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. Kinetic constants

L1 Ky oand 1., Application of kinetic analysis
to drug metabolism has created a need for the intro-
duction of new expressions which are of practical
value for both. those who have a fundamental interest
in drug metabolism and those who just want to
employ the kinetic tools available to solve their par-
ticular problems. Therefore, besides the classical kin-
etic constants V... Ky and K, the spectral dissocia-
tion constants A, or A O.D,,.« and K¢ and the
I5,-value have been introduced.

The attempt of determining V., and Ky of special
metabolic pathways of various (drug) substrates by
employing suspensions of microsomal membranes as
the enzyme source and various xenobiotics as sub-
strates of lipophilic character raises the question of
a generalized applicability of equations derived for
purificd. soluble  systems for a  multicomponent
enzyme system “buried” in a4 membrane (sec 5, Limi-
tations of Applicability) and creates special problems
which are discussed in 4. Essentials for Kinetic Analy-
sIs.

With one cexeeption [1]. however. the observed
enzyme activities. like for example, O- and N-dealkyl-
ation, C-oxygenation of aromatic nuclel, of cycloali-
pathic and alipathic compounds. N- and S-oxygena-
tion could be analyzed by employing equations based
on the Michaclis- Menten theory of enzyme action
[2]. Nevertheless. numerical values for V... Ky, and
Ky should not be taken as absolute, since among
other reasons, they arc found to vary occasionally
from one laboratory to the other. Considering the
relative significance of the numerical values, most
authors have preferred to use the expressions app.
e and app. Ky,

I then. which s usually expressed in nmoles or
pmoles of an oxygenation product formed per min
per mg microsomal protein and rarely expressed in
E(nzymatic.) Uits). reflects the rate of breakdown
of the enzyme substrate complex after the insertion
of oxygen has taken place and represents the maxi-
mum veloety constant. Ky, the Michaclis constant,

thbreviations: PB = phenobarbital  (C.A.,  S-ethyl-5-
phenyl-2.4.6-(1H3H.SH)-pyrimidinetrione);  3-MCh = 3-
methylcholanthrene  (C.AL 1.2-dihydro-3-methyl-benz(j)-
accanthrylencr: 3-MMAB = 3-methyl-4-methyl-aminoazo-
benzene  (C.AL N.2-dimethyl-4-{phenylazo)-benzenamin):
SKI 525-A (C.A. z-phenyl-z-propyl-benzeneacetic  acid
2-(diethylaminolethylester).
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which is normally cxpressed in gM or mM can be
looked at as the reciprocal affinity of the enzyme for
the substrate in respect to a special metabolic path-
way of the drug employed. K,; is distinguished from
K. the dissociation constant of the enzyme substrate
complex. which describes equilibrium  conditions
between enzyme. substrate. and enzyme substrate
complex. If the rate of breakdown of the complex
into enzyme and oxygenated product(s) is so slow that
it can be neglected, Ky becomes K. Furthermore,
K, describes the ease with which the enzyme sub-
strate complex is formed. and it also represents the
substrate concentration for which any observed oxy-
genation velocity is one-hall the maximal velocity.
The aforementioned exception was reported by
Nebert and Gelboin [1] who studied hydroxylation
of benzo(a)pyrene by the microsomal fraction from
hamster fetus cell cultures. They observed a lincar
dependence of the app. K, for benzo(a) pyrene hy-
droxylation from microsomal enzyvme concentration
and cxplained this unusual result with an cxample
of substrate depletion (Mutal Depletion System, see
[3] due to binding of substrate to nonspecific com-
ponents of the microsomal membrances.

1.2. Cytochrome P-450 characteristics. On addition
of various (drug) substrates to microsomal suspen-
sions characteristic changes of the evtochrome P-450)
absorption are observed (umong them: type I-. type
I1-. and the reverse type I-binding spectrum) which
were assumed to reflect complex formation belween
(drug) substrate and the terminal oxygenase. until
recently it was shown that the type | spectral change
was rather due to an increase in electronegativity or
polarity of the sixth heme ligand effected by tyvpe 1
substrates. (Drug) substrate and the properties of the
microsomal enzyvme source determine the type of the
binding spectrum. Since the spectral changes depend
upon the concentration of free substrate in microso-
mal suspensions. and the reversibility of the complex
formation has been demonstrated by washing exper-
iments. Michaelis Menten kinetics have been applied
to measure maximal spectral changes (A, or A
O.D.0) and the spectral dissociation constant K by
plotting the reciprocal spectral changes versus reci-
procal substrate concentrations.

A comparison of the spectral changes obtained with
aminopyrine. hexobarbital. and aniline with the mic-
rosomal N-demethylation of aminopyrine, the meta-
bolism of hexobarbital. and the p-hydroxylation of
aniline suggested that at least for tvpe 1 drug sub-
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strates spectral changes (expressed as A, and Kg)
parallel enzyme activity (expressed as T, and Ky
However. a4 number of reports on N-demethylation
of ethylmorphinc. of (+})- and (= amphetamine and
benzphetamine. of (4)- and (—)-propoxyphene. car-

binoxamine and methorphance. and N-oxvegenation of

N-cthylaniline and N.N-dimethylaniline which huave
appeared since. have shown that cither no binding
spectrum was observed at all or no correlation
between Kg and Ky, or A, and b was found.
Recent papers have drawn the attention of the ivesti-
gators of drug metabolism to the often ignored fact
that most drug substrates are oxygenated in vurious
positions of the molecule. T,,,, and Ky, being different
for cach specilic oxygenation reaction. In order to
find o correlation between Ky and Ky, the kinetic
constants of all these oxygenations would have to be
determined to find out which of these is correlated
with the optical dissociation constants. This is not
feasible presently. because, among  other reasons,
many of the primary oxygenation reactions of drug
substrates are still unknown. Thus. the results which
indicated a correlation between K¢ and Ky, seem Lo
be rather accidental and not universally applicable.

2. Estimation of the kinetic constants

2 b and Ky, The numerical values for Ky and
ey are obtained from pairs of ¢ (rate of a speafic
oxygenation) and S (Substrate concentration) cither
by graphical procedures or by computer programs
(on the basis of regression analysis or iterative fitting.
for which FORTRAN programs are available) using
initial estimates for I and Ky, from graphicul
methods, as recommended by Wilkinson [4] or Cle-
land [5].

Among graphical procedures. 1. and Ky are
determined by a direct hincar plot of ¢ versus S
according to Eisenthal and Cornish Bowden [6]. Dif-
ferent lines are drawn cach corresponding one obser-
vation of © and S. These lines intersect at a common
pomt. provided there exists @ one enzyme one sub-
strate relation and the experimental error of all ¢
values is small. The coordinates of that point provide
the values for 1. and Ky, It for several reasons,
there Is no common intersection point. the co-
ordinates of cach intersection point are drawn and
the median of cach series of ¢ and S values taken
as the best estimate for 1, and K ;. Other graphical
procedures include linear plots derived from translor-
mations of the Michaelis Menten cquation. among
them Lineweaver Burk plots. where 1 ¢ s plotted
versus 1S0 Hanes plots. where S ¢ is plotted versus
S. or Holstee plots. where ¢ is plotted versus ¢ 8.

Plotting the experimental data according to Line-
weaver Burk iy the most frequently used graphical
procedure for determining |, and Ky, Yet, it has
some disadvantages which have been discussed by
Dowd and Riggs [7]. It has been criticized that the
experimental points are concentrated near the left-
hand side of the graph and that the values of - for
very small substrate concentrations. which often can-
not be determined with the required accuracy. have
such an mportant influence on the curve. The author
has expericnced that in certain cases Linewcaver
Burk plots are not sensitive enough to deteet a slight,
but nevertheless distinet curvature in the kinetic

curve, and this is certainly true for Hanes plots, as
can be seen by comparing Fig. 1D with 1B or 1€
[nstead. plotting puirs of ¢ and S according to Hofstee
will give a more uniform distribution of the cyper-
imental points. The Holstee plotis also recommended
as a method for estimating 1, and Ky, from
unweighted points and in all cases when the crror
of ¢ is large and constant. or large and variable,
although a disadvantage is that any crror in ¢ will
cause an oblique displacement of the corresponding
point. However, in all cases where the kinetic data
reveal a two enzyme one substrate relation. the Hol-
stee procedure of plotting experimental data is super-
jor over the Lincweaver Burk procedure. because the
kinetic constants of the two participating enzyine
activitics can be evaluated more accurately. This s
illustrated by Figs. TAC B 1C. and 1D, which show
kinctic curves obtained by plotting kinctic data from
microsomal  {e-1)-hydroxyiation  of - d-chloropro-
pionanilide according to Lisenthal and  Cornish
Bowden.  Linewcaver Burk, and - Hanes.
respectively.

22 Aoy and Ko The numerical values for ..
or A OD,,,.. the maximal  spectral  change
(A = A (absorption) per mg of protein per ml
suspension) and for K¢ (mM), the spectral dissocia-
tion constant. have been estumated  graphically by
plotting pairs of A versus S according to Lineweaver
Burk or Hofstee.

23Ky and I<,. I a competitive or o noncompeti-
tive mhibition pattern is observed of a spectal oxy-
genation reaction due to the mterference of i second
(drug) substrate, the mhibition constant K, can be
estimated graphically according to Dixon by plotting
I v versus inhibitor concentration [ at two different
fixed substrate concentrations. The intersection point
of the two hnear kinetics on the left of the vertical
axis provides the numerical value for Ky Tt can also
be determined from the position of the intersection
point of a series o Tmes cach representing the oxa-
genation rate at o fixed nhibitor coneentration.
Whereas Ky s independent on o substrate concen-
tration. Ix, deseribing the inhibitor  concentration
causing o reduction of enzyme activity by 507
depends on the (drug) substrate whose special ovy-
genation  reaction is nhbited. The  relationship
between K, and s, has been discussed i more
details by Cheng and Prussofl [8]. Tipton [9]. und
Chou [ 10].

Hofstee

3 Aims of Kinetic analvses

S Abnormal graphical plots. Aims of Kinetic ana-
Ivses are to study the functioning of enzymes under
in ritro conditions. that is to establish o relation
between the rate of any spectfic oxyvgenation of a
(drug) substrate v and its concentration 5. The Kinetic
constants which are obtained from pairs of ¢ and S
characterize both. the participating enzyme(s) as well
as the specific metabolic pathway. provided the assay
procedure is specific enough. The condition for estab-
lishing a relationship is that drug oxygenation by
microsomal cvtochrome P-450 follows  Michaclis
Menten theory of enzyme action. However. investiga-
tion of drug metabolism in vitro is mostly not aimed
at determining the absolute values of the kinetie con-
stunts {see 3.0) obtained with o particular substrate
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Fig. 1A D. Kinetic curves for {-1)-hydroxylation of 4-chloropropionanilide (the curve for m-hydroxyla-
tion is not shown) obtained from pairs of r and § in a single experiment with hepatic microsomes
from untreated rabbits are shown in figures 1A. 1B, 1C. and 1D. corresponding to plots by Eisenthal
and Cormish Bowden. Lineweaver Burk. Hofstee. and Hanes. respectively. Kinetic analyses were per-

.

formed with 3 mg microsomal protein per ml incubation fluid: the relationship between specific activity

of - and (m-1)-hydroxylation and microsomal protein content was linear under the conditions used

for 1 4 mg of protein. ¢ is expressed as nmoles of d-chlorolactanilide formed per min per mg of
microsomal protein. S in uM.
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or cnzyme preparation, but to estimate alterations n
specific enzyme activities and affinitics. as they are
observed following a repeated administration of cer-
tain drugs (induction processes). or if 4 second (drug)
substrate modifies enzyme activity or (and) affinity
by cither activation or inhibition.

Direct hnear plots of ¢ versus § permit the detee-
tion of allosteric or cooperative effects. Whercas n
most cases the Kinetic curve has a hyperbolic shape.
in cases of allosterism or cooperativity, sigmoidicity
of the curve 15 observed. When double reciprocal
plots of © and S (Lineweaver Burk) were used to
establish a relation between ¢ and S, mostly a linear
function wus observed. Sometimes. however. Kinetics
have been obtained which were lincar at low and
curved downwurd at high substrate concentrations or
lincar at high and curved upward at low substrate
concentrations.® Although there are many reasons for
a curvature at high substrate concentrations, it was
explamed by most authors as an indication for the
presence of o second enzyvme acting on the same sub-
strate (a two enzyme one substrate relation) m micro-
somal membranes. A variety of reasons may explain
an upward curvature of Linewcaver Burk plots at
low substrate concentrations. they are: an irreversible
binding of substrate to an inhibitor, further metaboli-
zation of the oxygenation product. an interference of
endogenous substrates of the microsomal membruanes
with oxygen bindimg. or o himitation in the diffusion
of oxvgen through the microsomal membranes.

3.2 One enzyme or many? Application of two sub-
strate kinetic analysis [11] to drug metabolism has
contributed to settle the  long-discussed  problem.
whether or not 3-MCh treatment causes qualitative
changes of the cvtochrome P-450 moicty. that is, the
formation of a sccond enzyme system besides that
which is present i normal livers, Two-substrate kin-
ctic analyses are performed to determine whether or
not two similar oxyveenation reactions are catalyzed
by a single nonspecilic oxygenase or by many specific
oxvgenases. Sladek and Mannering [12] performed
two-substrate kinetics of N-demethylation with cthyl-
morphine and 3-methyl-4-methylaminoazobenzene as
substrates to determine whether PB-treatment  or
3-MCh-treatment of rats causes the enhanced forma-
tion of the same or another oxygenating system in
microsomal membranes (quantitative or qualitative
differences). In the first part of the kinetic analysis
the concentration of 3-MMAB was Kept constant and
that of cthylmorphine was varied. Formaldehvde for-
mation from cither substrate was used to determine
the sum of both veloctties. In the sccond part of the
kinetic unalvsis the concentration ol cthylmorphine
was varied i the absence of 3-MMAB. When the
reciprocal velocity of formaldehyde formation was
plotted  versus  reciprocal  cthylmorphine  concen-
tration. hyperbolic curves were obtained in the pres-
cnce of 3-MMAB with liver microsomes from un-
treated and PB-treated rats. but not from 3-MCh-
treated rats. These curves intersected a similarly plot-
ted lincar curve obtained in the absence of 3-MMAB
if normal or PB-stimulated. but not when 3-MCh-sti-
mulated  liver microsomes  were employed. With

* Kineties curved upward at high substrate. mdicative
of substrate mhibition. will not be discussed here.
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3-MCh stimulated microsomes both kincetic curves
did not intersect nor merge, an indication for the in-
volvement of two different enzvme systems in the
N-demcthylation of cthylmorphine and 3-mcthy -4
methylaminoazobenzene i A-MCh-stimulated  liver
MICrOsOmes.

Two-substrate kmeties ol N-demethvliation with
morphine and cthylmorphine as substrates [ 13] e
also contributed 1o understand alterations in enzvme
activity due o repeated  administration of PR es-
pecially to understand the classic issue of drug meta-
bolism. whether only  quantitative  or  qualitative
changes occur i the drug metabolizing cnsamie -
tem after repeated administration ol PR

330 Kinetie analysis and mechanismr of oxvgena-
tion. Kinetic analysis can be an appropriate tool for
analyzing and understanding the complex mechanism
of drug oxygenation. if the rates of all descrete on-
genation reactions of i substrate which readly oceur.
are measured and not simply one. This s not feasible
at present, because not all spectlic metabolic: path-
ways are known for that particular substrate under
investigation and because it certainly s a thne con-
suming task to work out sensitive wnd specilic assin
procedures for the estimation and to estinuite severa
different products at a time. Archakoy o al, | 14] and
a few authors before have drawn the attention of the
ivestigators of drug metabolism to the olien neg-
lected fact that most (drug) substrates are not metabo-
lized by a single specific oxygenation reaction. but
by a variety of distinct oxyuenations. cach generating
a delined derivative of the substrate, and that the pri-
mary oxygenation products may be further metabo-
lized. NN-dimethylaniline. for example. may serve s
substrate for N-demethylation. N-oxygenation. and
p-hydroxylation. In addition. N-methy laniline. N\-
dimethylanifine-N-oxide. and aniline being oxyeena-
tion products themsclves. may also serve as substrates
for further  N-demethyvlation.  N-oxveenation. or
p-hydroxylation. Archakov ¢ . have found that m
this complex reaction. where starting material
mary and sccondary metubolites cun sernve s
strates. all diserete oxygenations difler in F .
Ky und that even for N N-dimethvEmilme as
strate the kinetic constants for the three spectfic ony-
genation reactions (N-demethy lation. N-oxyaenation.
and p-hydroxylation) are diflerent. Table | contams
these results, and similar results were obtaimed from
other authors with different substrates.

When they measured the velocity wath which mie-
rosomal cvtochrome P-430 15 reduced by NADPH
in the presence of N N-dimethyTamlme or amidopye-
ine and their oxygenation products. they found that
N N-dimethvlaniline increased the reduction rate of
the cytochrome P-450 complex. but that the N-de-
methylation proceeded wt a much higher rate than
either N-oxygenation or p-hvdrosvlation. and that
aniline, which decreased the rate of reduction swas
p-hydroxylated with the same velocty as NoN-di-
methylaniline, These data allowed them o deduee
that reduction of the ey tochrome P-43tksubstrate com-
plex is not the rate-limiting step i drug ovyeenition

Pri-
sub-
and
stib-

4. Essentiuls for kinetic analyses
In the carly experiments on mixed function ons-
genation the velocity of drug oxveenation was deter-
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Table 1.
Vi
Specific metabolic (nmoles min app. Ky
Enzyme source Substrate pathway mg protein) (mM) References
Rat liver N.N-dimethylaniline N-demethylation 193 0-128 [15]
MICrosomes N N-dimethylaniline N-oxygenation 075 (093
N.N-dimethylaniline- N-demethy lation 13-0 330
N-oxide
Rat liver N.N-dimethylaniline N-demethylation 62 0-66 [14]
MICTOSOMCeS N.N-dimethylaniline p-hydroxylation (53 0-26
N.N-dimethylaniline- N-demethylation 17:0 70-0
N-oxide
N-methylaniline N-demethylation 48 0-50
Aniline p-hydroxylation (57 014
Rabbit liver Aniline p-hydroxylation 0-53 [16]
microsomes Aniline N-hydroxylation 8
Rat liver Amidopyrine N-demethylation 41 (42 [14]
microsomes Nor-amidopyrine N-demethylation 54 062
4-aminophenazone N-demethylation n.d. n.d.
Rabbit liver 4-Chloropropion- e-hvdroxylation 0066 0-085 [17]
microsomes anilide {e-1)-hydroxylation { 12256 = b, 0466 = K ;.
0686 = Lo, 0019 = Ky,
Rat liver ["*C]Griscolulvin 4-0-demethylation 0-30 0-22 [18]
microsomes 6-O-demethylation 032 (33

mincd by measuring the oxygen consumption during
the incubation period after it had been established
that one oxygen atom of the Os-molecule is inserted
in the substrate and the other is reduced und utilized
as un acceptor for the protons released during the
oxygenation cycle. A sccond method was to correlate
the decline in NADPH concentration during the incu-
bation period with drug oxygenation. Both methods
are now obsolete. not only because of lack of speci-
ficity, but also because oxygen as well as NADPH
are also consumed in the absence of substrate as well
as in the presence of such substrates as perfluoro-n-
hexane, which stimulate NADPH oxidation but are
not oxygenated themselves (so-called uncouplers). In
both cases an accumulation of H.O, 1s observed
which effects ia. lipid peroxidation. Kamataki and
Kitagawa [19] have shown that lipid peroxidation
can alter the kinetic constants of a variety of drug
oxygenations and that addition of 100 @M EDTA
cffectively inhibits lipid peroxidation. However, addi-
tion of EDTA was reported to decrease enzyme uc-
tivities in few cases.

Furthermore. NADPH may be metabolized by
enzyme(s) residing in the microsomal fraction (nucleo-
tide pyrophosphatase) which is prominent only in rat
liver microsomes.

Perfluoro-s-hexane was recognized as an uncoupler
of mixed function oxygenation because attempts have
fatled to prove oxyvdative displacement of fluorine.
Obviously, the C-F bonds in perfluoro-n-hexane
resisted the attack by the oxygenase. It is noteworthy
that C=F bonds do not generally resist the attack
by oxygenase. Gottlieb ¢f al. [20] have shown that
fluorine is not only oxydatively displaced from aro-
matic p-tfluoro compounds, like p-tluorophenylaniline
or 4-fluoroaniline, but also from alipathic compounds
as trans-4-fluoroproline. which is catalyzed by proline
hydroxylase from guinea pig granuloma minces. Thus
proline hydroxylase. one of the mixed function oxy-
genases. resembles other (aromatic) oxygenases in its
mode of action.

For determining the velocity of drug oxygenations
today. most investigators chose the rate of formation
of the oxygenated substrate. or if 1t is unstable as
is the case with aromatic hydroxymethylether or hyd-
roxymethyl-methvlamines, with its  decomposition
products.

4.1. Lack of sensitivity and specificity of the assay
procedure. Some investigators have preferred to deter-
mine the amount of formaldehyde produced from
xenobiotics with more than one N-methyl group. like
for example amidopyrine or N.N-dimethylaniline, in-
stead of estimating the N-demcthylation product(s),
that would have been more specific. Because 3 moles
of formaldehyde can be generated from amidopyrine,
at least three different compounds may serve as sub-
strates for N-demethylation. namely amidopyrine
itself, Nor-amidopyrine. and 4-aminophenazone (des-
dimethylamidopyrine). each being distinguishable in
alfinity (Ky,) and reaction rate (},,.). This has been
proved for the first and second stage ol N-demethyla-
tion of amidopyrine and the corresponding stages of
N.N-dimethylaniline (see Table 1). 4-Amino-phena-
zone may be further N-demethylated to 4-amino-1-
phenyl-3-methyl-pyrazol-5-one, a biochemical reac-
tion which was shown to proceed in riro but has not
yet been measured in vitro. Only few, because of lack
of specific assay procedures, determined the residual
substrate. This method. which suffers from a lack of
specificity, has been applied for the metabolism of
diphenylhydantoin, for the hydroxylation of benzo(a)-
pyrene. and for the metabolism of hexobarbital. It
was only recently that a more specific assay procedure
has been introduced for the metabolism of hexobarbi-
tal. which permits to measure the time course of hy-
droxylation in ¥-position. The method of studying
drug metabolism by measuring the rate of disappear-
ance of substrate also suflers from a fack of specificity.

It is therefore recommendable to find und use a
sensitive and specific assay procedure which permits
the determination of that product with sufticient ac-
curacy. whose formation rate s to be measured.
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420 Assay conditions

421, Initial velociry. Chief factors which determine
the imitial  velocity  are:  Enzyme  concentration.
expressed in mg of (microsomal) protein per ml incu-
bation mixture. substrate concentration. pH. tempera-
ture, the presence of a second substrate, the specilic
activity of the enzyme source (depending on the grade
ol induction of drug-metabolizing enzynies). and lipid
peroxidation. which however. 1s species-dependent
and is highest in rats. 1f the experimental conditions
have been worked out under which the mitial velocity
of a special oxygenation reaction to be studied s
linear by determining ¢ versus 0 1 is then assayed
on variation of 8. Substrate concentrations to be used
vary from 13 » Ky, to 3 x Ky as recommended by
Wilkinson [4] or 13 x Ky to 5= Ky, as recom-
mended by Cleland [3].

authors have observed higher oxygenation rates with
the 9000 ¢ supernatant fraction of liver homogenate
as the enzymie source than with microsomes (H3.000
g pellety. However. simee the 105000 ¢ supernatant
contains a variety of enzymes for which the primary
oxvgenation products formed by microsomes are sub-

strates. the determination of actual concentrations of

primary oxygenation products with the 9000 ¢ super-
natant might be misleading. and the same holds for
hepatoeytes being employed as enzyme source. nvesti-
gators of microsomal cnzyme kinetics have used
microsomal protein concentrations of 14 mg per ml
incubation fluid. Although it wus recommended to
choose 2 mg or less [287] o general recommendation
concerning the protein concentration cannot be given
at present. I o (drug) substrate s oxygenated in

various positions of the molecule and the rates of

all these or at least some of them are to be deter-
mined. then one probably finds that the 1.~ as well
as the Ky-values vary considerubly. so that with a
given proten coneentration of 1 mg per ml the kin-
ctic data for a rapid oxygenation reaction could be

determined. but not for w slow. because of tack of

sensitivity of the assay procedure. In this case the
experiments may be carried out with 2 or 3 mg ml
provided a hnear relationship is established between
the oxvgenation rate and the concentration of micro-
somal protein. that is, 1f the specific activity, expressed
in gmoles or nmoles product formed per mg protein
per minute. is independent on protein coneentration.
The finding that the specific activity of @ special oxy-
genation reaction s greater with 1 mg protein mi
than i s with 3 mg. reflects a fimitation in the capa-
city of the method of estimation due to an exhaustion
of substrate or of the cofactors required for mixed
[unction oxyeenation. [nvestigators of kinetic analysis
may experience pitlals if they compare specitic activi-
ties of different microsomal enzyme preparations, for
example. controls versus PB- or 3-MCh-stimulated
microsomes without having established this hncarity
with cuch specific preparation before. However. if the

limitation is caused by the presence of inhibitors of

NADPH-cvtochrome ¢ reductase formed  from
NADPH by the action of an enzvine (pyrophosphi-
tase) present in rat liver microsomes. then a depen-
dence of Ky (NADPH) for benzo(a)pyrene hydroxyl-
ation on protein concentration is observed. [t was
recommended  therefore, that protein concentration
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should not exceed O-1 mg mi {21]. In another case.
the explanation for a lincar relationship between the
Ky for benzotapyrene hydroxylation, effected by the
microsomal fraction of hamster fetus cell cultures, und
the microsomal protein concentration was to assume
nonspecitic binding  of  substrate  to nonspecilic
enzyime site(s) or other membrane components |17

4230 On the use of nicotinamide for measuring rate
constants. In 1941 Mann and Quastel [22] detected
that the breakdown of NADPH or NADP © 1in homo-
genates of rat brain or rat liver due to the presence
of 4 NADPH-nucleotidase. could be mhibited by the
addition of O-1",, nicotinamide. Without to determine
whether this additive affects drug oxyeenation unless
NADPH is the limiting fuctor i the mcubation {fluid.
nicotinamide was added in the carly experiments on
mixed function oxygenation in coneentrations ranging
from 8§ mM to 50 mM. Schenkman ¢r ol [23] who
studied the effect of nicotinamide on the rate con-
stants for the N-demethylation of amidopyrime and
p-hyvdroxylation of aniline with concentrations from
S to 30 mML und Sasame and Gillette [24] who
studied tts effects on the rate constants for the V-
demethvlation of amidopyrine and ethyvlmorphine and
p-hyvdroxylation of uniline with concentrations rang-
ing from 6:6 mM to 40 mM. found that nicotmamide
cven in osuch low concentrations as 3 mM can alter
the app. Ky for a substrate and give rise o an mhibi-
tion pattern depending on the substrate and  the
enzyme source. In addition, Schenkman e ol found
that the presence of 50 mM of nicotinamide did naot
significantly protect NADPH so that enzvme activity
decreased during the incubation period. Cohen and
Estabrook [25] conlirmed the mhibitory ceffect of
nicotinamide on the N-demethylation of amidopyrine
but demonstrated the stabilizing cffect of 10 mM
nicotinamide on the coneentration of NADPH in the
NADPH-regenerating system. ‘The presence of 10
mM nicotinamide in microsome suspensions prepared
Ifrom the livers of rats enabled them to measure mitiad
riates of N-demethylation. Parli and Mannering [26]
studying the N-dealkylation of morphine. cthy Imor-
phine. 3-MMAB. and SKTE 525-A emploving rat liver
microsonies and concentrations of 4 and 50 mM nico-
tinamide. found some inhibition of the N-dealkylation
of A-MMAB und SKF 325-A as substrates even with
the Towest concentration of nrcotimamide. However.
the effect of 12 mM nicotinamide on the o- and (e -
oxvgenation of J-chloropropionanilide by PB-stimu-
lated  rabbit  liver microsomes  appears  compley:
whereas (o-D-oxvgenation s slightly inhibited, oo-
oxygenation is activated [17]. Netter and Hing [27]
who studicd NADH oxidation rates with rat liver
microsomes confirmed the results of Cohen and Esta-
brook that nicotinamide is necessary to maintain o
constant level of NADPH but that the Towest effective
concentration was 04 mM. Evidence has been pre-
sented by several authors that nucleotide pyrophos-
phatase is fur less active in corresponding enzyme
preparations from rabbits, guinea pigs, dogs. or miee
as it is in rats, so that a generiadized emplovment of
nicotinamide does not seem necessary nor desirable.

4240 Subsirate concentration. Some imvestigators
have used a relatively short range of substrate con-
centrations (25 100 ¢M for example) to estimate the
kinctic constants as if they could be certam that only
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one enzyme 1s involved in that specific oxyvgenation
reaction studied. This certainty. however., docs not
exist if the microsomal fraction or the 9900y super-
natant fraction of liver or adrenal cortex homogenate
1s used as enzyme source in oxygenation reactions.
Short range plots may show hncarity. but if it is only
a part of a curved kinetic. it would have little mean-
ing: if only a short runge of low substrate concen-
trations is used. the part of the Kinctic where substrate
activation (due to the action of a second enzyme) is
likely to be observed and which then may be curved
downward. 1 missing. 1t may also be difficult (o
detect the true shape of a kinetic curve with short
range plots, for if its curvature is only small. it would
not be detected.

Although the lower limit of the substrate concen-
tration normally is the sensitivity of the assay method,
the postulate of the Michaelis Menten theory holds,
that even at low S values the concentration of sub-
strate should be much higher than that of the enzyme
in order to enable still the formation of the enzyme-
substrate complex. otherwise too small values for ¢
are obtained.

The upper limit of substrate concentration usually
is the solubility and (or) the homogenous distribution
of the substrate in the incubation mixture, As one
is dealing mostly with lipophilic organic molecules.
their solubility in aqucous systems is limited. and at
high concentrations the problem of an even distribu-
tion may arise.

Factors which affect an even distribution of sub-
strate in the incubation mixture are the shaking rate
of the flasks and agitation. whose efficiency may be
increased by the addition of glass marbles 28], but
also the properties of the enzyme source. for example
of microsomal preparations. It was observed by the
author that the distribution of substrate was much
better in suspensions with PB-stimulated than with
controls or 3-MCh-stimulated rabbit liver micro-
somes, probably due to the increased content of phos-
pholipids in this enzyme source. However. a high
shaking rate is not only required for an even distribu-
tion of substrate, but also to improve oxygen supply
in those monooxygenations, in which the velocity in-
creases with increasing substrate concentration.

42.5. Stundardisation. Investigators using enzyme
preparations from laboratory animals for their kinetic
studies should try to perform kinetic analyses under
standardised conditions, that is, beginning with age
and sex of the animals (sex differences are relevant
only in rats and mice). the preparation of the enzyme
source and the performance of the assay itsell should
be carried out always in the same manner within the
same time period. If this is ignored, results within
one serics of experiments as well as results {rom
various laboratories cannot be compared. The con-
siderable variation of the kinctic constants among dif-
ferent laboratories. for example. the variation of K,
for aniline p-hydroxylation (14:0 200 M) or of Ky,
for benzo(a)pyrene hydroxylation (295 60-6 uM) may,
at least, partly be due to the lack of uniformity of
assay performance. The requirement of standardisa-
tion not only for the experiments. but also for feeding,
holding and inducing the animals stems from our
present knowledge on the alterations of 1, and K\,
during postnatal development and maturation in
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laboratory animals. on changing the periods of feed-
ing (starvation) and the diet. on differences in the kin-
etic constants between male and female rats and mice,
on differences in enzvmic activity within 24 hr (circa-
dian rhythms) and within a vear (seasonal rhythms),
and on the decrease of some, but not all enzyme ac-
tivities during storage at low temperatures.

5. Limitation of applicability

S.1. Composition of microsomal enzymic complex. 1
the microsomal fraction {105,000 ¢ sediment) or the
9900 ¢y supernatant fraction of liver or kidney cortex
homogenate prepared from various vertebrata is used
as enzyme source for studying mixed oxygenation in
citro, one should be aware of the heterogeneity of
the enzyme system one is dealing with. Hepatic mic-
rosomes are artefacts that are formed by destruction
of the endoplasmic reticulum and are composed of
rough and smooth microsomes as well as {ragments
from the cell membrane. of lysosomes and peroxi-
somes. and they are probably contaminated from
membrances from the Golgi apparatus, plasma mem-
brane. and disrupted mitochondria. The microsomal
fraction is composed ol phospholipids. protein,
hemin. steroids, and ribonucleic acid. and their par-
ticle size is 60-200 ym in diameter. Microsomes have
been shown to contain not only the components of
the clectron transport chains for mixed function oxy-
genuse system with the oxygen-activating terminal
oxygenase cytochrome P-450 integrated in a mem-
brane, but also enzymes with hydrate epoxides.
dehydrogenate certain carbinols. reduce ketones. nitro
compounds, N-hydroxy derivatives of aryl- or alkyl-
amines or N-arylacetamides, and azo compounds,
deacylate esters or amides (esterases), and glucuroni-
date amines. phenols. alcohols. hydroxamic and car-
boxylic acids. In addition. microsomes contain en-
zymes, such as glucose-6-phosphatase, NADH-semi-
dehydroascorbate-oxidoreductase. and 3-ketosteroid-
A*-dehydrogenase which are not directly involved in
mixed function oxygenation. A variety of soluble
enzymes have been shown to reside in the 105,000 ¢
supernatant fraction, so that the number ol enzyme
components is still much higher in such preparations,
if the 9900 ¢ supernatant is used as the enzyme source.

5.2, Problem of kinetic constants measurements with
non-purified enzyvmes. What do kinetic constants really
mean if they have been obtained not from single. puri-
ficd enzyme entitics in solution. but from unsoluble
membrane-bound multicomponent enzyme systems?!
Cun the observed activities be analyzed and described
by the use of Michaelis- Menten equations derived for
single. soluble purified enzymes?

It was argued that not the absolute vulue of the
kinetic constants is relevant. but that they can serve
only as indicators of changes in enzyme activity. not
definers of change. I for exumple. alterations of
enzyme activity are observed due to various induction
processes or due to activation or inhibition by the
mterference of a second drug. then characteristic
changes of the kinctic constants are observed. Thus.
K,y can merely reflect o rate limiting step. but it is
interesting to know when a rate limiting step is shifted
from one reaction site to another [297.

5.3 Immobilized enzymes as a model. Recent exper-
iments on the kinetic behaviour of enzymes immobi-
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lized in artificial membranes have elucidated some of
the rules which control heterogeneous enzyme kin-
ctics. Results obtained with such systems can serve
as a model for analyzing the Kinetic behaviour of the
multicomponent enzyme system present in micro-
somes.

Boguslaski er ul. [30] using urease integrated into
a membrane, analyzed the factors which determine
rate constants. They found that the formation of the
cnzyme substrate complex is complicated by inter-
phase diffusion and mass transport of reactants and
products, and that a critical factor is the thickness
of the membrane. Three models were designed to test
the influence of diffusion and mass transport on the
rate constant: a membrane covered sensor, a mem-
brane separating two solutions of different concen-
tration. and @ membrane immersed into a solution.
Among them, the immersed membrane seemed to be
the most promising and widely applicable for the
determination of rute constants.

Sundaram er af. [31] discussed five main reasons
why enzymes in solution behave differently as com-
pared to those attached to solid supports: since kin-
etic behaviour depends on cnzyme conformation. free
enzymes in solution may undergo conformational
changes. whereas solid-supports may be hindered
more or less. depending on the chemical nature of
the membrane. The formation rate of the enzyme
substrate complex depends on the dielectric constant
of the medium, for the concentration in the environ-
ment of & membrane-bound enzyme is different from
that of a free enzyme. There will be partitioning of
the substrate between the solution and the mem-
branc: the concentration of substrate in the vicinity
of the membrane-bound enzyme may be different
from that of the free enzyme in solution. Diffusion
may play an important role for the reaction within
the membranes: reactions in which free enzymes in
solution are involved are usually not diffusion con-
trolled. However. if the thickness of the membrane
is lower than 1 mm, or if the reaction is very slow,
diffusion will not be the rate-limiting step. At low
substrate concentrations. reaction rates will be less
for the immobilized enzyme. if the substrate is less
soluble in the membrane than in solution. and.
besides. app. Ky, will be greater. Conversely, if the
substrate is more soluble in the membrane. reaction
rates will be greater and the app. Ky, smaller.

5.4, Differences between membrane-bound and soluble
enzymes. Hervagault et of. [32] studied the kinetic
behaviour of two enzymes, xanthine oxidase and uri-
case. both in solution and when bound to a protein
membrane. As substrate served xanthine. a competi-
tive inhibitor of uricase, for which uric acid, formed
by the action of xunthine oxidase, is a substrate. Uric
acid is transformed by uricase into allantomn. Exper-
iments on the kinetic behaviour of uricase in solution
and immobilized in a membrane were first performed
in the absence of xanthine oxidase with increasing
amounts of xanthine. It turned out that the immobi-
lized uricase was less sensitive to inhibition by xan-
thine than the free enzyme in solution. The effect of
a second cnzyme was investigated in the presence of
xanthine oxidase in the membrane. Whereas the in-
stantancous activity of uricase in solution was deter-
mined only by the concentration of substrate and in-
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hibitor. the activity of membrane-bound uricase was
additionally determined by local concentrations of
substrate and inhibitor., modulated by the second
enzyme. When the cffect of the concentration of the
second enzyme In the membrane on uricase activity
was studied, 1t turned out that. above a critical con-
centration of xanthine oxiduse, uricase activity wis
higher i the presence of the inhibitor xanthine than
without it due to the modulation of the concen-
trations inside the “tertiary structure’ of the mem-
brane. Duc to modulation of the relative concen-
trations of substrate and metabolites inside the mem-
brane is the fact that. provided the concentration of
xanthine oxidasc is high cnough. the activity of the
membrane-bound uricase is higher than that of the
free enzyme in the bulk solution.

S Application. A comparison ol the kinctic
propertics of free enzymes i solution with that of
the immobilized bienzyme system showed that. at
least for a lixed ratio of xanthine oxidase to uricase,
the maximum enzyme activitics are the same in both
cases. It wus due to the high initial velocity of the
bicnzyme that during the first 2 hr three times more
allantomn was formed than by the free cnzymes
solution.

The thickness of the microsomal membrane is fur
below the ceritical value. and the immersed mem-
branes were recognized as an appropriate model to
chiminate mterphase diffusion and the transport of
reactants and metabolites as the rate-limiting step. As
for enzyme conformation. cvidence has been pre-
sented that among others, a binding site exists in mic-
rosomal membranes which displays a sigmoidal be-
haviour on binding (drug) substrates [33]. This is in
agreement with the findings of Hiavica [ 34, 357 that
conformational changes of the CO-sensitive oyvto-
chrome P-450 may play an important role in the
N-oxygenation of aniline or N N-dimethylaniline by
rabbit  liver  microsomes.  Thus,  conformational
changes of the enzymes cffecting mixed function oxy-
genation do not seem to be hindered by integration
mto a protein membrane.

Although there is no conclusive evidence today that
the obscrved kinetic constants (app. Vo app. Ky
reflect the actual kinetic behaviour of the enzymes
participating in mixed function oxygenation. the
results of the aforementioned papers suggest that mic-
rosomal membranes constitute a system applicable
for the determination of rate constants,

c
A
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