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Abstract-The relationship between serum angiotensin converting enzyme (ACE) activity and con- 
centration of the ACE inhibitor enalaprilat was determined in vitro in the presence of different 
concentrations (5 = 4-200 mM) of the substrate Hip-Gly-Gly. From Henderson plots, a competitive 
tight-binding relationship between enalaprilat and serum ACE was found yielding a value of -5 nM for 
serum ACE concentration (Et) and an inhibition constant (Ki) for enalaprilat of =O.l nM. A plot of 
reaction velocity (Vi) versus total inhibitor concentration (I,) exhibited a non-parallel shift of the 
inhibition curve to the right with increasing 5. This was reflected by apparent Hill coefficients > 1 when 
the commonly used inhibitory sigmoid concentration-effect model (E,,, model) was applied to the data. 
Slopes > 1 were obviously due to discrepancies between the free inhibitor concentration (It) present in 
the assay and Z, plotted on the abscissa and could, therefore, be indicators of tight-binding conditions. 
Thus, the sigmoid E,,, model leads to an overestimation of K,. Therefore, a modification of the inhibitory 
sigmoid E,, model (called “Em, tight model”) was applied, which accounts for the depletion of Zr by 
binding, refers to Z, and allows estimation of the parameters Et and ICKY (free concentration of inhibitor 
when 50% inhibition occurs) using non-linear regression analysis. This model could describe the non- 
symmetrical shape of the inhibition curves and the results for K, and Et correlated very well with those 
derived from the Henderson plots. The latter findings confirm that the degree of ACE inhibition 
measured in vitro is, in fact, dependent on the concentration of substrate and enzyme present in the 
assay. This is of importance not only for the correct evaluation of K, but also for the interpretation of 
the time course of serum ACE inhibition measured ex oivo. The non-linear model has some advantages 
over the linear Henderson equation: it is directly applicable without conversion of the data and avoids 
the stochastic dependency of the variables, allowing non-linear regression of all data points contributing 
with the same weight. 

Measurement of angiotensin converting enzyme 
(ACE) activity in serum/plasma samples has been 
carried out extensively during the last few years in 
order to assess the extent of the blockade of the 
renin angiotensin system (RAS) after administration 
of ACE inhibitors. However, the interpretation of 
serum ACE inhibition measurements remains 
difficult not only because of the clear discrepancy 
between the time course of inhibition of circulating 
ACE and the antihypertensive effect of these drugs 
[l] but also for several methodological reasons. 
Recently, Nussberger et al. [2] have shown that the 
use of two different methods for measuring ACE 
activity leads to different degrees of ACE inhibition 
in identical samples. This appears to be plausible 
since the various assays employ not only different 
synthetic substrates, e.g. Hip-Gly-Gly, Hip-His-Leu 
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and Fa-Phe-Gly-Gly, but also different con- 
centrations of substrate (S-51. Regarding the 
competitive mechanism postulated for most of these 
inhibitors, the degree of inhibition should depend 
on the ratio of substrate concentration (5) to its K,,, 
value (Michaelis constant) (S/K,,,) used in the assay. 
Furthermore, the various methods differ in the kind 
of buffer and ions added, the temperature and pH 
of incubation, and the dilution of the sample before 
assaying. As pointed out by Burnier et al. [6], it is 
impossible to compare results unless the same 
methodology is used. Thus, it is not surprising that 
for enalaprilat the published in uitro lcjo values 
(concentration of inhibitor at which 50% inhibition 
occurs) for various sources of ACE vary in the range 
of 0.1 to 6 nM [7-g]. A comparison is impossible 
unless the S/K,,, used is taken into account and 
inhibition constants (Ki) are calculated. Another 
problem occurs when characterizing the concen- 
tration-inhibition relationship of ACE inhibitors: 
because of their high affinity for the enzyme and the 
relatively large concentration of enzyme, so-called 
“tight-binding”inhibition(depletionoffreeinhibitor) 
occurs requiring a special evaluation of the measured 
data [lo, 11). 

The aim of the present investigations was to 
evaluate the in vitro relationship between enalaprilat 
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concentration and serum ACE inhibition when the 
substrate concentration was varied within one 
method. Furthermore, we applied a non-linear 
model for the correct evaluation of the ICKY and Ki 
values of tight-binding inhibitors and compared the 
results with those derived from Henderson plots. 

MATERIALSANDMETHODS 

Measurement of serum ACE activity 

ACE activity in human serum (pooled sera from 
blood bank donors) was determined according to 
the method of Neels et al. [12] with slight 
modifications. The substrate-buffer solutions (S = 
4-200mM; pH 8.15 at 25”, pH 8.0 at 37”) were 
prepared as follows: 1613mg of the substrate L- 
hippuryl-L-glycyl+glycine (Hip-Gly-Gly, purchased 
fromBachemFeinchemikalien, Heidelberg, F.R.G.) 
were dissolved in 25 mL of Hepes buffer (50 mM 
Hepes, 300 mM NaCl, 400 mM NazSO,; pH 8.15 at 
25”, pH 8.0 at 37”). (Since high concentrations of 
Hip-Gly-Gly change the pH, for complete dissolution 
intermediate pH adjustment with NaOH was 
necessary.) Using this solution a final assay concen- 
tration of 200 mM Hip-Gly-Gly was reached. Further 
dilutions with Hepes buffer were made to reach final 
assay concentrations of 150, 100, 50, 20, 10, 8 and 
4 mM Hip-Gly-Gly. 

Serum (10 yL) was incubated with 100 PL of the 
respective substrate solution at 37”. Incubation time 
(30-90 min) was adjusted so that substrate depletion 
was always below 10%. Incubation was terminated 
by consecutively adding 100 PL of 10% (w/v) sodium 
tungstate (Sigma GmbH, Munich, F.R.G.) and 
100 PL of 0.33 M H2S04, and mixing. After adding 
1 mL of distilled water and mixing, the tubes were 
centrifuged for 4 min at 10,470 g (Hettich Mikroliter 
centrifuge, Tuttlingen, F.R.G.). Supernatant 
(75OpL) was transferred into microcuvettes and 
1 mL of borate buffer (NazB,O,. 10 HzO, 100 mM, 
pH 9.6) and 5OpL of TNBS solution (406 mg of 
2,4,6+initrobenzene sulfonic acid, purchased from 
Fluka Feinchemikalien GmbH, Neu-Ulm, F.R.G., 
dissolved in 20 mL of absolute alcohol) were added 
simultaneously. The cuvettes were allowed to stand 
for 30 min at room temperature and then extinction 
(e) was read against air at a wavelength of 420 nm 
(UVIKON 810 spectrophotometer, Kontron AG, 
Zurich, Switzerland). Blanks were prepared by 
adding the deproteinizing reagents (sodium tungstate 
and H2S04) to the substrate solution before the 
serum. ACE activity expressed as units per liter 
(units/L) was calculated as: 

(s,,,,r,e - &blank x 3.144 x IO8 

~420 x time of incubation (min) 

where .s420 is the molar extinction coefficient of 
TNBS-Gly-Gly (= 15,650 L/mol/cm. One unit per 
liter represents 1 pmol of hippuric acid or Gly-Gly, 
released per minute per liter of serum. 

Standards were prepared by adding 10 PL of a 
defined solution of Gly-Gly (Boehringer Mannheim, 
F.R.G.) in distilled water to a blank incubation 
mixture. Using standard solutions corresponding to 
266,532,798 and 1064 units/L, an accuracy of 92.3, 
102.5, 103.4 and 99.2%, respectively, was obtained 

(N = 3). Over the whole range of standard dilutions, 
extinction was linear up to .s = 2.0. The intra-assay 
(N = 5) and inter-assay (N = 4) precision of a normal 
serum sample (240 units/L) were 2.2 and 1.6%, 
respectively. The lower detection limit was defined 
as the corresponding activity of the 3-fold standard 
deviation of the mean blank value and was calculated 
to be 9.4 units/L when 10 PL of serum was incubated 
for 90 min. Serum ACE activity was stable at 4” for 
at least two weeks. For the measurement of in vitro 
concentration-response curves for serum ACE 
inhibition by enalaprilat, dilutions of enalaprilat 
were freshly prepared in distilled water and 1OpL 
of each dilution were added to 1 mL of serum so 
that the concentration of enalaprilat in the spiked 
samples reached from lo-” to lO+jM. Spiked 
samples were allowed to preincubate for at least 6 hr 
at room temperature before starting the assay. 
Because of the dilution factor 11 in the assay, final 
concentrations were expected to be 9.09 x lo-l3 to 
9.09 x 10-8M. Using the seven different substrate 
solutions described above, a series of inhibition 
curves was generated. All measurements were done 
in triplicate and data are presented in the figures as 
mean values * SEM. 

Data evaluation 

Theory. The steady state rate equation for the 
reaction of one substrate with one enzyme is the 
well-known relationship derived by Michaelis and 
Menten [ 131: 

V xs 
Vo =* 

where VO = velocity in the absence of inhibitor, 
V max = maximum velocity, K,,, = Michaelis constant 
and S = substrate concentration. The following 
equations are based on the assumption made by 
Michaelisand Menten that K,,, = K, [K, = dissociation 
constant of the enzyme-substrate complex (ES)]. 

In the presence of a reversible competitive 
inhibitor the velocity follows the equation [13]: 

vln, x s 
vi = S + K,(l + Z/Ki) 

where Vi = velocity in the presence of inhibitor, 
I = inhibitor concentration and Ki = dissociation 
constant of the enzyme-inhibitor complex (EZ). 

In order to describe the velocity in the presence 
of different inhibitor concentrations in relation to 
the velocity in the absence of inhibitor (VJVO), at 
one defined substrate concentration, Eqns 1 and 2 
can be combined as: 

Vi/V0 = 
S+K, 

S + K&l + IlKi)’ 

This can be rearranged as: 

Vi/V0 = 
1 + S/K, 

1 + S/K, + IlKi’ 

The use of Eqns l-4 is based on the following 
assumptions made by Michaelis and Menten: (1) 
equilibrium is rapidly reached between substrate, 
inhibitor and enzyme so that steady state velocities 
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are measured; (2) the reaction between inhibitor 
and enzyme follows a simple reversible competitive 
mechanism; (3) both substrate and inhibitor 
concentrations are much greater than the enzyme 
concentration (total enzyme concentration = E,) so 
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evaluated from such inhibition curves are total 
inhibitor concentrations (I&) and, as mentioned by 
Francis et al. [ll] for the ACE inhibitor cilazaprilat, 
such inhibition curves become very steep and also 
asymmetrical around the midpoint. 

that Sfr,, (Sf) =k,&J 4~ and kd4) -Ztotad4~=Z, 
i.e. the bound fractions of S and I are nezliniblv 
small. The ratio Et/K, (Et/K,,,, respectively) \h&rlh 
be 0.01 or less for a Michaelis-Menten analysis to 
be valid [14]. Otherwise, the substrate or inhibitor 
is called “tight-binding” and the above assumption 
(3) does not hold. Thus, one must bear in mind that 
Eqn 4 is a simplification and the correct general 
form must be written as: 

Vi/V0 = 
1+ S&n sfi 

l+ Sfi/Km + Zfs/Ki 'S, (5) 
This is the form of the general equation for the 

special case of competitive inhibition. 
A plot of Z,/(l - Vi/Vo) versus Vo/Vi permits 

calculation of the enzyme concentration E, from the 
y-interce t 

P 
of the regression line. The slope is 

Ki(1 + S Km) and a replot of the slope versus S 
(using different concentrations of substrate) yields a 
linear relationship with the y-intercept = Ki and the 
slope = Ki/Km. These plots at different substrate 
concentrations also allow detection of mechanisms 
of inhibition other than competitive. 

where Sf and Ss represent the free concentration of 
substrate in the absence (cf. Eqn 1) and presence 
(cf. Eqn 2) of inhibitor, respectively. Z, represents 
the free concentration of inhibitor in the presence 
of substrate. 

The concentration of ACE in serum is reported 
to be in the range of 4 to 10nM [ll, 15,161. Thus 
in our case, with respect to the dilution factor 11, 
Et in the assay was assumed to be about 0.1-l nM. 
The K,,, of Hip-Gly-Gly and, hence, the substrate 
concentrations used were in the millimolar range. 
We can, therefore, assume that the bound fraction 
of substrate (=ES) was negligibly small, i.e. that 
Sf = S, = S. However, as Francis et al. [ll] and 
Btinning [lo] noted, the ratio of Et (serum)/Ki for 
most of the known ACE inhibitors is not X0.01 so 
that Z, used in the assay is not always equal to If. 
Thus, Eqn 5 simplifies to: 

Vi/V0 = 
l+ S/K, 

1 + S/Km + Zfs/Ki' (6) 

From this equation (6 or 4) Cheng and Prusoff 
[17] derived the relationship between Ki and the 
concentration of inhibitor (IC&) at which the velocity 
is 50% of the uninhibited reaction (V#, = l/2). 
The term is here called lcsof to bear in mind that 
this holds true only for the free concentration of 
inhibitor: 

lcsof= Ki(l + S/K,,,). 

From Eqns 6 and 7 one obtains: 

(7) 

Vi = Vo 

1 + Vfs/Gof~” 

This function is equivalent to the inhibitory 
sigmoid E,, model [18] (in the following called 
“E,,,= model”) where Vi represents the effect (E) 
and V. the maximum effect (E,,) at a defined 
substrate concentration. n is an additional parameter 
influencing the slope of the curve. It is called the 
Hill coefficient and was originally added to indicate 
positive or negative cooperativity. 

A concentration-response plot is commonly based 
on total drug concentrations used in the assay (e.g. 
Vi vs Zt). Thus, in the case of a tight-binding inhibitor 
it is not possible to determine lcsw directly from an 
inhibition curve. The lcso values which are commonly 

For the detection of tight-binding conditions and 
the correct analysis of the Ki of such inhibitors, a 
linear steady state rate equation derived by 
Henderson [14] is often used which accounts for the 
depletion of free inhibitor by binding to the enzyme 
and refers to the total drug concentration Zr: 

4 -=E~+Ki(l+S/Km)xVo/Vi. 
l- Vi/V0 (9) 

Under conditions of first order enzyme kinetics 
(S 6 K,,,), Eqn 9 simplifies to: 

1, 
1 - Vi/V0 

=E, + Ki X Vo/Vi (9a) 

and Ki can then be computed directly from the slope 
of the plot. 

However, the use of the Henderson equation has 
some disadvantages: it has been noted by Henderson 
[14] that the calculation of the best slope and 
intercept of the linear plots of Eqn 9 (9a) is very 
complex because of the stochastic dependence of 
the variables and the requirement of extrapolation 
from the data points to estimate the y-intercept, 
since Vo/Vi has a minimum value of 1. He 
recommends that calculations should be weighted in 
favour of the points in the range of Vo/Vi = 1.6-2.5 
and that numerous replicate measurements should 
be done for a good approximation of the true mean. 
Thus, the mid-part of the inhibition curve (Vi/V, = 
60-40%) is the most reliable for the calculation and 
other data are subject to greater error. 

From Eqn 9, a relationship between ICY (the 
midpoint of each inhibition curve) and Ki can be 
derived as: 

ICs& = Ki(l+ S/Km)+ 0.5Et (10) 

which is an extended version of the relationship of 
Cheng and Prussof [17] (Eqn 7), to accommodate 
tight-binding inhibitors [19]. It is obvious that the 
difference between ICKY and IC~M is the additional 
term OSE,, which accounts for the depletion of free 
inhibitor by binding. 

In order to avoid linearization (Henderson 
analysis) we modified the non-linear E,,,, model 
(Eqn 8) to make it applicable for tight-binding 
inhibition. For this purpose the term Zfi in Eqn 8 is 
replaced by Z, - EI,, since Zt = Z, + EZ,. This leads 
to: 



vi = 1 + (I, 

VO vo 
- EZ,)IC, = 1 + IJIC$M - El&,, 

(11) 

where the Hill coefficient is eliminated since the 
term EI, now accounts for the slope of the curve. 

The term EI, can be derived from the law of mass 
action, according to: 

K, &xfrs 
-- and K,-K,= 

’ - EI, 
F (12) 

for the interaction between enzyme and inhibitor or 
substrate, respectively. Under the assumption that 
S = Sr = S, (binding of substrate is negligible) and 0 20 40 60 90 100 120 140 160 160 200 

that Zfs = Zt - EZ$ (binding of inhibitor is not 
negligible), Eqn 12 becomes: 

IHip-Gly-Glyl @il 

K, _ (E, - EZ, - ES) (Z, - EZd Fig. 1. Serum ACE activity as a function of the ~ncentration 
1- 

Eh 
(13) of the substrate Hip-Gly-GIy. Curve-fitting was done using 

the saturation equation (Eqn 1) yielding Km and V,,,, as 

and 
depicted. 

K (E, - EZ, - ES) x S 
m= ES ’ (14) 

respectively. Solving Eqn 14 for ES one obtains: 

ES= 
E, x S/K, - EZ, x S/K,,, 

1+ S/Km * (15) Vi = Vo/‘[l + Z~/ICM~ - (HZ, t- Et + 1C& 

Insertion of the above expression for ES into Eqn 
- t/r(Zt + Et + ~csot)~ - 41, x W/rCs,l. (22) 

13 yields: 

[ 

This equation (called ““E,,, tight model”) can be 
Ki X El, = Et - EZ, applied to a plot of Vi versus I,. Non-linear regression 

of this function to the inhibition curve yields the 
Et x S/K, -El, x S/Km _ 

1 f S/Km >1 
x(Zt-El,). (16) 

parameters V, as the maximum activity with the 
substrate concentration used, icsar as the free 
concentration of inhibitor in the case of 50% 

By rearrangement one obtains the quadratic inhibition (which is smaller than the concentration 
equation: at the midpoint of the competition curve!) and E, as 

Elf + [-I, - Et - Ki(1 + S/K,)] 
the enzyme concentration in the assay in terms of 
molar equivalents of inhibitor. 

x EZ, + I, x E, = 0 (17) A plot of lcsof values versus different S should 

according to x2 + bx + c = 0 which can be resolved 
yield a straight line which intersects the y-axis at 
ICY = Ki and has a slope of K&Km according to Eqn 

by the general formula [20]: 7. 

x1.2 = -db f v’[(4b)2 - c] . (18) 
Under conditions of first order enzyme kinetics 

(S a K,,,), Eqn 22 simplifies to: 
The appropriate solution is: 

EZ, = t[Zt + Et + Ki(l + S/K,)] 
Vi = Vo/[l + ZJKi - (HZ, + $ + K/ 

- q({b[Z, + Et + Kr(l + S/K,)])2 - Z, X Et)* 
- d[(Zt + Et + Ki)* - 41, X EtlI)IKiI* (2W 

(19) Parameter estimation. Eqns 1 (=saturation iso- 

Since Kt(l + S/Km) is equal to ICY (Eqn 7), Eiqn 
therm of S), 8 (=E, model) and 22 (= E,,,, tight 

19 can be written as: 
model) were applied to the data using a program 
package of non-linear least squares model fitting 

EZ, = t(Z, I- Et + IC& - (GIP, Gieener Iterationsprogramm, developed by 

l/{[t(Z, + 4 + modI - Zt x Et). (2’3) 
D. H. Brockmeier and H. M. v. Hattingberg). 

Linear regression analysis was performed using 

Rearrangement yields: the same program. 

El, = jjZI + E, f lcsot - 

v/I(Zr + E, + iqt,$ - 41, x E,]). (21) RRWLT!3 

This expression for EI, is inserted into Eqn 11 Figure 1 shows the dependency of ACE activity . . 
yielding: on substrate concentration. coverina the ranae 
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0 60 120 180 240 

time of incubation (rnln) 

Fig. 2. Time-dependency of formation of the product Gly- 
Gly from ACE activity measurements using a final 
concentration of 200 mM of the substrate Hip-Gly-Gly. 
Serum samples were preincubated (6 hr) with different 
concentrations of enalaprilat (final concentrations depicted) 
and incubations with substrate were terminated at the time 
points indicated. For each enalaprilat concentration, the 

resulting regression line is depicted. 

of concentrations used also in the inhibition 
experiments. Non-linear regression of Eqn 1 yielded 
K,, and V,,, as depicted in the figure. Mean 
(+SD) values of eight saturation experiments were 
19.3 2 11.3mM for Km and 251 2 61 units/L for 
V max. 

A prerequisite for the correct evaluation of 
inhibition data was that the velocities measured in 
the presence of enalaprilat were steady state 
velocities. Since the method was non-continuous, 
the incubation was terminated at different time 
points to make sure that release of the product was 

-109 [enalaprilatl [Ml 

Fig. 3. Concentration-dependent inhibition of ACE activity 
by enalaprilat in the presence of different substrate 
concentrations (S). Data were fitted using the E,., model 
(Eqn 8) and the resulting curves are shown. The 
corresponding Hill coefficients (n) are given in the figure. 
Calculated lcsn values (nM) were: 0.33 (A), 0.63 (*), 0.83 

(O), 1.40 (+). 

linear with time. The result for the case of 200 mM 
Hip-Gly-Gly in the presence of various enalaprilat 
concentrations is shown in Fig. 2. Since linearity was 
observed even for this high substrate concentration, 
one-point measurements for calculating Vi appear 
to be acceptable. From Figs 1 and 2 it becomes 
obvious that, for concentrations of up to 200mM 
Hip-Gly-Gly, no substrate and/or product inhibition 
occurred. 

A family of concentration-inhibition curves 
of enalaprilat obtained using different substrate 
concentrations is shown in Fig. 3. Application of the 
E,,, model (Eqn 8) to these inhibition data (ignoring 

1 I 01 
0 1 2 3 4 5 6 0 20 40 60 60 100 120 140 160 180 200 

WV i IHlp-Gly-~1~1 (nw) 

Fig. 4. (A) A representative Henderson plot (cf. Eqn 9) for the inhibition of serum ACE activity by 
enalaprilat when using the indicated substrate concentrations. Linear regression analysis yielded the 
following values for ICY (slope) and E, (y-intercept) (nM): 0.18 and 0.68 (O), 0.30 and 0.60 (A), 0.51 
and 0.59 (0), 0.74 and 0.55 (*), 1.2 and 0.52 (m), respectively. (B) Replot of the slopes (=tcwlr) 
obtained from Henderson plots (cf. Panel A) of n = 16 experiments against the different substrate 
concentrations used. Linear regression analysis (r = 0.%8) yielded values of 0.13 nM for K, (=y- 
intercept) of enalaprilat and 24.7 mM for Km (=K,/slope) of the substrate Hip-Gly-Gly, according to 

Eqn 7. 
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0.0. ‘, . 1. I., 

m 11 10 9 e 7 6 0 20 40 60 80 100 120 140 160 lE0 200 

-log lenalaprilatl (MI k-lip-Gly-Glyl ImMl 

Fig. 5. (A) Concentration-dependent inhibition of serum ACE activity by enalaprilat in the presence 
of different substrate concentrations (S) as indicated. Data were fitted using the E,, tight model (Eqn 
22) and the resulting curves are shown. Estimation of the parameters rc, and E, gave the following 
values (nM): 0.033 and 0.63 (A), 0.27 and 0.69 (*), 0.54 and 0.59 (@), 1.31 and 0.18 (+), respectively. 
(B) Linear dependency of ICY (derived from non-linear regression analysis of N = 16 experiments, cf. 
Panel A) on the substrate concentration. Linear regression analysis (r = 0.957) yielded values of 0.1 nM 
for K, (=y-intercept) of enalaprilat and 18.1 mM for K,,, (=Ki slope) of the substrate Hip-Gly-Gly, 

according to Eqn 7. 

the fact that It is probably not equal to I,) yielded 
the curves depicted in the figure. As can be seen 
from the curves and from the Hill coefficients (n) 
increasing from 1 to approximately 2, the curves 
became steeper with reduced substrate. The 
calculated values for lqo (= IC& ranged from 
0.33 nM (S = 4mM) to 1.40nM (S = 200mM). 

A representative example of a Henderson plot for 
such inhibition data is shown in Fig. 4A. The plot 
reveals linear dependencies with increasing slopes 
when S increases, as is expected for a competitive 
mechanism [14]. Linear regression analysis for all 
experiments (N = 16; N = 5 are depicted) yielded a 
mean (&SD) value for E, of 0.49 f. 0.20 nM which 
corresponds to =5 nM for E, in the undiluted serum. 
The replot of the slopes of all Henderson plots 
[representing the term &(l + S/K,)] versus S is 
shown in Fig. 4B. The regression line yielded Ki = 
0.13 nM (y-intercept) and K,,, = 24.7 mM. 

Application of the E,,,,, tight model (Eqn 22) to 
such inhibition data yields regression curves as shown 
in Fig. 5A. For comparison, the same data are 
plotted as in Fig. 3. The E,,,, tight model allows the 
curves to have a non-symmetrical shape in contrast 
to the E,,, model which forces symmetry around 
the midpoint. This difference becomes most obvious 
in the range of low inhibitor concentrations. Non- 
linear regression yielded the parameter Et = 
0.48 -)_ 0.23 nM (mean k SD; N = 16), which agrees 
very well with the result of the Henderson analysis. 
The calculated values of the parameter IC~M for 
all of the experiments are plotted versus the 
corresponding S in Fig. SB. As in the replot of 
Henderson (Fig. 4B), Ki and K,,, were calculated 
from the regression line leading to very similar 
results, with Ki = 0.10 nM and K,,, = 18.1 mM. Both 
K,,, values (24.7 and 18.1 mM) agree fairly well with 
that derived independently from the saturation 
experiments with Hip-Gly-Gly (cf. Fig. 1). 

The similarity of the results from the Henderson 

0-j 
0 0.2 0.4 0.6 0.8 1.0 t.2 1 4 

Henderson slope InM) 

Fig. 6. Correlation between ICY (derived from the E,,, 
tight model, cf. Fig. 5) and the slope from the Henderson 
plot (cf. Fig. 4). Each point represents the respective value 
obtained from a complete serum ACE inhibition curve of 
enalaprilat using different substrate concentrations in vitro 
(N = 16). The regression line (y = 0.9&x - 0.051, r = 

0.948) is depicted. 

analysis and the parameter estimation using the E,, 
tight model is confirmed in Fig. 6, where the lC_w 
and the corresponding Henderson slopes of each 
inhibition experiment are compared. The regression 
line was y = 0.98.x - 0.051 (r = 0.948), indicating 
the close correlation between the two evaluation 
methods. 

A comparison between the lcsot (E,, model) and 
r%f (&I*, tight model) values from all of the 
experiments is demonstrated in Fig. 7. The regression 
line (y = 0.93x + 0.27) confirms the relationship 
I&,,,, = lcsor + 0.5E, (cf. Eqn lo), since it parallels 
the line of identity with a positive intercept of 
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Fig. 7. Correlation between ICE,,, (derived from the Empl 
model, cf. Fig. 3) and xcsof (derived from the E,,,, tight 
model, cf. Fig. 5). Each point represents the respective 
value obtained from a complete serum ACE inhibition 
curve of enalaprilat using different substrate concentrations 
in uitro (N = 16). According to Eqn 10, the term OSE, can 
be read from the y-intercept of the regression line (y = 

0.93x+ 0.27, r = 0.950). 

0.27 nM. This value should represent the term OS&. 
This is consistent with the results for E, obtained 
directly from the Henderson plots and from the E,,, 
tight model (0.49 and 0.48 nM, respectively). 

DISCUSSION 

The value of 2.51 units/L for the V,,,,, of ACE in 
a pool of human sera determined with Hip-Gly-Gly, 
is consistent with that derived by Neels et al. [12] 
(281 units/L) using the same method. Our mean K,,, 
was 4-fold higher than the literature values of 2.6- 
5 mM [4,21], probably due to the different buffer 
systems used by these authors. The high precision 
of the ACE activity measurement reported by Neels 
et al. [12] is confirmed by the small coefficients of 
variance of our slightly modified method. The highest 
S used by these authors was 60mM. Our results 
confirm the absence of substrate and/or product 
inhibition (at low fractional substrate utilizations) 
postulated by these authors and extend their 
observations up to a concentration of 200 mM Hip- 
Gly-Gly. 

Enalaprilat concentration-dependently reduced 
serum ACE activity at every substrate concentration 
used. According to the postulated competitive 
mechanism [22,23], a shift to the right of the 
enalaprilat inhibition curve with increasing substrate 
concentration was observed. However, the curve 
was shifted in a non-parallel manner as was reflected 
by the different Hill coefficients obtained when the 
E,,,, model (Eqn 8) was applied to the data. After 
transformation of the data according to Henderson 
[14], a competitive but in addition a “tight-binding” 
relationship between enalaprilat and serum ACE 
became evident. This is consistent with the 
observations of Shapiro and Riordan [23] and Bull 
et al. [24] with enalaprilat and purified ACE from 

rabbit lung. A significant enzyme concentration (Et) 
of about 0.5 nM in the diluted serum could be read 
directly from the Henderson plot (Fig. 4A). Taking 
the dilution factor 11 into consideration, a serum 
ACE concentration of =5 nM is obtained; a value 
in agreement with the mean value of 24 nM 
(mean + SD: 627 ? 205 ng/mL, MW =140,000) for 
ACE concentration in human serum reported by 
Lanzillo and Fanburg [15] using an independent 
immunological method. This finding confirms that 
Et is remarkably high in comparison to the effective 
concentrations of most commercially available ACE 
inhibitors. Therefore, a significant portion of 
inhibitor will be bound to the enzyme, particularly 
at lower concentrations of inhibitor. Thus, we 
conclude that the increasing Hill coefficients obtained 
from the E,,, model are due to the discrepancy 
between It present in the assay and Z, plotted on the 
abscissa. As noted by Holford and Sheiner [18], the 
Hill coefficient is useful for describing concentration- 
effect relationships but non-integer values of 
n deviating from 1 may provide no physical 
interpretation of receptor (or enzyme) binding sites, 
and one should be cautious in interpreting the 
meaning of n. Our results suggest that whenever 
n > 1 occurs a tight-binding situation has to be 
considered. 

Our modified E,, model (E,,,= tight model) is in 
accordance with the general formula given by 
Morrison [25]. The Emax tight model not only 
substitutes the Hill coefficient with the more relevant 
parameter of enzyme concentration (Et, in molar 
equivalents of Z) but also reflects the non- 
symmetrical shape of the inhibition curves, appearing 
predominantly at low inhibitor concentrations. The 
parameter rcSM obtained using this approach gives 
the correct value which can be used directly in the 
Cheng and Prusoff [17] correction (Eqn 7). It has to 
be considered that reading the midpoint only of such 
curves (Q,J leads to an overestimation of Ki unless 
Et is taken into account. As can be read from Eqn 
10, this error in the estimation of Ki increases with 
lower S and higher Et. Under our assay conditions, 
if S Q K,,, was used, Ki would be overestimated by 
about 4-fold (cf. Fig. 7). However, it must be noted 
that this factor becomes even higher when methods 
are used where the dilution factor of the serum 
samples is smaller (increase of Et in do). Based 
on estimates of KS& solely, a correct value of Ki for 
tight-binding inhibitors can only be obtained if the 
enzyme concentration is known or if rq,,,is determined 
at different concentrations of E, (method of Myers 
and Cha [26]). 

Since the E max tight model accounts for the possible 
difference between ICKY and qM, we suggest that it 
is a very useful model for the quantitative analysis 
of competitive inhibition when the free concentration 
of inhibitor is not known precisely. In the case 
of non-tight-binding, i.e. if EJKi40.01, the 
approximation for E, with the E,,,,, tight model will 
be infinitely small and the calculated rcsw will equal 
the midpoint of the curve (IQ. In this case a curve- 
fitting using the E,, model will yield n = 1 and 
would be sufficient for describing the data. 

The results for Et and IC% derived from the E,,, 
tight model agree very well with those obtained from 
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the Henderson plots, confirming the identical 
mathematical extension in both equations. However, 
as a nonlinear model it has some advantages over 
the linear Henderson equation [26,27]: it can be 
applied directly without conversion of the data and 
can be integrated into any iteration program which 
allows non-linear regression analysis. It avoids the 
stochastic dependency of the variables and all 
measured data contribute with the same weight (or 
with a weight according to their experimental 
precision) to the parameter estimation, in contrast 
to the Henderson plot. Finally, the equation (Eqn 
22) can be used to estimate (predict) the fractional 
enzyme activity (Vi/Vo) for any given total 
concentrations of enzyme, inhibitor and substrate 
(e.g. to simulate the ACE activity in undiluted 
samples), when Ki and K,,, are known. 

The Ki value of x0.1 nM for enalaprilat obtained 
from both calculations is in accordance with the 
values derived by Shapiro and Riordan [23] and 
Natoff et al. [9] with purified ACE from rabbit lung, 
also considering tight-binding inhibition (0.05 and 
0.15 nM, respectively). Bull et al. [24] obtained a 
similar value of 0.09 nM for Ki from equilibrium 
dialysis with [3H]enalaprilat. 

Concerning the different lcso values for the 
interaction of enalaprilat with ACE as published in 
the literature (cf. introduction), we suggest that 
these differences can be explained, in part, by the 
assumptions made above about the evaluation of 
IC~O~, IC~O~ and Ki. However, another conflicting 
situation arises from the fact that the dilution steps 
employed in the various assays are often ignored. 
In our case the samples, and hence Z, and E,, were 
diluted by a factor of 11 during the assay procedure. 
This factor must be taken into account when 
calculating It on the abscissa for the reason that 
equilibrium is obviously reached between E,, I, and 
S, during the incubation period as can be seen from 
our kinetic measurements (cf. Fig. 2). Additionally, 
if dissociation of EI into Ef and I, to yield a new 
equilibrium had not occurred after dilution of the 
preincubated serum, then a shift to the right of the 
inhibition curve due to increasing S would not have 
been observed. 

Finally, in the context of serum ACE activity as 
a possible correlate of the effect of ACE inhibitors 
in Go, our results are relevant to the interpretation 
of ex uiuo measurements after administration of an 
ACE inhibitor. The degree of inhibition measured 
is variable and will be dependent on S/K,,, used in 
the assay and on the enzyme and inhibitor 
concentration in the (diluted!) sample. This has to 
be taken into account when one tries to interprete 
the time course of inhibition or to correlate I, 
(measured chemically) with the inhibition effect. 
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