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1. K i lw [ i c  coplWhlp~l~s 

1.1. K~t am/ 1~,,~,~. Application of kinetic analysis 
1o drug metabolism has created a need for the intro- 
duclion of new expressions which are of practical 
xalue for both, those who have a fundamental interest 
in drug metabolism and those who just want to 
employ the kinctic tools available to solve their par- 
titular problems. Therefore, besides the classical kin- 
etic coristants l[, ..... K~/, and KI the spectral dissocia- 
tion constanls A ...... or A ().D ....... and Ks and the 
15,,-value ha\e  been introduced. 

The attempt of determining 1~;~,~ and K~ of special 
metabolic pathx~ays of various {drug) substrates by 
employing suspensions of microsomal membranes as 
the enzyme source af~d various xenobiotics as sub- 
strafes of lipophilic character raises the question of 
a generalized applicability of equations derived for 
purilied, soluble systems for a multicomponent 
enzyme system 'buried" in a membrane (see 5, Limi- 
lations of Applicability) and creates special problems 
which ale discussed in 4. Essentials for Kinetic Analy- 
sis. 

With one exception [I] .  however, the observed 
enzyme activities, like for example, O- and N-dealkyl- 
ation, (~'-oxygenation of aromatic nuclei, of cycloali- 
pathic and alipathic compounds. N- and S-oxygcna- 
lion could bc analyzed by employing equations bascd 
on the Michaclis Mcnten theory of enzyme action 
[2]. Nexerthcless. numerical x, alucs for I~.~ ..... K~I, and 
K~ shoukt not be taken as absolute, since among 
other reasons, they arc found to vary occasionally 
flom one laboratory to lhe other. Considering the 
rclati;c signilicancc of the numerical values, most 
aulhors have pret;errcd to use the expressions app. 
1(~ .... and app. K~,. 

1,, .... then. xxhidl is usually expressed in nmoles or 
llmolcs of an oxygenation product formed per min 
per mg microsomal protein and rarely expressed in 
Emzymatic.) U(nits). reflects the rate of breakdown 
of the enzyme substrate complex after the insertion 
of oxygen has taken place and represents the maxi- 
lllUnl xelocily conslallt. K~I , the Michaelis constant, 

Ibbreliati~m~: PB =phcnobarbital IC.A., 5-ethyl-5- 
phclDI-2.4,6-tl H.3H.SHl-pyrimidinctrione); 3-MCh = 3- 
mcthylcholanthrcne (C.A., 1,2-dihydro-3-methyl~benz0)- 
accanthryIcncl: 3-MMAB = 3-methyl-4-methyl-aminoazo- 
bcnzcnc iC.A.. N,2-dimclhyl-4-(phenylazo)-benzenamin); 
SKI: 525-A IC.A.. :~-phcnyl->propyl-benzeneacetic acid 
2-(dieth5 lamino)ethylcslcr 1. 

which is normally expressed in liM or mM can be 
looked at its the reciprocal affinity of the enzymc for 
the substrate in respect to a special metabolic path- 
way of the drug employed. K~ is distinguished from 
Ks, 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 productIs/is so slow that 
it can be neglected, K~,~ becomes Ks. Furthermore, 
Kv  describes the ease with which the enzyme sub- 
strate complex is formed, and it also represents the 
substratc concentration for which any observed oxy- 
genation velocit 3 is one-half the maximal velocity. 
The at\)rementioned exception was reported by 
Nebert and Gelboin [1] who studicd hydroxxlation 
of benzo(a)pyrene by the microsomal fraction from 
hamster fetus cell cultures. Thcy observed a linear 
dependence of the ~q~p. K~  lor bcnzo(a) pyrene hy- 
droxylation from microsomal enzvme concentration 
and explained this unusual resuh with an example 
of substrate depiction (Mutal Depletion System, see 
[3] due to binding of substrate to nonspecitic com- 
ponents of the microsomal nlenlbrancs. 

1.2. Cymchrome P-45() char~tch'ristic,',. On addition 
of various (drug) substrates to microsomal suspen- 
sions characteristic changes of the c\ tochromc P-450 
absorption are observed (among them: type 1-. type 
I1-, and the reverse type I-binding spectruml which 
were assumed to reflect complex formation between 
(drug) substrate and the terminal oxygenase, until 
recently it was shown that the type 1 spectral change 
was rather due to an increase in electronegatixity or 
polarity of the sixth heme ligand efiected by' type 1 
substrates. (Drug) subslrate and the properties of the 
microsomal enzyme source determine lhe t \pc of the 
binding spectrum. Since the spcclra] 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 haxe been applied 
to measure maximal spectral changes CI ...... or A 
O.D.m~,J and the spectral dissociation constant K s 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 hexobarbilal, and the p-hydroxylation of 
aniline suggested lhat at least for type [ drug sub- 
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sli+atcs spectral changes (cxprcssod tis .-t ...... and /(<,.l 
purallel cnz~,rnc act ivi l \  (expressod as I,] .... and K+s). 
I-[(>VvUx,"Or. {| immbcr  of rcl-+orts on /V-dcmcfl~\lation 
of ¢ihylnlorpi] inc. of ( ÷ )- and I - F;.unpl~¢lamii~c and 
bcn×photaminc of I - - t -  and ( I-prol+oxyphcric. car- 
binoxamin¢ and mothorphanc, and :k-ox3+~cncition of 
N-cthylani l ine und ,\'.,\"-din+cthylanilinc \~hic'h t+ul\c 
appeared since, ha+¢ sllo~,~+n that citl-icr no binding 
spoCl+lllll] x.V~lS observed ill all or 11o cot-roluti(m 
bet~xcctl Kx and ~ s  o1+ .-t ...... al ld 1;, .... \\its I'ound. 
Recent papers ha\c drLl\\l l th¢ allt_'11tJon of lh¢ m~csti- 
galors o[ drLl~ motubolism to il~c orion i7norcd lkict 
th~ll mosl drt i7 substralos tire oxyTenalcd in \ur iot is 
posit ions of the molecule. 11,,~, , 'dnd ~ tl boin~z di l tcrcni 
for each specilic ox}gcnat ion rcaclion. In order to 
Ihld a corrolalJon b¢1~c¢11 &"  LS iltl+.t /<w- the kin¢lic 
COilSia.nls of all those oxygcilat ioi]s \~otild htl\c I o b c  
determined to lind out which of these i~ corr¢ltl lod 
with th¢ opl icul dissociulion conslanls. Fhi~ is ilot 
feasible proscil t l) ,  because, aillO11.~ olhor i¢asoils. 
man) of iho i+)rimary oxyg0nation reactions o1 drug 
subsiralos are still unkno~\n. T]luS. t}lo rosuils \\hich 
indicated :_t correlat ion bet\reel1 ~<,. alld K x; sCCnl tO 
bc rather accidcnt~tl and not uni',crsalb, aF, l++lical+,lc. 

2. E~tit#~dli+,l +!/ l/lc /,JHclic ('+*ll';l~llll~ 

2.1. I I ..... ~md K w. The rmmct-icld \a lucs  lc,r & ",1 and 
11 ..... are obtained from pair>, oJ ~ (nttc of :l spccilic 
ox'¢gonaticm) und 3; (Substratc ccmc¢lHration) ci lhcr 
b~ ~raphJcal proc¢dtircs or h\+ cOillputcr llro~ralllS 
(on the busis of rCgl+0SSiOll al+lal; sis or i tcrat i \  c l i l t ing. 
for wifich F O R T R A N  l~ro~l-anls ~11¢ availablci usii+i~ 
init iul csthnatcs for I, ..... aild /,.,~/ froR1 7raphical 
methods, as rccolnnlcndcd b\ Wilkinson [-7.] or ( l c -  
l:lnd [5 ]. 

/\i11Ollt~ graphical proccdtlros. I, ..... aild /x,+ i ~ilC." 
dctcrinhlcd by ;i dJr0ct linear plot of r ~orsus ,7 
accordin~ io Eisenthai and ( 'ornish Bowdcn [fQ. l ) i r-  
forcilt lines ar0 dra\vll each ¢ol-res])olldh]~ one obs0r- 
rat ion o[  r and 5. ]hose lines intersect ill ~/ co111nloil 
point, provided thct+e uxists a onc CI]Z~IllO t)l]C sLib- 
stratc relation and lh¢ cxpcr imcnla l  e r ror  of all r 
~.altics is small. The coordinates of that point pt+o~ide 
t11o \fi l l ies for I,~ .... and K w. I1. I\~r s¢;cral r¢4sons, 
there is I)O conl l l lon intersect ion point,  the co- 
ordinates of each intersection poinl ~ti¢ dlii\~ll itl]cl 
the median of mad] series o i  i and 5" \ahics i.akcil 
~is ih¢ best estimate for I,1,, , ~ii~ct /x w. Other ~ial~himal 
proccdtu+¢s include linoar plots dcrh'cd [ ionl  I rnns lo f  
I l l t l l ions o[  the Mid~a¢lis Mci l lon cqti l t t ioi l .  ~li]loi+lg 
lhcm Linc~cavor Burk plois. \q~¢i¢ l r  is plotted 
\crstlS ] ,~)'. HaIIL'S plots, whcrc  .~," r is p lot ted \0Fst.is 
S. or Hofstc¢ plots. \\here r is plotted X, Cl-StlS f S. 

Plot t ing the c-q+~crJin¢nlul data ~lccording lo l. inc- 
\~,ca\'¢r Btlrk is the Mosi Ircqucntl~ tlsod 7ruphical 
proccduro fo l -dc tc rmming 17 ..... aild ~w. Y¢l, il has 
some disadvantages which ha\c bccn discussed /+>~ 
Dowd and Riggs [7]. l i  has bccn criticized I k i t  the 
experimental points ',ire coilc¢illi-~itcd n01ir the Id't- 
hand side of ti]c graph mKt Ihat ti]c values of r I\>i 
\or', small substFatc concentrations. \~hich oflcn can- 
nOl be d0tormincd ~ i lh  the rcquircd itcCt.lr~tt.'), huvc 
suct~ an irnportani hll]ucncc on the ctir\c+ The author 
has cx[)cricn¢cd thal in ccFtaJn cases Lino~¢avcr 
BuI+k plots aFO 110t scnsiti\c enough to detect ~i slight, 
but nc\erthdcss distinct cLlrvalul-c in the kinetic 

CLH\C, 411d this is ccrtuinh uue for l l ano ,  plois, m, 
c~m bc sccn b~ comparhlg Fiu. ID \~ith IF) or I( ' .  
lnstca(.[, p louing puirs of r ~md S ~Luuordinu io l tolktec 
~ i l l  gixc a more uniform distr ibut ion of the cxpcF- 
h'nciltal points. The Holslcc Plot in :H>,o recommended 

un,,,,cM1tcd~ points  ~ind m all c.:ascs \ \hen  thu c r n u  
of r is ]urge and conslunt, or lar~c m~d naFiahlu, 
aIfllotI,,h a d i s , ~ i d \ r : | ] l l + ~ i ~ ( 2  i s  t h e . I t  : H I \  c r r l , ) ]  - i ] I  ~ I ~ i ] I 

cause an obl ique displacement of the corrcsl)ondin ~ 
pOH1l. ][O\'.<C',CI +. i11 d]] C~tSc_'S v, hcrc the killCllC d~tt:i 
rc \cal  a t\~<o cn×,,rnc one sul~sll-atc relation, the lh)F- 
slcc prc)ccdurc of  plollh]~ cxpcrJnlcnla] data  is :.,upci- 
ior over the t+inc,.\cu',cr Burk procedure,  hcc~m~,c the 
kinetic const~mts of  the Iv, o par t ic ipal in~ c n i \ m c  
;wti~ifics can be c \a lmt tcd  m,.,rc accuralc l \ .  This i'; 
Mustratcd b\ Fi~s. IA. lB. I( ' .  and II). v, hich show 
kinetic cu r \ c s  ob tumcd  b\ plot l inu kinclic d~d.~l from 
mic rosomal  (u,,-I)-h,,drox_,,lation of 4-chh)ropro-  
p ionani l idc  accordin.g to l!iscnlhal and ( ' o rn i sh  
Boy<dun. Lino.\c',lvcr Burk. th' , lstcc :rod H:mcs. 
rcnpcct]%d>. 

~ " 2 J I . . . . . .  ~ ~ } ~ ~ I ~ Ln " T 11C numcric+tl \:.flue,, fc, r I . . . . . .  
or <\ ( ) . I )  ........ the nmxinutl ,,pcctr:d chan+c 
( t  ...... A t  (absorpt ion)  per m~ of protein pcF ml 
suspension)  and for Ks (raM). the spectral dissocia- 
tion constant ,  h a \ c  been es t imated  .~Far+laiculI 3 b,, 
p lo t tmg pairs of - I  \ctIStlS .'+,; accord ing  to l,inc\,.ca'+cr 
Burk or l lofstcc.  

2.3. K+ and 1,,,. If u coral+elit ist or il noncOml+cli- 
l i \ c  inhibi t ion pattern is obscr\cd of a npccilil ox \ -  
gcnation rc:iction duc to the inicrl{:rcncc o[ 4 second 
(drug) substrillC, the inhihi t ion const4il i 1<# c:in bc 
+.'stimatd 71at+>hictll_~ itccordin 7 to Dixon b_~ ploltJnu 
] l' \Cl-StiS inh ib i lor  conccllh-;il ion [ [  i ill t\~o dil'fcr¢iH 
lixod subsll-alc concentrations. The intcrscdion t~oinl 
of the t~o  linear kinetics on the left o[ Ihc xcrtJcul 
axis prc+\idos the nul]lCi-icill \a luc l\)r & r  I1 c:.iil tt[>,o 
be dclcrinh]¢d ffoin the posit ion of lhc inlor~,¢dJon 
point o[  :i s0ric<, ,q linc,~ ¢~tcl~ roprc,,cntm7 lh¢ ox \ -  
~ciltlllOil R/ic ill ;l lixcd inhihi tor  CtHlCC'lltF~itiOll. 
X, lV'I1CIC~IS Ix! is indc[~cndcnt Oll +,ubslr~ltc COllC_'cn ~ 
tration. I~, dcscribmg tl]u inhibi tor  conccnh-'<ilion 
cliusin~ il i-cdtlclion o l  cn/~mc ~icli\it\_ bt_ b()",,. 
depends on the (drtlg) Stlbstralc \\ho<+c xpcci'<ll <~\~- 
7Ctlation reaction is inhihilcd. Fhc  rclation~t~ip 
botwcon /',s ti l ld ]:,<> l~us boci1 di,,cu',<,¢d in i/lOlC 
clctails b'+ Chcn 7 alld Prtissol'f l~ ]. T ip lon ]0 ]. 4lid 
( 'hou [10]. 

3. lira <, C! I, inut iu m~</h',,c', 

3.1. - I i , l< , 'm(d Hral)hicdl  phil<,. ,,\inls of kinetic: itna- 
I\SCS a]c to slLId\ the f l inci ioning tH cn/MllCS tinder 
ill ritr+> condit ions, that is to ¢stablish ~/ i+clation 
bctv<'ccn the I'ttiC o f  ;.111) spccilic ox_\~Cll~lliOl] of ;t 
(drug) substratc r and its ¢Oll¢cnlralioll ,~'. The kinetic 
constatlts which ~trc c)biamod [rom pairs o[ r i i i ld 5 
cl~araclcrJzc both. the particil)Citin ~ Clllyll]C(sl {IS \~¢11 
~is the spccilic metabol ic p~ilh\v{l>, provided the [ISSII\ 
t~rocudurc is spccilic CllOU~h. The condi t ion for cslah- 
lishin# a relationship is that drug ox)7¢mit ion b\ 
mJclosonl~il c\ ' tochronlc P-450 l'ollo~s Michau'lis 
MUllion thoor~ of cnz+xnl¢ action. Ho\~ovor. invcsiiga- 
lit)l] Of" drug metabol ism i ,  17[/'fJ iS mostl.~ not aimed 
at dotcrmi l l ing the 4bsoltltO \alucs of the kinetic ct)ll+ 
sRints (scc b.()) ol+H',iillcd with cl pal l ic t i lar  sul+lstnltc 
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Direct Linear Plots [6] 
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Fig. 1A D. Kinet ic  curves tbr f lu-1Fh~droxylaf ion of 4 -ch loropropionani l ide  (the curve for . ) -hvdroxvla-  
lion is nol shown) obta ined  from pairs  of r illld S in a single cxpcrinlcnt  x~.ith hepat ic  mi-crosoines 
from unt rea tcd  rabbi ts  are shown  in figures IA. I B, 1('. and  I D, co r respond ing  Io plots  bx Eisenlhal  
lind Corn i sh  Bowden.  L ine , rea re r  Burk. Hofslee. lind Hanes.  rcspeclixeh' .  Kinetic a n a h s e ~  wcrc per- 
formed with 3 lllg mic rosomal  protein  per ml incubat ion  lluid: the relmiot'lship be t~ecn  specific acti,,itv 
of (,~- and  f lv-I ) -hydroxyla t ion and  mic rosomal  protein  conlent  was l inear under  the condi t ions  usc~.t 
for 1 4 mg  of protein,  t' is expressed as nmoles  of  4-ehlorolactani l ide  tbrmed per inin per mg o1" 

mic rosomal  protein. S in /,M. 
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or  enz+\rnc p repara t ion ,  but to  cst irnatc a l te ra t ions  in 
specific ellZylllC acti; ' i t ies Lind affinities, as they Llrc 
observed fol lo\ \ ing a repeated admin is t ra t ion  of  cer- 
tain drugs ( induc t ion  proccsscs), or  i f  a second (drug) 
sLibsIrLitC mod i l i cs  enzyn le  act iv i t ' ,  or  land)  a f f in i ty  
b \  ei ther  c lc t ivat ion or  i nh ib i t i on .  

Direct linear plots of r \CrSLIS ,~' pernlit  tile detec- 
tion of  a l los lcr ic  or  c o o p e r a t i \ e  t i teels.  Whereas in 
IllOSl GlSOS the kinetic c u r \ c  has a hyperbol ic  shape, 
in cases of al loster ism or  cooperat ivi ty ,  s igmoidici ty 
of  the c u r \ e  is obsc r \ cd .  When  doub le  reciprocal  
plots o f  I and S ( L i n c w c a \ e r  gu rk )  \ \ere used to 
establ ish a re la t ion  bctt<\ecn t and <S'. mos t l y  a l inear 
l tu lct icm \\cis obscr \ed.  Somet in lcs.  ho \ \ c \ c r ,  k inet ics 
I laxe bc0n ob ta ined  \~hicl l  \ \crc l inoar  ell 1o\\ and 
c t i r \cd  do\\nv~:.lrd :.it higl~ stlbsh'Lite COllcentl-alit)ns or 
l inear  ill high and curved upwa rd  Lit Io\\ subs\rate 
conCelltlcltiOllS.* Al though there are many  reLlsons for 
Li Ctll\~/ttlre :.it high Stlbslrale concentr:.ltiollS, it \~as 
cxp la incd  by l l lost au thors  as an i l ld icc l l ion for t i le 
pI'CSCllCC t/f :.l second ellZV111c act ing oi1 the S~illle Sl_lb- 
s t ra i t  (a lwo cnz\  nlc onc subs l ra te  relat ionl  in micro-  
somai  n lenlbrancs.  A \ a r i c t \  o f  reasons i l la~ exp la in  
an Lip;\Llrd ct l r \ .a l t i rc  o f  L inc \¥cavcr  Bt i rk  p lots at 
1o\\ Sl.lbshate conccnllLltions, file} arc:  :.lll i r re \crs ib le  
h ind ing  o f  st lbsl ratc to ;.tll in l~ ib i tor ,  f t l r ther  n l c taho l i -  
za l i on  o f  f i le o x y g e n a t i o n  p roduc l ,  an in lcr fcrcnce of  
endogcnotlS StlbSll~itcs of the 111iciosonlal IllClllbILlneS 
v\ i ih  oxygen  b ind in  G or  a l im i t a t i on  in the d i f fus ion 
of oxygen th rough  the inict-osonlal i l lemblai/es.  

3.2. Ore' e~l_-ymc <~r man~? Appl ica t ion  of  two sub- 
slrate kinetic anab<sis [1 l]  to d rug  n l c tabo l i sm has 
con t r i bu ted  1o scttlc thc long-discussed p rob lem.  
whe ther  or llOt 3 - M ( ' t l  t reat l l lC l l t  c:.ll.ises q u a l i t a t i \ e  
changes o f  lhL' c \ t o c h r o m c  P-450 mo ie ty ,  that  is, the 
f o rn la l i on  o f  a second enzvi11e syslenl besides that  
\~i~ich is pfcsent in norn la ]  li~crs. T \ \o-subs i i -a te  k in-  
ct ic analyses are pei-l\~rnled Io de te rm ine  whe the r  or  
nol  t \ \ o  s imi la r  o x y g c l l a l i o n  react ions circ cLltalyz0d 
b ;  a single nonspeci l ic  oxygen'<tsc or by 111:.I11y specit}c 
oxygcnascs.  Sladck and Mannc r ing  J12] per formed 
t\vo-SLlbStrale kinetics of  \ ; - den l c th \  lation \,\ith cliDI- 
morphine and 3-moth 3 l -4 -mcthy lan l inoazobcnzene  as 
subslra lcs  to de te rmine  \ \ hc lhc r  PB-IrcLltment or 
3 - M ( l l - l r e a t m c n t  of rats causes the enhanced  forma- 
lion of the sH111c or anotl~cf oxygenat ing  s \ s t cm  in 
IlliUl'OS;OlllLI] illCi11bralleS (qt lanl i |L l t i \ 'c  t'q- q u a l i l a t i \ c  
dil'fel-cnces}. In ihc Ih-sl part  o f  the k ine t i c  analysis 
f i le concen t ra t i on  of  3 - M M A t ~  was kept  constant  and 
that  o f  c t h ) l m o r p h i n c  ~\cis \a r ied .  Forn la ldch , ,de  t\~r- 
i na t i on  f rom e i ther  subsli-ale \ \as used to  dc le rm ine  
the stlnl c)f bo ih  ~clocit ies. In the second par l  o f  lhc 
k ine t ic  anai,<sis the conccn l rL i t ion of  c thyhnorrHm~e 
\~as \ a r i cd  in ihc absence of  3 - M M A B .  When  the 
rec iprocal  \ 'e loc i i \  of  I \~rnlc l ldehldc l \ / rn la t ion  was 
p lo t ted  \urst is rec iprocal  e t h l h n o r p h i n c  COllcen- 
t ra l i on ,  h ' ,pc rbo l i c  cur \cs  \ \ere ob ta ined  hi ihc  pres- 
ence (if J - M M A B  \ \ i th  I t \or  n l ic rosonles f ion l  un- 
lrL'ated and PB-t rca tcd  rats. btit not fronl 3-M('h- 
treated rats. Tllcse c u r \ c s  intersected a >inlilarl\ plot-  
tcd lincLlr ci_lr\e obta ined in lhe absence  (/t" 3 - M M A B  
if normal  or PB-st imukited,  but not when 3-MCh-s t i -  
muhl ted  li~cr mic ro \ c r ee s  \ \ore  employed.  With  

* Khlcl ics cur'~cd upward at high si.ibsiralc, hldicali~,c 
o1" substralc inhibi thm. ~i l l  nol bc discus~>ed here. 

3 - M ( ' h  > th l lu la lcd  lllicro>,OlllC,~ J~,~tJl ] \ inc[IL LLII\C', 
d id not  intersect noF i11el-oc {|ll i|Idic~lli.,~ll for the H1- b , 
'~(,l\enlent ,.,f t,a,.~ different cnP,<mc '.,\,,tcn>, in 11~<-' 
N-dcmcthb la t ion  of c thy imorph inc  and .~-nlut l l \ l -4- 
n l o t h l l a n l i n o a i o b c n z c n c  in 3 - M (  ']/-',linicllutc'd l i t cr 
nlicrosOlllOS 

T\~,'o-stibstrLito k inet ics o f  \ - d c m c l h \ l a l i ~ n  \ \ i l h  
i no rp l l h l c  and o l l l y h n o r p h i n c  ',it suhslralc~, I I  3] hci~c 
also con t r i bu ted  It) t lnder>i:. ind a]lci-Ll/inn,, in c n / \ m c  
uct i~ i t \  duc to repeated cichnhli~,lral iol/ ~fl I ' lL  c,,- 
pocialiy to t indcrs iand the classic is,4iic <~i dr\l<,! ' nlct~l- 
bolism. ~hc thc r  onl~ q u u n t i t a t i t u  o i  clclul i lal ikc 
chalices omCl.ll in tile thtl  7 mchlbolilhlL_' el l / \  ilk' ~\ ~- 
1C111 after repeated admin i , , t r a l i on  of  P B  

3.3. K//l( ' l i 'c O/l~lli'.~l.x <lli<t l i l ~ ' ( h i l l l i W l i  +*l < ~ \ i ~ l C l h l  " 

\ ion. K ine t i c  anal )s is  can hc an Cll~pr~>prialc t,,~I i~>l 
ana l . \z ing  and undors tand in  7 t i le ¢ o m p l c \  n lcc lmi l i ' ,n l  
o f  d rug  oxygena t ion ,  if t i le r:.llC,-, o f  till dcsLic lc o \ \ -  
gena t ion  rcdct ions of  u StlbMr~ltc ~lfi<.h iIcull\ oLx_tll. 
arc nleast l rod '<ind nol  shnpl~ one. Ih i~ is no/ IL'a~,ibic 
:.It FIleSCll l ,  bccLitlSC Ilt)/ till ~,pccilic mclclbcHic puth- 
\VilyS :.ire k l lo~. l l  for l imt  p i i r t ic t i ]ar  <,ubstii itc lulctcl 
i n ; es t i ea l i on  and because it cel ic/ inlx i,, :l / i i l lc  v,,lt- 
StllTIhlg task to \~<c)rk tRll scns i t i \c  :lntl <q~ccilk Ll\'~tl\ 
proced LII'OS foF tl~c csi i l l l { l t  ic;l l und h ~ c.'<,/i111{il t.? ",c\ cr:~l 
d i r fcrent prociucts at a t i r n c . . \ r c h a k o \  <.1 <li. l l 4 i  mid 
:.l IL't~ au t i lo rs  before lmxc dra\~n l i tc a i lcn l i ,>n e l  i l k  
in\ .cst igators o f  d r t lg  m c l a b o l i s m  h~ lhc e l Ion lie,2, 
le t ted fad  tha i  n los l  (drt ig} si.ibslrcltcs LIIL' I10! i//C.'ltll~<* 
li×cd b~ a single spccil ic oxbgcna t i on  lccicl ion, bu/ 
by a \ ar icty  of  d i s l i n d  o×) gCil:.ilions, t.'ilcll 7Cllc_'i~ilill~ 
a de l ined dei- i ' ,a t i \e  o f  the ,,ubstralc. and lh: i l  Ihc pri  
Ill~.iry oxygen: . l l ion procJtlCl,, i l lLt\ I~C f t i r lhcr  nlc l t ib, , -  
Iized. ,~ ; .N-d imolh l . lan i l inc .  for cxcirl lplc, in: l \  <,cr\c ,i,, 
st lbstrate fof  N - d e m c l h  31alhm, \ - o x ) ~ c l l t i l i o n .  tlllcl 
/~-hydroxylc l t ion.  In add i t ion .  \ -n lc t i~ \ lcu f i lmc.  \ . \ -  + 
d i n l c t h \ l a n i l i n c - , \ - o x i d c ,  and cmil inc I~cinu <>\}~c_'ti;i- 
l i on  p r o d u d s  t l le i l lsc l tcs,  l l l { l \  LllsO sel-\C ;i,. ,~tlhS/i-{l/C,, 
for fu r ther  . \ ' -dcmcl i~ ' , la t ion.  .\-ox_~gcncili,>n. <~r 
/ ~ -h . yd rox l l a t i on . . . \ r chako \  ct ,l/. ha \ c  ['Otll/tJ Il l;It II1 
this comp lex  react ion.  \ \here , , fart ing matcr i : i l ,  p i i  
n la lV and scCOllchlr\ nlctabolih_',, c:.111 ~Cl\C Li,, ,,tlb- 
slratos, ti l l d iscrete oxyUcl lc i t ions di l le l  in I tu/d 
K~t. and tha i  c \0n  for \ ' . .\ '-dimcth\l '<u~il i l~L' :t', ,,ub 
>;Irate t i le k ine t i c  COllSlant<, for /hL" /hrcu ,q~cLiiic ~,,,\ 
genat icm reaclic)ns I \ " -dcmet i  D \ i l i on .  \ - , \ \  ,_,oil,ilion 
and / > h y d r o x y l a t i o n l  :.11-o diflerL.i~l I : ih lc  I cniit~inl,, 
these rcsuhs, 'and s imi la r  n_'sult,~ \~,cic ~H~l:iincd I ronl  
o the r  au thors  \~it l l  diffcrmnt ,,ub<,trcilc-,. 

When  the \  nlcastu-cd the x c loc i l \  x\ i th v, hich ink: 
rosc)l11Lil c \ t o c h r o n l e  P-45(i is icchlccd 1,\ N \ I ) I ) I I  
m the presence of  , \ . . \ - d i n l c th \ l an i l i ~ i c  ,,r a m M o p > r -  
ti le :.lnd iJ leh o x ~ e i l a l i o n  producl , , .  Ihc~ l,~und lh; l l  
N . :V -dm le thy lan i l i ne  increa,~cd lhc rcducl i ,~n r; l lc ~,I 
the c ) t o c t l r o m e  P-45t) temple , , ,  htl l  lh: i /  Ihc \ - d e  
n l e l h y l a t i o n  procccdcd oil ti n l t ich h i~ lk ' r  r~l/c lhan 
e i ther  N - o x y g c n a l i o n  or  l , -h ld ro \x l '< l t ion ,  l ind lha i  
ani l ine.  \ \h ic i l  dccrcu:,cd li~c_' icllc o1 rcclucl ion \',m, 
p-hydt+oxylated \xi th tilL' S:.II11C \c_'l,>c_'il\ i t ,  \ . \ - d i -  
me thy lan i l i nc ,  fhe'~e clul~i ; l l lo\tccl lhc_.nl ic, clcducc 
that  reduc t ion  of  the c\ to,chronic P-45 I-,,tl ~,,liLitc coin 
plcx is llOl the ra tc - lhn i t i ng  slop in ch-11g Ok)gc ' l lH l l tH I  

4. 17.~.~enlial.~.liJr t, im,li~ <ma/l~c~ 

In t i le ear l \  cxpcrh l /cnts  Oll m i \ c d  h l i /c /hq l  t)x\ 
ge i la t ion  l i l t  \ e l oc i l \  , f l  (h t le  t~ \ \~c ' lK I I l l f l /  i t : I s  dctci 



Microsomal drug metabolizing oxygenases 

Fable 1. 

I()(ll 

E n z y m e  s o u r c e  S u b s t r a t e  

1 inax 
Spccilic metabolic (nmoles rain app. K u 

pathway mg prolcin) (mM I R o l l : r e a c t s  

Rat li~er N,N-dimethylaniline 
microsomes N,N-dimethylaniline 

N.N-dimcthylaifiline- 
N-oxide 

Rat lixer N,N-dimelhylanil inc 
microsomes N.N-dimclhy'laniline 

N.5;-dimeihylaniline- 
N-oxide 

?v-melhvlanilme 
Aniline 

Rabbit lixer Aniline 
microsomcs Anilinc 
Rat liver Amidopyrinc 
microsomes Nor-amidopyrine 

4-aminophenazone 
Rabbit li\er 4-Chloropropion- 
microsonlcs anilidc 

Rat lixer ['a(]Oriscol'ulvin 
microsomes 

N-dcincth5 lation 1.93 0-12£ [ 15] 
N-ox.vgcnation 0.75 0.093 
N-dcmethy lation 13"0 33"0 

N-dcmcllL,, lation 6.2 0.66 [14] 
p-h~droxylalion 0"53 0'26 
N-dcmclh~ lalion 17.0 70.0 

N-dcmcih3 lation 4.8 0.50 
p-I1)droxylation 0.57 0.14 
/~-hydroxylation 0"53 [16] 
N-hydrox} lalion 5.8 
N-demeih} lalion 4. I 0.42 [ 14] 
N-demclh} laiion 5"4 0"62 
N-demelhy lation n.d. n.d 
eJ-il}.drox.v [at ion 0"06(', 0"085 [ 17] 
l+,)-I)-IDdrox>lation j 1"256 = I ,,, 0"466 = K u. 

t 0"6,R6 = 11,,:,,, 0"019 = K w ,  
4-O-dclncth~ lation (I-30 0.22 [ISJ 
6-O-dcmclh,, kitten 0.32 I)-33 

mined by' measuring ti le oxygen consumpt ion dur ing 
tile incubation period after it had been established 
that one oxygen atom of the O,-molecule is inserted 
in tile substrate and tile other is redtlced and utilized 
as an accepter h~r the protons released during the 
oxygenation cycle. A second method was to correlate 
tile decline in N A D P H  concentration during the incu- 
bation period with drug oxygenation. Both methods 
are now obsolete, not only because of lack of speci- 
ticity, but also because oxygen as well as NADPI f  
:ire also consumed in the absence of substrate as well 
as in the presence of sucll stlbstrates as perfluoro-n- 
hexane, which stimulate N A D P H  oxidation but are 
not oxygenated themselves (so-called uncouplersl. In 
both cases :in accumulation of HeO2 is obscrxed 
which efl'ects i.a. lipid peroxidation. Kamataki and 
Kitagawa [19] have shown that lipid peroxidation 
can alter tile kinetic constants of a variety of drug 
oxygenations and that addition of 100 /lM EDTA 
effectively inhibils lipid peroxidation. Howe\or, addi- 
tion of EDTA was reported to decrease enzyme ac- 
tivities in few cases. 

Furthermore, N A D P H  may be metabolized by 
enzyme(s) residing in lhe microsomal fraction Inucleo- 
tide pyrophosphalase) which is prominent only m rat 
liver microsomes. 

Perfluoro-n-hexane was recognizcd :is an uncoupler 
of mixed function oxygenation because attempts haxe 
failed to p r m e  oxydative displacement of fluorine. 
Obviously, the C - F  bonds in perfluoro-n-hexane 
resisted line attack by Ille oxygenase. It is noteworthy 
that C - F  bonds do not generally resist the attack 
by oxygenase. Gottlieb el al. [20] ha\,e shown that 
fluorine is not only oxydatixely displaced from aro- 
matic p-lluoro compounds, like p-fluorophcnylanilinc 
or 4-fluoroaniline, but also flom alipathic compounds 
as truns-4-fluoroproline, ~hich is catalyzed by proline 
hydroxylase from guinea pig granuloma minces. Thus 
proline hydroxylase, one of the mixed function ox3,- 
genases, resembles other laromaticl oxygenases in its 
mode of action. 

For determining ihc xclocitv of dl-i_lg oxygenations 
today, most investigators chose tile rate of forination 
of the oxygenated substrate, or if it is unstable as 
is the case with aromatic hydroxymethylether or Inyd- 
roxymethyl-nlethylamines, with its ctecomposition 
products. 

4.1. Lack q / s ens i t i c i t v  wld SlWC(]icil 3  ̀ o /  flw a.ssay 
procedure. Some investigators have preferred to deter- 
mine fine amount of fornnaldeh~de produced from 
xenobiolics with more than one :\'-methyl group, like 
I\)i example amidopyrine or N,N-dimethylaniline, in- 
slead of estimating the :\ '-dcmethylation producl(s), 
that would haxe been more specilic. 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 
alEnity (Kw)and reaction rate (11,,,,,1. This has been 
proved for the first and second stage of N-demelhyla- 
tion of amidopyrme and tile corresponding stages of 
N,N-dimethylaniline (see Table 1). 4-Amino-phena- 
zone may be further N-demethvlated to 4-amino-1- 
phenyl-3-methyl-pyrazol-5-one, a biochemical reac- 
tion which was shown to proceed in cite but has not 
yet been measured in ritro. Only few, because of lack 
of specific assay procedures, deternfined the residual 
substrate. This method, which suffers from a lack of 
specificity, has been applied for the metabolism of 
diphenylhydantoin, for the hydroxylalion of benzo(al- 
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- 
lal, which permits to measure the time course of hy- 
droxylation in Y-position. Thc method of studying 
drug metabolism by measuring the rate of disappear- 
ance of substmte also suffers from a lack of specificity. 

It is thereforc rcconl lnendable Io l ind arid use a 
sensitive :.lnd specilic assay procedtlre ~lm_'h pernfits 
the determinat ion of that product  wi th  sull icient ac- 
curacy, wi lose forn la l ion rate is to be meastned. 



iOO2 W. l+i xi,; 

4.2...t.<<',dy c(~ndiHnn.s 
4.2.1. l n h i o l  re/nc/;.v. Chie f  faclors  which de le rminc  

the in i l ia l  ' < l o c i t \  ,;11-,.2: Enz,+ille concentrul ion. 
expressed in mg of Imicrosomal l  p io lo in  per ml incu- 
ba l ion nl ix lurc,  stlbslr;.lIe concenlra l ion,  pH. tcmpcra- 
Itlle. lhc  presence o[ a second stlbsll:.ilc, lhc specilic 
act i \ i t , ,  of tile cnzvme  source (depending  on lhc grade 
of induct ion of  d rug imetabo l iz ing  cnzymcs), and l ipid 
peroxidut ion .  \~hici~ ho\~c\cr ,  is spec ies -dependent  
alld is highest  m rats. If the  exper imenta l  cond i l ions  
ha;c been x~olkcd t;tll urMer which t i le in i t ia l  \e loc i l \  
of a special ox\ .~cnal ion reaction Io be studied is 
line:.u b\. dclcin3ining i \ei-StlS I. i is then {/ssLi}ed 
on \ a i i a l i o i )  of  )g. Subsii-ate concenticltioi~s 1o be used 
%HI-\ lroi)l 1 3 >: /<u It) 3 ~ ]x'q LIS rocol)~il)cndcd b\ 
Wi lk inson [4]  or I 5 s K ~  /o 5 :< Kt~ ;is rccom- 
t) lendcd b \  ( ' l e l and  [5] .  

4.2.2. /:)L-vine concc#Hrolions.  Enz}lllC SOtllCC. ,~onlc 
authors ha\e obser\ed higher ox3genl.it ion r{itcs x\i ih 
Ihe 90()1) !7 supcrnataiH [ractioi) o1 Iber  homogCl)Cllc 
'<is the el )z\me source titan \ \ i t l l  nl icfosomcs (11)5.O()O 
d poll<l). H o \ \ c \ e r .  sincc the 105.OO(t H StlpcinLIt{llll 
conluins a var ict \  of cnz,,mcs for \ \h ich file l~rinl;lr3 
ox} con; i l ion procitlcls lornled b \  i11icl-oson)es {lle sub- 
xtt"<itcs, the delct l l l i l la l iol l  of ;ictmll ct)llcentrLllions of  
p r m x u ?  oxygena i ion  p roduc t s  wi lh  lhe 9000q  supcr- 
II:l!Hi~l n)ighl be misleading, and the Still1< holds Iol- 
hcpaloc_~ tes being cn)pkDcd <is cl)zy mc so<ifco. In \cs t i -  
ga lo rs  of mic rosoma l  cnz3n)c kin<tics h a \ c  used 
i)) icrosomal pro ic in  c o n c e n h a t i o n s  o1 I 4 ing per  ml 
incul-~alion lluid. , \ l ihol. lgh it \\as re<one,  ended io 
CI1ooSC 2 lllg O1" ]CSS [2N], Cl gCFlCl'al l'CCt)lllnlcildLl{iOll 
Ct'q)CCl'llillg the pl-o|ein concel]ll-{l |iOll C~lllnO| bc ~i\ci1 
;it pl-eSelll. I1 :l (c]rtigl stlbsllLll0 is ox>gCll{lled ill 
\ar ious posit ions of  lhc nlo]eculc mid the Iales of 
;ill lhcsc or til lcasi some of  them {ire Io bc dcler- 
mined. |hen one probabl )  l inds ihai  /he Ii,,~,,- ~ls ~el l  
as ihe Kw-\~llucs \Lil-\ considcrubh,  so ti)at ~\itl)  a 
gi\cl) p io te in  concci) l ra l ion o[  I ing per e l .  lhe kin- 
eric cki|u l]~i- ~i rapid ox}ge i la t ion  rcacl ion could be 
dctcri))illcd, bl.il noi for ~l slo\~, bccatlse o1 kick of 
~cnsi l i \ i lv  o1 Ihe assay procedure. In lhis ccl>e lhc 
expcr in )en | s  n)a\  bc carr ied out  \ \ i th  2 or 3 n)g ml. 
prc,\ide,.I a linc.:u i-cl~lti,.mship i:, cs lab l i shed  bel;~,ecn 
[]le ox_vgCllHl.ioll I'{llc dl)d {he COllCCll|l;i{itHI of  l ] l ic io-  
SOIlllt] protein ,  that  is, if lhe specific clcti\ i l \ .  expressed 
in /wholes or I)molcs p roduc l  Iormcd per mg pro te in  
per minute, is indcpcndcn/ on protein COl)cei)trH!iOll. 
The lh)cling lha| |he spccilic act iv i t \  of ~/ special ox,,- 
{zcnalion reaction is grealer \~ith I n)g pro|ein n)l 
lhan ii is \ \ i ih  3 in<,-', rcI]ccls ;i l imi ta t ion in lhc cap{l- 
o i l \  t)l the melhod ot  cstimcltion dtle It) till exh;i t lst iol l  
of Stlbslrnlc or o1 1.he col] iclors reqti ired l i ) i  mixed 
fLillcliOll ox}gcnatJOll, hl \cs l iga |OlS of  kinet ic clmil\>is 
ill<l} experience pitfuls if |l~e\ con)pare spccilic act i \ i -  
ties of  di l l i :rent microsomM el lz \n lc  prcparal iol l ' , ,  l\)r 
example, conl ro ls  VCISLI~> |)B- o1" 3 -M( l>s l i n )uk l i cd  
microson)cs w i thout  hav ing established |his l incar i tv 
~\ith each spccilic preparat ion before, l lo,<\c\cr, if lhc 
l im i la i ion  is c;itlscd hx< the presence o1 inh ib i lors  of 
NADl~H-c~ lochrome c rccluctasc l\~rrncd 1rein 
N A I ) P t l  by |he act ion o1' LIn cnzvnle lpyrophospha-  
/ascl prescn| in icil l i \er  i)lici-osonles, lhen a depen- 
dence o[  K u ( N A I ) P t t l  for benzo(alpyrcnc h )d rox ) l -  
; i | ion on protc in  COllcenlFLIlit)ll is obsc r \ cd .  [1 \~;ls 
rccoll)n)cndcd lhereforc.  |h~lt p ro le in  COl)Cclll.rtilion 

should  n,.+l exceed II.I mg ml [21].  In ~moflwr ca:-,c. 
tile exp lana t ion  fin u l inear re la t ionsh ip  belv+ecn tile 
K~/ 1\)i" ben/o ta lpy lene h }d roxy la t ion ,  eft<<led h,, the 
n l ic losonla l  fracl ion o[  hainsler lctus cell cuhures. 'and 
lhc microsoi/l~i[ protcil] ct)nt_'Ciltl-dlitH1 \>,ii> h) ttSSLIlllC 
l lonspecil ic h inding of stil)SIl;llc_' to nonspccil ic 
enz \me silelsi or  o lher  i l lcnlbr;i l lC ctnllpOll¢llts I I  1. 

4.2.3. On thc Ir, c q! / l ic<)tmtmlidc [;Jl. lm'<t<,urinH r(¢t<, 
co/lnlanl~, h'l 1941 Mann  and (,)u'<isicl 122] cteteclect 
t h a i l h c b i o a k d o ~ n  o I ' N A I ) P t t  or N / \ D I  > in homo- 
gen:.ilcs of  i~il brain or rat li\ei- dtic to lhc preSellCC 
of ;i NAl)Pt t -nuclcol ida~,e.  could he mhib i lcd b,< lhc 
addi t ion o f l ) l "  n icot inamidc. Wi ihou l  lo  deler ininc 
\vhelhor lhis add i t i \ c  ;il]Tcls drt lg ox)gcl lL i l io l l  tlnlcs,, 
N A D P t t  is file Ihni l ing [; icier m lhe incubcil ion lluid. 
n ico l inamido ~;is added in ti le mail~ CXl~criments on 
mixed f t lncl ion t)x}~!ell:.liiOll in ct)nccntr;t l ions ranTin 7 
l'rt)lll ~ 111~1 l t ' l  50 IllM. Schenkm;l l l  c'l Ill. [23] x~ho 
quclied the clTcct o[  nict) t inanl idc on l iw r;itc con- 
stants [or the N-dcmelhy la t ion  of  unf idop>rinc and 
p- I1}drox) la t ion of '<milino ~ i th  COllcentrations [i~)nl 
5 to 5(I raM. and .<";aS~il/le ;tlld ( i i l l e l l c  124i , , h e  
qud ied its effects on ti le I-LIIC ct)nslanl~. 1of lh¢ \ -  
dcmcihxh i t ion of  amidopyr inc  and c lhy lmorph inc  and 
/>-h>drox) lal ion of  {inil inc with conccl l t la l ions i-~lll~- 
ing fronl (~-(~ n lM lo  411 raM. ti~tiilct Ihat nicol i immidm 
excn in such Ira\ colleen(ration-; Cl~; 5 m M  coin ; i l l<i  
t i le ,q)/,. Kw I\)r :.1 ~,l.ibslrcilc and 7i \c  rise lo <ill inhibi-  
t ion p:.lttcrll depending on tile sl_lb<,lralc mid i iw 
enz\ i ] le SO/llCC. In i lddi l ion.  Sdlcnkm:.ln cl <tl. l i)und 
lhat lhe pros<nee o1" 50 m M  o[ nicolin:~inlidc did not 
signil icanll~ protecl  N A D P t t  ~,o that CllZVillc uc l i \ i l \  
cl0crcclscd dl.iring Ihe incuba| ion period. ( 'chert and 
t{q~ll-~rook 1251 conl i rn lcd |he inh ib i to r \  clli:ct c)l 
n icot inamidc on the k'-dcmollp, ' lat ion of  amidopyr inc  
bu! dcmonslr'<licd lhc <,lubili/in~z elloci of  10 m M  
n ico l inamido on lhc concentr~li ion of NAI ) I> I t  in lhc 
N A l ) P H - r e g e n e r u l i n g  s \ s icm.  The  I;rcsencc t)l I(I 
m M  nico l inamide in llliClOSOillC StlspeilsiOilS prepared 
from ti le Ii~crs of ILII:-; enabled ihcnl to illcLiStlle in i ik i l  
rales of N-dcmef l l \ l a l ion .  Parli and Ma i lner ing  [2f, I 
studying il l< N -dea l k \ k l l i on  of  morphine, c lh \hnor -  
phinc. 3 - M M A B .  ciilcl S K I  525-A cn lp lo } in  7 r~ll l i \cr  
nlicroson/es al/d c_'tHlccnlF.illit)I>, O1"4 mid 50 Ill M ilio~- 
t inamido, li~l.lnd ~om¢ inh ib i t ion o1 lh¢ x,'-dcalkx la l ion 
of  3 - M M A B  Lind ~ K ]  N25-..\ Ll,; <qlbMlLllCx <\el l  \ t i /h 
the Io\~csl concenlrclt ioi l  o1 nicot inamidc. Ho\ \c \c r .  
tl)c ellL'ct of  12 m M  nico l imunidc on l lw ,,,- Cllld I t J - I  i- 
oxygenat ion of 4-chlorol~ropionani l ide h\  PB-stimu- 
kited r; ibbi l  l i \cr  inicro~,<mlcs cippcars ccxnplex: 
\\hereto, i<,)- l l -ox}genl l t ion is ,dighll > inhihi led,  ,,J- 
oxxgena| ior i  is acli\~ltc_'d [17J. Hol ler  elliot l l l ing [271 
\~ho 'qudied N A D t l  ox ida l ion  i~llc_'~, ~itl~ I;tl lixoi 
illiCl-t)son)cs CollliFnlod the rcstlhS of ( o h c n  LlllCt ]ihhi- 
bl-ook Ihcll l l ico l ina i l l ide i~, llCCCS>Al\ It) l l laJnhli i l  ,i 
consi{llll I t \e l  of N / \ I ) P l l  bul lhat  lhc Io,achl cl]'ccli~.c 
cono2nllLltiOl) \\Lis (1.4 raM. I x i c l c n c e  h'<l,, been plC- 
senied b\ <,<\oral t l t l lhors thtil nuclcoi id¢ pyroph<>> 
pllatasc is lar Ics<~ act i \c  in corrcspondin 7 ¢ l i / \n l c  
prcparLilion,, fron) r;ibbils, guillcLi pigs. dogs. or mice 
<is it is in flits, st) th{ll {i 7 c n c i a l i / c d  ell lp]O}l l l¢l l !  t)f 
n icot inamidc does lit)| soci1] l~ccc,,,~;ti\ nor desirublc. 

4.2,4, , ~ ' 11 [ )%I1"~11 (  > ( OIl( 't ' l l l t '~ll iOI1. ~OlllC in,+esligtltor,, 
]I{D,C used ct ICkl t i \c l \  ";hoF1 FtlllgC o1 Stlb'dlLll¢ Ct)ll- 
cenlr~itions 125 1OO l~k.'l [or exmnplc l  to c~timatc the 
kinetic con~,hlills il~ if lhc\ Cotlld hc col-ictill Ihtll <)ill,, 
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one enzyme is inxolved in that spccillc ox+xgenation 
retiction studied. Tiffs certainty, Ilowovcr. does not 
exist if the microsomal fraction or the 9900 H super- 
natant fraction of liver or adrenal cortex homogenatc 
is used as enzyme source in oxygenation reactions. 
Short range plots may show linearity, but if it is only 
a part of a curved kinetic, it would have little mean- 
ing: if only a short range of low substrate couccn- 
trations is used, the part of the kinetic where substrate 
activation (due to the action of a second onzymcl is 
likely to be observed lind which then may be cur~ed 
downward, is missmg. It may also be dilticult to 
detect the true shape of a kinetic curve with short 
range plots, for. if its cur\ature is only small, it would 
not be detected. 

Although the lower limit of the substrate concen- 
tration normally is tile sensitivity of the assay, method, 
the postulate of the Michaelis Menten theory holds, 
that even at low S ,¢alues the concentration of sub- 
strate should be much higher than that of the enzyme 
in order to enable still lhe t\+rmation of the enzyme 
substrate complex, otherwise too small va]uos for i 
are obtained. 

The tipper limit of substrate concentration usually 
is the solubility lind (or) tile honlogenous distribution 
of the substratc in the incubalion mixture. As one 
is dealing mostly \,Ath lipophilic organic molecules. 
their solubility m aqucons systems is limited, and at 
high concentrations the problem of an even distribu- 
tion may arise. 

Factors which affect un e;'en distribution of sub- 
strate in the incubation mixture are the shaking rote 
of the flasks and agitation, whose efficiency may be 
increased by the addition of glass marbles [28], but 
also tile properties of the enzyme source, for example 
of microsomal preparations. It was observed by the 
author that the distribution of substrate v, as much 
better in suspensions ,aith PB-stimulaled than ~ith 
controls or 3-MCh-stimulated rabbit liver micro- 
somes, probably due to the increased corHent of pllos- 
pholipids in this enzyme source. [tox~evcr. a high 
shaking rate is not only required for an oven distribu- 
tion of substrate, but also to improve oxygen suppl 5 
in those monooxygenations, in which thc velocity in- 
creases with increasing subsirate concenlration. 

4.2.5. Standardisution. Investigators using enzyme 
preparations fi'om laboratory animals for thcir kinetic 
studies should try to perform kinetic analyses under 
standardised conditions, that is, beginning with age 
and sex of tile animals (sex differenccs are relexant 
only in rats and mice), the preparation of tile enz;me 
source and the performance of the assay ilself should 
be carried out always m tile same manner \~ithin /he 
same time period. If this is ignored, results within 
one series of experiments as ~ell as results flom 
various laboratories cannot be compared. Tile con- 
siderable variation of the kinetic constants among dill 
ferent laboratories, for example, the xariation of Kw 
for aniline l;-hydroxykition t14.0 200 /iMI or of Ku 
for benzo(a)pyrene hydroxylation (2'95 60-6 HM) may, 
at least, partly be due to tile lack of uniformit 3 of 
assay performance. The requirement o1 standardisu- 
tion not only for the experiments, but also for feeding, 
holding and inducing the anilnals stems from our 
present knox~ledgc oil thc alterations of 1[, .... and K w 
during postnatal dexolopnlenl and maturation in 

laboratory animals, on changing the periods of feed- 
ing Isturvationl lind the diet, on differences m tile kin- 
etic constants between male and female rats and mice, 
on differences in enzvnaic aclixit'+ within 24 hr (circa- 
dian rhythn>l and ~xithin ci }car Iscasonal rhythnlsl, 
and on tile decrease of some. but not all enzx, ine ac- 
ti'+ities during storage tit low temperatnres. 

5. Linlihltion q[al~plicahility 

5.1. CompositioJ~ o[ microsomal en=vmic comph,.v.. If 
tile microsomal fraction (105,000 H sedimentl or the 
9900g supernatant fraction of li',er or kidney cortex 
homogenate prepared from various vertcbrata is used 
as enxynle source for studying mixed oxygenation in 
citro, one should be a,xarc of the heterogeneity of 
the enzyme sssiem one is dealing with. Hepatic mic- 
rosomes arc artefacts that are formed by destruction 
of the endopktsmic reticuhim and are composed of 
rough and smooth rnicrosomes as well as fragments 
from the cell nlombralle, of lysosomes and poroxi- 
sonles, and they tire probably contanaillaled from 
membranes from the Golgi apparatus, plasma mem- 
brane, and disrupted mitochorldria. Tile microsomal 
fraction is composed of phospholipids, protein, 
heroin, steroids, lind ribonucleic acid. and their par- 
t ide size is 60 200 Hm m diameter. Microsomes have 
been shov~u to contain not only the components of 
thc electron transport chairis R)i mixed function oxy- 
genase systenl with tile oxygen-activatmg terminal 
oxygenase cytochrome P-450 integrated m 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 lesterasesl, and ghtcuroni- 
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- 
A4-dehydrogenase which are not directly in,~olved in 
mixed function oxygenation. A variety of soluble 
enzymes have been shown to reside in the 105,000q 
supernatant fraction, so that the number of enzyme 
components is still much higher in such preparations, 
if the 9900 ,q supernatant is used as thc enzyme source. 

5.2. Prohh'm qll, im'tic ¢lO#lYlt.llll.S HIU~.tSIIFCIll(>#I[,% wilh 
non-Ftlr{l(t'd en-_yntes. What do kinetic eonstalllS really 
nleall if they have been obtained not fr,,)m single, purl- 
lied enzyme entities in sohition, but Ironl unsoluble 
membrane-bound multicomponent en×ymc systems'? 
Can the observed actixities be analyzed and described 
by' lhe nse of Michuelis Menten equalions derixed for 
single, soluble purified enzymes'. ~ 

It was argued that not tile absoltlle ~alue of tile 
kinetic constants is relevant, but l i s t  they can serve 
onl'< as indicators of chan<,es in enzyme activit\', not 
deliners of chunge. If l\~r example, alterations of 
eilTynle activity are observed due to vuriotls induction 
processes or due to acti~,ation or inhibit ion by the 
interference of a second drug, tllen characteristic 
changes of the kinetic constants ;.ire observed. Thus, 
Kw can merely reltect a rate limiting step. bul it is 
interesting to know when a rate limitmg step is shifted 
flcml one reaction site to another [29]. 

5.3. hmn<,bilized cll=)mc,s as a model. Recent exper- 
iments on the kinetic behaviour of cnzxmes immobi- 
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lized in artificial membranes  have elucidated some of 
the rules which control heterogeneous enzyme kin- 
cries. Results obtamed with such systems can ,,,erve 
as a model for analyzing the kinetic behaviour  of the 
mul t icomponent  enzyme system present in nlicro- 
somes. 

Boguslaski et al. [30] using urease integrated into 
a membrane,  analyzed the factors which determine 
rate constants. They found that the formation of the 
enzyme substratc complex is complicated b \  inter- 
phase diffusion and mass t ransport  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 t ransport  on the 
rate constant :  a membrane  covered sensor, a mem- 
brane separating two sohtt ions of diffcrerit conccn- 
tration, and a membrane  immersed into a solution. 
Among them, the immersed membrarie seemed to be 
the most promising and widely applicable for the 
determimttion of rate constants.  

Sundaram e t a / .  [31] discussed five main reasons 
why enzymes m solutiori behave differently as com- 
pared to those attached to solid supports:  since kin- 
etic behaviour  depends on enzyme conformation,  free 
enzymes m sohltion rnay undergo confornmtional  
changes, whereas solid-supports may be hindered 
more or less, depending on the chemical 1]alure of 
the membrane.  The t\~rmation rate of the enzyme 
substrale complex depends on the dielectric constant 
of the medium, for the concentrat ion in the environ- 
ment of a membrane -bound  enzyme is different from 
that of a free enzyme. There ~ill be part i t ioning of 
the substrate between the solution and the mem- 
brane: the concentrat ion of substrate in the vicinity 
of the membrane-bound  enzyme nlay be different 
from that  of the free enzyme in solution. Difliision 
may, play an important  role for the reaction within 
the membranes :  reactions in which free enzymes in 
solution are invol,<ed are usually not difl'usiori con- 
trolled. However. if the thickness of the membrane  
is lower than 1 m e .  or if the reaction is vet), slow, 
diffusion will not be the rate-limiting step. At low 
stlbstrate concentrations,  reaction rates will be less 
lot the immobilized enzyme, if the substrate is less 
soluble ill the metnbrane than m solut ion, and. 
besides, oFp. K w  will be greater. Conversely, if the 
substrate is more soluble in the membrane,  reaction 
rates will be greater and the app. K,w smaller. 

5.4. D!~j?rcJwcs heswce~ m e m h r w w - b m m d  w e t  ,vUuhh' 
cilzymcs. Hervagault  cI a/. [32] studied the kinetic 
behaviour of two enzymes, xanthine oxidase and uri- 
case, both in solution and when bound to a protein 
membranc.  As stlbstrate served xanthine, a competi-  
live inhibitor  of uricase, for which uric acid, termed 
b3 the action of xanthinc oxidasc, is a substratc. I./ric 
acid is t ransformed by' uricase into allantom. Exper- 
inlents on the kinetic behaviour  of uricase in solution 
and immobilized in a membrane  ~ere  first performed 
in the absence of xanthine oxidase with increasing 
amounts  of xanthine. It tnrned out that  the immobi- 
lized uricase was less sensitive to inhibit ion by xan- 
thine than the free enzyme in solution. The effect of 
a second cnzyme was mvesligatcd in the presence of 
xanthme oxidase in the membrane.  Whereas the iri- 
s tantaneous activity of uricase in solution was deter- 
nlined only by the concentrat ion of substrate and in- 

hibitor, the activity of membrane-bound  uricasc was 
additionally determined by local concentrat ions of 
substrate and inhibitor, modulated bv the second 
enzyme. When the eft'cut of the concentrat ion of the 
second enzyme in the membrane  on ttricase acti\itx 
was studied, it turned out that. abo~c a critical con- 
centrat ion of xanthine oxidase, uricase acti,+ity x~u> 
higher in the presence of the inhibitor xanthme than 
without it due It) the modulat ion of the concen- 
lral ions inside tile +tertiary strtlcture" Of the rncm- 
bt+ane. Due to modtllalion of the relative concen- 
trat ions of substratc and metabolites inside the men> 
brarle is the fact that. provided the concentrat ion of 
xanthinc oxidase is high enough, thc activity of the 
membrane-bound  uricasc is higher than that of the 
free enzyme in the bulk solution. 

5.5. AIvUicati+m. A comparison of the kmctic 
properties of frce enz \mcs  in solution ~i th  that of 
the immobilized bienz3me system stlm~ed that. at 
least for a iixed ratio of xantbine oxidasc to uricasc, 
tile lnaximum enzylne activities are the same in both 
cases. It was due to the high initial velocit3 of the 
bienzymc that during the lirsl 2 hr three times more 
al lanto in  was formed than b\  the frec enzvmcs in 
sol tit ion. 

The thickness of the n] icrosonla] membrai lc  is far 
belo+~ the crit ical '+able, arid the immersed inclYi- 
br:.tnes \vere recognized as an appropr ia te  model  It+ 
e l iminate interphasc difl 'usion alld thc transport  of 
reactants and mctabolites as the rate-limiting step. As 
l\)r cnz},mc COllformation, evidence has been ple- 
scntcd that among others, a binding site exists in mic- 
rosomal membranes  which displays ~l sigmoidal be- 
hav iour  on binding (drugl substratcs [33]. This is in 
agreement with the lindirlgs of H lavic:.l [34, 35] tirol 
conformat ional  chatlges of the (%)-,~ensiti~e c\tti-  
chrome P-450 may play an important  role in tile 
N-oxygenat ion  of  ani l ine or N..V-dimcthylaniline b\ 
rabbit  liver nlicrosol'lles. Thus. conformat ional  
changes of the enzymes ellL:cting mixed function ox\-  
genation do not seem to be hindered bx integrat ion 
into a protein l+nenlbralle. 

Although there is no conclusixe cxidcncc today that 
the observed kinetic constants  lapp. I,, ..... ,pp .  K w) 
reltect the actual kinetic bcha \ iour  of the enzymes 
part icipaimg in mixed function oxygcnution, the 
rcsults of the aforementioned papcrs suggest Ihctt mic- 
rosoma] membranes  COl]stitute ;i s\stcnl upplicablc 
for the determinat icm of rate constants+ 
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