot with an RF corresponding to 
that of a standard proline solution treated in the 
same manner. Fluorescence excitation and emission 
spectra of the dansylation product are given in Fig. 
2. The concentration of DNS-lisinopril in the PBE 
94 eluate was calculated using ,?&a = 4 mM-’ cm-’ 
reported for similar dansylated compounds [28]. The 
eluate was used without further treatment. 

Kinetic measurements. Assays were conducted at 
35”, in 0.1 M HEPES buffer (pH 8) containing 0.3 M 
NaCl, 0.1 mM ZnClz and 0.25 to 1.5 mM FAPGG. 
[The assay mixture also contained 5% (v/v) methanol 
coming from the substrate stock solution. However, 

the methanol content was found not to affect the 
kinetic results.] Reactions were initiated by the 
addition of enzyme (ca. 0.3 pg protein/ml) and 
monitored through the change in absorbance at 
345 nm. Activity was calculated using BE = 
0.517 mM-‘cm-’ [29]. 

All inhibition experiments were conducted at 
[II tOtal in significant excess over [Elt,r,,, in order to 
avoid inhibitor depletion during the anvroach to the 
steady state*; the concentratyon of’ ‘ACE in the 
system lay in the subnanomolar range, as deduced 
from activity observed at 25” (0.01 U/mL), the 
specific activity reported for pure enzyme (72-146 U/ 
mg) and a molecular mass of 135-185 kDa 
[15,22,31,32]. The lowest inhibitor concentrations 
used were 3 nM (lisinopril) and 6 nM (DNS- 
lisinopril) . 

RESULTS AND DISCUSSION 

In the substrate concentration range covered, in 
the absence of inhibitor, bovine lung ACE exhibited 
Michaelis-Menten kinetics, with K,,, (FAPGG) = 
0.26 mM. 

Inhibition by lisinopril. Progress curves for 
FAPGG hydrolysis in the absence and presence of 
lisinopril are given in Fig. 3. In analogy to its effect 
on rabbit lung ACE [21-241, lisinopril acted as a 
slow-binding inhibitor of the bovine lung enzyme. 
Final steady-state velocities were reached on the 
minute time scale. The approach to the steady 
state was a pseudo first order process [Fig. 3b, 
plotted according to [33], substituting (A, - A,) for 
([PISS - [P]J]. The variation of the observed rate 
constant for inhibition with [I] (not shown) was in 
keeping with Scheme I and Equation 1 relating to it 
P21. 

k obsd = 
(k2 + k-2) [II + k-zKi(l + [SlIKm) t1I 

PI + Ki(l + [SlIKm) 
Estimated values for the various parameters (with 

K,,,=0.26mM)were: Ki,3.3 nM;k2,4.3 X 10-2sec-1 
and k-2, 1.7 x 10-3sec-1, in qualitative agreement 
with values reported in the comprehensive study on 
rabbit lung ACE [22]. K: , the overall dissociation 
constant (Kik-z/(kz + k-z)), was 0.12 nM. 

On the other hand, Dixon plots of steady-state 
velocities as a function of [I] (Fig. 4) did not conform 
to a simple competitive model. The steady-state 
equation for Scheme I (Eq. 2) requires that Dixon 
plots have slopes directly proportional to [S]-‘. Such 
was not the case; a 6-fold increase 

V 
Vln,, PI 

steady state = 
Km (1 + III/K) + [Sl (2) 

* Failure to observe this condition complicates kinetic 
analyses in all phases of the inhibition: (a) the initial, slow 
phase, if any, has to be treated as a second order process 
rather than a pseudo first order one, i.e. allowance has to 
be made not only for time-dependent changes in available 
enzyme concentration, but also for time-dependent changes 
in free [I]; and (b) the steady state is no longer described 
by conventional rate equations; complex equations [30] 
must be used, precluding graphical diagnosis of inhibition 
type. 
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Fig. 2. Fluorescence spectra of DNS-lisinopril. (a) Excitation spectrum; emission measured at 550 nm. 
(b) Emission spectrum; excitation at 327 nm. (Spectra for DNS-6-aminocaproic acid (-*-) and DNS- 

OH (----) are included for comparison.) 
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Fig. 3. Effect of lisinopril on FAPGG hydrolysis by bovine lung ACE. (a) Progress curves at 0 (0), 3 
(0) and 10 (0) nM lisinopril. [S] = 1.5 mM. (b) Semilogarithmic replot of the data at 3 nM inhibitor. 

in substrate concentration reduced the slope by a 
factor of 2, pointing to inhibition of the linear mixed 
type. A minimal mechanism which could account 
for the observed steady-state behavior is given in 
Scheme II. The data were analyzed according to the 
(rapid equilibrium) equation (Eq. 3) 

+S 

E F?: ES-+P 
K, 

+I 
II It 

K, +I OKi 

?S 

EI * EIS 
OK, 

Scheme II 

“_, _ (1 + ~Kl[w [II + (1 + Km) 
aKi V,,, V 

(3) 

max 

for this scheme. Taking K, = K,,, = 0.26 mM, Ki and 
aKi [overall dissociation constants incorporating 
factors from any EI(EIS) to EI*(EIS*) transitions 
that may be taking place] were calculated to be 0.7 
and 1.1 nM, respectively. 

Inhibition by DNS-binopril. The data for lisinopril 
inhibition (Fig. 4) showed considerable scatter, 
arising from the need to use [I] * [El,, which resulted 
in reduction of steady-state activities almost to the 
limit of detection. The experiments were repeated 
with DNS-lisinopril, where significant residual 
activity was observed at the high inhibitor con- 
centrations required. The data (Fig. 5) pointed to 
the same pattern of steady-state inhibition as deduced 
for lisinopril. The values for Ki and aKi obtained 
using Equation 3 were 4.7 and 14 nM, respectively. 
A preliminary study of the approach to steady-state 
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Fig. 4. Dixon plot for steady-state inhibition of FAPGG 
hydrolysis by lisinopril. [S] = 0.25 (0) and (0) 1.5 mM; v 
is in units of AA&O min. (The points are averages of at 
least three determinations. The bars indicate the range of 

values obtained.) 
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Fig. 5. Dixon plot for steady-state inhibition of FAPGG 
hydrolysis by DNS-lisinopril. [S] = 0.25 (0) and (0) 
1.5 mM. (The points are averages of at least three 
determinations. The bars indicate the range of values 

obtained.) 
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Fig. 6. Dependence of progress curves for FAPGG 
hydrolysis on [S] and the identity of inhibitor. Inhibition 
by 25 nM DNS-lisinopril (a) and 3 nM lisinopril (b) at 
[S] = 1.5 mM and inhibition by 25 nM DNS-lisinopril (c) 
at [S] = 0.25 mM. [The progress curve (d) in the absence 
of inhibitor has been included to give an estimate of the 
nonlinearity arising from substrate depletion at 0.25 mM S 
and thereby to highlight the slow-onset inhibition by DNS- 

lisinopril at this substrate concentration.] 

activity, on the other hand, repeatedly revealed 
differences between the two inhibitors. When 
progress curves were compared at lisinopril and 
DNS-lisinopril concentrations which yielded similar 
u+’ (steady-state)/v-’ ratios, only a marginal 
presteady-state period was observed with DNS- 
lisinopril at [S] = 1.5 mM, as opposed to the definite 
curvature in the lisinopril traces (Fig. 6, curves a 
and b). At [S] = 0.25 mM, the progress curve for 
DNS-lisinopril inhibition (Fig. 6, curve c) assumed 
the expected features of slow-onset inhibition. With 
reference to Scheme II, these observations imply 
that both EI and EIS undergo inhibitor-induced 
isomerization. In the case of DNS-lisinopril, 
isomerization of EIS must be faster than isomerization 
of EI. In contrast, qualitative assessment of the 
inhibition by lisinopril at high and low S suggests 
that EI and EIS must isomerize at comparable rates. 

In conclusion, the data presented provide evidence 
against lisinopril as a conventional tight-binding 
competitiue inhibitor of ACE. Both E and ES appear 
to bind I and to undergo conformational changes. 
The simplest model which fits the steady-state kinetic 
data is one involving a single I-binding site (Scheme 
II). The occupation of this site adversely affects 
substrate binding, at the same time rendering the 
enzyme incapable of carrying out its catalytic 
function. 

A variant of this model [34] involves two mutually 
exclusive I-binding sites (Scheme III, Eq. 4). Binding 
at one of the sites is competitive with substrate 
binding. Binding at the alternative site gives rise to 
the noncompetitive component of the observed 
inhibition. Schemes II and III are kinetically 



Mixed-type inhibition of angiotensin converting enzyme 569 

indistinguishable. Therefore, the data presented 
provide no evidence in favor of one mechanisms 
over the other. Nevertheless, 
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Scheme III 

“_, _ cc + ~sIPI)[Il + (1 + W[W - 
CKV/,,X V 

(4) 
max 

(c = a/(1 + a)) 

Scheme III is relevant, especially with reference to 
the finding that ACE harbors two homologous 
[18, 191 and active [35] domains in its structure and 
a recent reappraisal of the stoichiometry of lisinopril 
binding [36]. Thus, it is highly likely that lisinopril 
and DNS-lisinopril can bind to both of the active 
domains. Binding to the C-terminal domain 
(corresponding to the formation of EI in Scheme 
III) would account for the competitive component 
of the inhibition observed, since it is this domain 
that accounts for 90% of ACE activity towards 
synthetic substrates [35]. Binding to the N-terminal 
domain (formation of IE as distinct from EI), on 
the other hand, would be reflected in a change in 
kcat, i.e. the efficiency of substrate turnover at the 
C-terminal active site. A definite conclusion 
regarding the alternative modes of inhibition must 
await further studies on the intramolecular dynamics 
of ACE. 
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