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Abstract- -Twelve  homologous and regiolsomerlc pyrldylalkanamldes were examined spectrally for their 
binding affinity to cytochrome P-450 in phenobarbital- and 3-methylcholanthrene-lnduced rat liver 
mlcrosomes The pKs values were calculated by the Lmeweaver-Burk method and by non-hnear analysts 
using both a one hgand-one acceptor and a one hgand-two acceptor model The latter model best fits 
most of the data, confirming that two pKs values exist for most derivatives in the 3-pyndyl and 4-pyrldyl 
series Structure-binding relationships are discussed The two binding constants are hypothesized to arise 
from a dual mode of binding to the ferric ion, At low hgand concentrations, binding to hexacoordmated 
cytochrome P-450 occurs and revolves displacement of an endogenous 6th hgand, at higher concen- 
trations, the hgands brad to the pentacoordlnated P-450, resulting in a high-to-low spin shift 

Cytochrome P-450 monooxygenases are among the 
most important enzymes involved in the oxidation 
of xenoblotics as well as endogenous compounds 
The binding of substrates to cytochrome P-450 is a 
major step m their blotransformatlon. Addmonally, 
binding to the enzyme may m some cases cause 
mhlbltion and possibly also be involved in its lnduc- 
Uon The binding process is thus a key event in 
determining the outcome of the interaction between 
a chemical compound and cytochrome P-450 

Globally, two modes of binding to cytochrome 
P-450 are known, namely substrate and ligand bind- 
ing [1]. The former Involves binding to a hydrophobic 
region near the catalytic site and is the first step in 
the blotransformatlon process. Substrate binding is 
detected spectrally as type I binding spectra. In con- 
trast, hgand binding revolves the interaction between 
a heteroatom and the iron atom; it ~s detected spec- 
trally as type II (mtrogenous ligands) or modified 
type II (oxygenated hgands) binding [1-3]. Ligand 
binding may produce lnhibmon of cytochrome P-450 
function; it results m the conversion of a high spin 
form to a low spin form, or a low spin form to another 
low spm form. The spin state equilibrium was shown 
to modulate both the substrate binding and the redox 
potential of cytochrome P-450 in such a way that the 
reduction of the ferric high spln state is favoured as 
compared with the reduction of the ferric low spin 
state [4,5]. The mechanmsms of binding and the 
relationships influencing them are thus significant 
elements in a global understanding of cytochrome 
P-450 mediated blotransformatlon. 

Pyrldlne and many pyrldine derwatlves are known 
to be strong hgands and dxrect-actlng inhxbxtors of 
cytochrome P-450 [6, 7]. In the present study, various 
aspects of cytochrome P-450 binding and structure- 
binding relationships are examined using a series of 
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reglolsomeric and homologous pyrxdylalkanamldes 
(Fig. 1) as model compounds of metyrapone 

MATERIALS AND METHODS 

Pyrtdylalkanamtdes 
These compounds were synthesized as described 

[8] Their baslclty (pKa values) and ltpoph111clty (log 
P values) have been reported [9] 

Preparatton of mtcrosomes 
Sprague-Dawley male rats (150-200g) received 

by 1 p. injection during 3 days phenobarbital (80 rag/ 
kg/day) in physiological NaC1 solution or 3-methyl- 
cholanthrene (20mg/kg/day) m corn oil Control 
animals were injected only the vehicle The animals 
were killed by decapitation 24 hr after the last injec- 
tion, they had received no solid food during the last 
12 hr. 

Subcellular fractlonatlon was performed at 4 ° The 
livers were homogenlsed m a 0.25 M sucrose solution 
(1'3). The homogenlsatlon was done xn a 60ml 
Elvejhem-glass homogenlser with a Teflon pestle 
(radial clearance 0.18-0.24mm). The suspension 
was centrifuged for 15 man at 10,000g to remove 
nuclei, mltochondrla and debris. The supernatant 
was centrifuged for 60 mln at 105,000 g. The micro- 
somal pellets were resuspended in a sodium pyro- 
phosphate 0 1 M/EDTA 0.1 mM solution (pH 7 4) 
with a 60 ml Dounce Homogenlser (small clearance 
508/zm), then recentrlfuged for 60 mln at 105,000 g 

Ftg 1 

~ ' ~ ( C H 2 )  n- CONH 2 

n= 1-/+ 
General formula for the 12 pyrtdylalkanamldes 

mvestlgated 
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The pellets  were r e suspended  to concen t ra t ions  ot 
10-20 mg p r o t e l n / m l  in a{I 1 M sodium phospha t e  
solution ( p H  7 4) and  immedia te ly  f rozen at - 7 0  ° 
The liver (ca 6g )  of each rat  (100-150g)  yielded 
approx imate ly  180 mg of mlcrosomal  pro te in  The  
pl oteln concen t r a t i on  was measu red  colorlmetr lcal ly 
using crystal l ine bov ine  serum a lbumin  as s tandard  
[10] The  concen t r a t i on  of cy tochrome P-45{1 was 
measu red  according to [11] 

Spectral studies 

The spectra  were recorded  at room t em pe r a t u r e  
be tween  360 and  5 0 0 n m  using an A m i n c o  D W2 
s p e c t r o p h o t o m e t e r  The  two cuvet tes  each con ta ined  
75{}!tl of a s t andard ized  microsomal  suspension 
{ 1 5 nag p r o t e i n / m l )  freshly p repa red  from the con- 
cen t ra t ed  mic rosomal  suspens ion  The  amides  were 
dissolved in a 0 1 M sodium phospha t e  buffer  ( p H  
7 4) and  added  in por t ions  of 0 5 -10 / t l  into the 
sample cuvet te  Cor r e spond ing  volumes  of the buffer  
solut ion were added  to the re ference  cuvet te  The  
di lut ion resul t ing f rom the addi t ion of the hgand  
solut ion was always t aken  into account  to calculate 
the hgand  concen t r a t i on  in the  cuvet te  and to correct  
the abso rbance  The  vo lume var ia t ion  nexer  
exceeded 10% The  d e n v a t l \ e s  with one me thy lene  
group in the side chain present  a de tec tab le  absorp-  
t ion (AAp,0  This  absorp t ion  was taken  into account  
too using the fol lowing formula  

A A . , ~ , ~ d  = AAm~<,,ur~d -- AAp,~ 

( a h  ulatton o f  Ks values 

Assumptions For  the calculat ion of Ks values a 
n u m b e r  of a ssumpt ions  were  made  

(a) The  L a m b e r t - B e e r  law is satisfied in the con- 
cen t ra t lon  range m v e s n g a t e d  

(b) The  h g a n d - P - 4 5 0  complex  has  the  same absorp-  
t ion coefficient (Aem a . . . .  n) for all used hgands  
with a def ined type of mic rosomes  

(c) W h e n  a hgand  displays two affinlt\, cons tants .  
the co r re spond ing  complexes  have the same Ae 
x alue 

(d) The  hgands  with the s t rongest  affinity b ind to 
the en t i re  cy tochrome  P-450 popula t ion  present  
~ h e n  the i r  concen t r a t ion  tends  towards  mfinlB 

Regard ing  assumpt ion  (b) .  a c o m m e n t  is necessary 
Indeed .  there  is no t h e o r e n c a l  p roof  tha t  the Ae 
values are the same but  this assumpt ion  is unavoid-  
able since in this case there  is no practical  possibility' 
to df f ferentmte  be tw een  bo th  values At  low hgand  
concen t r a t ions  the spectral  max ima  and mlmrna are 
b road  due to the  small  ampl i tude  The  in t roduct ion  
ol a second Ae value In the n o n - h n e a r  regression 
would lead to o v e r p a r a m e t n z a t l o n  of the model  
Da ta  analysis using the  same Ae .~alues vlelds con- 
sistent results thus  favour ing  assumpt ion  (b) 

Mathemamal  model  W h e n  the hgand  (L) binds 
to the acceptor  (E,) to l lowmg 

E ; +  L =  E,L {1) 

its dissociat ion cons tan t  is 

[E,J[L] 
K, - tort  = 1 , 2 ,  tl {2) 

[E,LI 

Th i s  d l%oc ld t ion  cons tant  is vahd only \~hcn the 
me tabohsa t i on  rate is nil oi neghglble  In our  case 
this could be assumed because no cohtctors  \~ere 
present  in the cuvet tes  

The  mass ba lance  for the acceptoi  gives 

IE , I . .  = IE,I + [L,L1 i t , r , =  1 2 ,, {3) 

Equa t ions  (2) and (3} gixc 

IE , i  .... 
[E, k l -  1 + K, / [L]  lOF t=  1 2 n {4} 

I'he mass ba lance  for the hgand  1s 

ILl . . .=  ILl + ~ ; [ E , L  I 
, 1 

" [L,] .... 
ILl N" + 

" ;  1 + K,,,/ILI 1 =  

The t r ans fo rma t ion  of equa t ion  (5} with rega id  to 
(L) is a quadra t ic  one for n = 1 and a th i rd  degree 
one for n = 2 In the two cases, the solut ion must  
respect  the fol lowing condi t ion  

{1--_ [LI < It-l,,,, ({,/ 

The difference betx~een il laxinlum and  iglllallllunl 
absorp t ion  AA is def ined bx 

IE,1 
A A = A e  ~_ . [E ,L ]=  Ae" 2 

, 1 , :~  I + K , , / I L  l ( 7 )  

Parttcu[a# ca.se~ 

(a) Representauon a{cordmg to -L,I : = / ( / L /  :) 
W h e n  n = 1, equa t ion  (7) can be ' a n t t e n  

1 K i  I 1 
+ (8} 

A A - A e I E ~ ]  .... iLl APIE~] .... 

For  this model  we have to know ILl W h e n  the hgand 
concen t ra t ion  is much  h igher  than  the cy tochrome 
P-450, or when  the hgands  ha~e htt le  affinity for the 
acceptor ,  then  [Ll. , t  ~ IL l ,  and equa t ion  (8) 1s the 
kmeweax, e r - B u r k  equa t ion  [121 

1 K i  1 1 
+ {9} 

A A  a e l E l ]  .... [L] .... A~'[E1]>~ 

For n = 2 this r e p r e s e u t a t i o n  gi\ Cs an hyperbo la  
{b) Stmphficatton of  the model  to determine AA  ...... 

W h e n  the t o l l o a i n g  condi t ions  arc ~alld 

[Llu,t > K, and ILl> t > K, ; = 2, 3 n 

and 
tl 

2 [ E , ] > .  < [k] .... {1{}) 
1 

Then  [kltot ~ ILl and equa t ion  {7) s tmphhes  to 

" IE , I  .... 
A A = A t  ( 2 [ E , h . .  + - ) { I l l  

, e I + K T " I L I  .... 

We ha'~e analbzed thc results  according to 

{1) L l n c ~ e a x c r - B u i k  {equat ion 9) 
(2) n o n - h n e a r  model  (equa t ion  7) lo t  n =  I oi 

2. using the p togram " M O D F I T "  [131 The 
~teratB'c de t e rmina t ion  ot h\ c pa ramete l  s IA~, 
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F~g 2 Type II binding spectra resulting from the interaction of 4-pyrldylpentanamlde (0 4-28 ~tM) with 
a mlcrosomal suspension (initial P-450 concentration 3 11/~M) from PB-lnduced rats 

[E1]to~. [E2]tot, K1. K2) cannot  converge due to 
ove rpa ramemza t lon  For  this reason Ae was 
determined independent ly  from AAma x The 
latter was calculated from equaUon ( l l )  using 
the hgand showing the highest affinity when 
[L] tends towards infinity (hypotheses d and c. 
see "Assumpt ions")  The AEpB and A~3MC were 
calculated from the means of AAm~x using 

& A m a x  A A m a x  
AepB o r  AE3M C --  n --  [P-450] (12) 

l - [  

The values of the four  parameters  for n = 1 or n = 
2 were obtained when the difference between the 
last two iterations were less than 1% An F-test was 
performed to compare  the results obtained for one 
acceptor (n = 1) and two acceptors (n = 2) The 
program also calculates the fraction fi, of acceptor 
relative to the concentrat ion of P-450 

[E,],o, 
/~, - - -  ( 1 3 )  

[P-4501 

RESULTS ~ND ANALYSIS OF DATA 

The content  of cytochrome P-450 by CO-binding 
spectra was found to be 0 792, 2 073 and 1 656 nmol 
P-450/mg protein in non-induced,  PB-mduced,  and 
3MC-lnduced rat liver mlcrosomes,  respectively The 
interaction of  the pyrldylalkanamldes with the PB- 

and 3MC-lnduced mlcrosomes resulted in each case 
in typical type II spectra Figure 2 exemplifies the 
spectra obtained with 4-pyndylpentanamlde 

The spectral characteristics are the same for the 
3- and 4-pyrldyl s e r i e s  (-)-max = 425-+ 2 nm, ~'m,n = 
393 + 2 n m ,  lsobestlc point = 415 + 2 n m )  We 
observed a little shift toward the low wavelength 
for the 2-pyrldyl series (.;tma x = 422 + 2 nm, ). ..... = 
391 _+ 2 nm, lsobestlc point = 409 -+ 3 nm) 

Lmeweaver-Burk analysis of data 
Figure 3 shows a double reciprocal plot typical of 

several investigated pyndylalkanamldes  The 3- and 
4-pyrldyl series yield two straight hnes Slope 
changes were determined by selecting the pair of 
straight lines which mlnlmlzes the residuals The 2- 
pyrldylalkanamldes present only one line Tables 1- 
3 report  the results obtained with the three series of 
amides 

The L lneweaver -Burk  plot is characterized by its 
simplicity However ,  and like other  methods based 
on the t ransformation of experimental  data, it 
exhibits a number  of shortcomings stressed by Klotz 
/14] and Burglsser [15] Thus, the distorted dls- 
t r lbuhon of points can lead to inaccuracies and over- 
slmphfied plots two straight lines are apparent in 
Fig 3 when the real function should be a hyperbola 
(interaction of a hgand with two acceptors) Non- 
hnear methods  overcome these limitations [14] 

Non-hnear analysis of data 
The AAm,,~ values were calculated with equation 
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F~g 3 D~ub~erecIpr~ca~p~tf~rtheblndmg~f4-pyrldy~butanam1det~PB-mducedrathverm1cr~s~m~s 
AA = A~ga-A426, M = hgand concentratmn m M, I = -1/Ks~, II = -1/Ks2 

(11) respecting condmons  (10) The Aeva lues  deter- 
mined from equat ion  (12) are 50 mM -1 cm - t  for PB- 
induced mlcrosomes and 65 08 mM -1 cm -1 for the 
3MC-induced ones. 

Figure 4 represents  the individual binding data of 
4-pyridylpentanamlde plotted according to the one- 
and two-acceptor  models.  V~sual mspecnon clearly 
reveals that the two-acceptor  model  yields a bet ter  
fit This is confirmed statistically' the residual van-  
ance is 1 12 x 10 -3 and 2 24 x 10 -4, respectively, for 
the one-acceptor  and two-acceptor  model  
(P < 0.001). Tables 4-6  present the pKs values cal- 
culated for the three isomeric series of 
pyndylalkanamades.  

DISCUSSION 

Compartson of the pKs values calculated by the 
Lmeweaver-Burk and non-hnear methods 

Globally,  the pKs values calculated by the two 

methods  (symbolized by " L B "  and "nonl ln" .  respect- 
lvely) are remarkably  similar (Fig. 5) The regression 
equaUon ~s 

pKs(LB) = 0.79(-+ 0 04) pKs(nonhn)  + 0 78( ± 0 15) 

n = 40 r e = 0 900 (16) 

This similarity must be due to the fact that the 
hgands were tested m the broadest  poss,ble con- 
centrat ion range, be tween the detection hm~t and 
the limit of spectral saturation A more narrow con- 
centrat ion range could have yielded pKs(LB) values 
in termediate  be tween  pKs t and pKs2(LB) values 

A closer examinat ion of the tables and Fig 5 shows 
that pKsz(LB) values are smaller than pKsl(nonhn) ,  
whereas the reverse holds for pKs2 values These 
systematic biases may originate from the slm- 
phfications of the L m e w e a v e r - B u r k  model,  whLch 
identifies a hyperbola  with two straight lines 

The above comparison shows that the Line- 

/ / 

0 4 -- _ ~  

o 5 L//o J 100 140 

[ L  ] tot / [ P -  4 5 0 ]  

Fig 4 Plot of  da ta  for the b m d m g  of 4 - p y n d y l p e n t a n a m l d e  to P B - m d u c e d  m l c r o s o m e s ,  the o r d m a t c  
and abscissa being defined according to AA/AAma x and LtoU[P-450], respecuvely The curves for the 
one acceptor (- - -) and two acceptor models ( ) were calculated according to equahon (11) Note 

the different scale of the abscissa above 50 



Dual hgand binding of pyndylalkanamldes to mlcrosomal cytochrome P-450 2237 

Table 1 pKs values of 2-pyrldylalkanamldes (Lmeweaver-Burk analysis) 

nC* 

PB-mduced mlcrosomes 3MC-mduced mlcrosomes 

conc [M]¢ r:[: N§ pKs[M]ll conc [M]~" r$ N§ pKs[M]] I 

2 0 10-3-20 10 -3 0 992 25 1 71 ± 0 09 2 0 10 3-43 10 -~ 0 804 17 2,23 ± 0 38 
2 7 10 3-24 10 3 0 993 15 1 76 ± 0 10 0 7 10-~-58 10 -3 0 994 19 2,20 ± 0 06 
4 0 10-3-50 10 -3 0 980 26 1 97 ± 0 07 1 0 10-3-50 10 -3 0 985 21 2 37 ± 0 07 
0 4 10 3-11 10 -3 0 987 18 2 69 ± 0 09 1 0 10 3-17 10 _3 0 993 12 2 48 ± 0 08 

* nC = number of - ' -CH 2 -  group in side chain 
t conc = concentration range investigated 
$ r = correlation coefficient 
§ N = number of points m the regression 
II The errors were calculated from the 95% confidence hmlts of the slope 

Table 2 pKs values of 3-pyndylalkanamldeS (Lmeweaver-Burk analysis) 

nC conc [M] r N pKSl [M] conc [M] r N pKs2 [M] 

PB-mduced mlcrosomes 
1 0 4 10 4-40 10 4 0 985 28 3 32 ± 0 09 0 6 10-2-2 2 10 -2 0 921 8 2 40 ± 0 24 
2 0 4 10 4-60 10 -4 0 997 11 2 98 ± 0 16 0 6 10-2-3 0 10 -2 0 971 12 2 34 ± 0 10 
3 0 4 10-5-24 10 5 0 979 22 4 52-+ 0 10 3 0 10 4-97 10 -4 0 975 19 3 55 ± 0 07 
4 0 2 10-5-37 10 5 0 991 17 4 58 ± 0 08 3 7 10 4-18 10 -4 0 888 5 3 80 ± 0 39 

3MC-mduced mlcrosomes 
1 1 2 10-4-20 10 -4 0 977 13 3 34 ± 0 14 0 2 10-2-2 4 10-: 0 990 16 2 65 ± 0 05 
2 0 4 10-4-16 10 -4 0 999 12 3 36 - 0 03 1 6 10-3-29 10 -s 0 991 18 2 72 ± 0 04 
3 1 0 10-5---49 10 5 0 987 14 4 20-+ 0 09 4 9 10-4-97 10 -4 0 991 8 3 43 _+ 0 18 
4 2 0 l0 6-58 10 -6 0 971 20 4 86 ± 0 13 0 6 10-4-18 10 -4 0 995 22 3 87 ± 0 03 

See Table 1 for column headings 

Table 3 pKs values of 4-pyndylalkanamldes (Lmeweaver-Burk analysis) 

nC conc [M] r N pKsl [M] conc [M] r N pKs2 [M] 

PB-lnduced mlcrosomes 
1 0 4 10 4-19 10 -4 0 976 31 3 69 + 0.09 2 0 10 3-11 10 3 0 994 8 2 79 ± 0 07 
2 0 2 10 4-21 10 4 0 910 34 4 02 ± 0 14 2 0 10 3-17 10 3 0 988 7 2 89 ± 0 10 
3 0 4 1 0  5-6810 5 0972 30 4 5 0 ± 0 0 9  0 7  10 3-1010 3 0973 12 3 3 8 ± 0 0 8  
4 0 4 10-6-28 10 -6 0 993 22 5 15 ± 0 12 2 8 10-s-42 10 -5 0 999 8 4 46 ± 0 03 

3MC-mduced mlcrosomes 
1 0 4  10 4-10 10 -4 0980 20 3 7 0 - - - 0 1 0  10  10 3-30 10 3 0994 6 3 1 1 ± 0  10 
2 l 0 10 5-60 10 -5 0 996 13 3 85 ± 0 09 0 6 10 ~-19 10 3 0 996 10 3 13 ± 0 04 
3 0 8 10 5-72 10 -5 0 998 18 4 22 - 0 03 7 2 10 4-92 10 4 0 989 12 3 43 ± 0 06 
4 l 6 10-6-16 10 6 0 991 8 5 28 ± 0 12 0 2 10-4-15 10 4 0 973 19 4 02 ± 0 12 

See Table 1 for column headings 

Table 4 pKs values of 2-pyrldylalkanamldes (non-hnear analysis) 

nC pKs* [M] al + df~: pKsl* [M] pKs2* [M] a2t df~ P§ 

PB-lnduced mlcrosomes (total P-450 concentration in cuvettes 3 11 ~M) 
1 1 58 ± 0 04 1 77 10 -4 45 1 51 -+ 0 27 0 36 ± 1 19 3 22 10 -4 43 NS 
2 1 86 ± 0 05 1 05 10 -4 20 i 87 -± 0 05 0 66 ± 2 67 1 17 10 -4 18 NS 
3 1 9 5 ± 0 0 3  202 10 -4 30 1 7 8 ± 0 2 8  2 6 8 ±  1 12 1 9610 4 28 NS 
4 2 57 -+ 0 05 1 53 10 -4 20 1 28 ± 0.36 2 76 ± 0 09 1 48 10 -4 18 NS 

3MC-lnduced mlcrosomes (total P-450 concentration in cuvettes 2 49 ttM) 
1 1 82 ± 0 10 1 57 10 4 20 1 55 ± 0 32 0 000111 4 07 10 -4 18 NS 
2 1 8 4 ± 0 0 4  837 10 s 20 1 7 1 ± 0 0 4  4 2 4 ± 0 5 9  272 10 s 18 <001  
3 2 1 1 ± 0 0 5  380  10 4 23 1 7 0 ± 0 0 7  3 7 5 ± 0 2 6  822 10 ~ 21 <0001 
4 2 4 0 ± 0 0 5  1 48 10 4 14 1 9 2 ± 0 1 7  3.27 + 0 2 6  4 4 0 1 0  ~ 12 <0 05 

* pKs resp pKsl and pKs2 = pKs values obtained with one resp two binding sites model 
¢ cq resp o2 = residual variance obtained with one resp two binding s~tes model 
$ df = degrees of freedom 
§ P assessed by F-test (NS = non-significant) 
!l Starting value m iteration, otherwise non-calculable 
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Table 5 pKs values of 3-pyridylalkanarmdes (non-hncar  an<ii~,<q<,) 

n( '  pKs IM] or, df pKs~ [M] pK% {M1 <, dl t' 

P B - l n d u c e d  m l c r o s o m e s  ( t o t a l  P-45(I  c o n c e n t r a t i o n  in ~_uxettc,, ~, 11 ! IM)  
I 2 7(I ± 0 04  0 90  10 -' 34 2 10 ± 0 14 3 46  - () 16 2 ~'v l(l ~2 (1 ()1)1 
2 2 78 + 0 08 3 60 10 ' 19 1 39 ± 0 28 3 36 ± 0 111 q 011 1() ' !" (I (Ifll 
"~ 3 78 + 0 05 2 95 10 ~ 39 2 96 + 0 08 4 43 ~ I) (̀ )S ? 42 lli ' ~,7 11 tit,l 
4 4 19 + 0 (16 2 05 10 ~ 19 2 98 + 0 33 4 (~2 + 0 12 (~ 2N I(t I v t) III 

3MC-lnduced mlcrosomes (total P-450 concentration m kuxettc~ 2 4q uMi 
1 2 77  - (̀ ) 03 l) 88 10 ~ 27 2 42 ± 0 07  ~ 71 + () 1~ I sf~ ll~ 2" ~) ()ll! 
2 2 7`0 + 0 0 3  1 13 10 ' 27 2 35 +(1116 a 53 + 0 10 1 2 a l l )  * ?- f t( ,~l 
:~ 3 6 4 - 0 0 4  1 78 10 ~ 2(I 2 8 8 - ( I  11 4 17 ~ I I0S 21)1 l() 1\ t l { l ( l l  
4 ~ 87 + 0 02 0 48 10 ~ 40 3 (35 + l) 05 4 7tJ 4 () 2.J 1 t)q Ill :,,~ (I Ill 

Sic ~Iablc 4 for column headings 

w e a v e r - B u r k  a n a l y s i s  is on l y  a p p r o x i m a t e  for  a o n e  
h g a n d - t w o  a c c e p t e r  m o d e l  T h e  a p p r o x i m a t i o n  is 
s a t i s f a c t o r y  if su f f i c ien t  p o i n t s  h a v e  b e e n  m e a s u r e d  
oxe r  a la rge  c o n c e n t r a t i o n  r a n g e ,  as e v i d e n c e d  by 
t he  3- a n d  4 - p y r l d y l a l k a n a m l d e s  T h e  a p p r o x i m a t i o n  
is no t  as g o o d  i f  t h e  c o n c e n t r a t i o n  r a n g e  is r e la t ive ly  
n a r r o w ,  o r  if t h e  n u m b e r  o f  a c c e p t e r s  is u n c e r t a i n  as 
is the  c a se  for  t he  2 - p y n d y l a l k a n a m l d e s  N o n - h n e a r  
m e t h o d s ,  v~,hlle less  s t r a i g h t f o r w a r d  to e m p l o y ,  a re  
g loba l ly  m o r e  re l i ab le  

Hypothesis regardmg the existence of two pKs oalues 

T h e  n o n - h n e a r  ana l y s i s  o f  d a t a  ha s  u n a m b i g u o u s l y  
e s t a b l i s h e d  t he  e x i s t e n c e  o f  two  d i s s o c i a t i o n  con -  
s t a n t s  tor  m o s t  o f  t he  h g a n d s  i n v e s t i g a t e d  h e r e  A 
lex~ s imi l a r  cakes  h a v e  a l r e a d y  b e e n  r e p o r t e d  in t he  
h t c r a t u r e  117], b u t  no  e x p l a n a t i o n s  h a v e  b e e n  
o t t c r e d  

A n u m b e i  o f  h y p o t h e s e s  can  be  p o s t u l a t e d  to 
e x p l a i n  dua l  aff ini ty o f  a h g a n d  to c y t o c h r o m e  P-450  

(a) T h e  b m d m g  o c c u r s  to two  d i s t inc t  l s o z y m e  
p o p u l a t i o n s  H o w e v e r ,  we n o t e  t h a t  t he  p K s  v a l u e s  
<ire pract ical ly '  t h e  s a m e  for  PB-  a n d  3 M e - i n d u c e d  
m l c r o s o m e s  T h i s  c o u l d  ind ica t e  t ha t  t he  d i f f e r e n c e  
in the  relatl , ,C p r o p o r t i o n  o f  l s o c y t o c h r o m e s  P-450 
ha s  no  m f l u e n c e  on  t he  h g a n d - b m d m g  ot 
p~ rid v l a l k a n a m i d e s  

(b) H a l e k  et al [18], u s i n g  o t h e r  h g a n d s  a n d  
pur i f i ed  lSOCVtOchromes P-450,  a lso  f o u n d  two  affin-  
i t ies T h i s  w o u l d  s u g g e s t  t ha t  dua l  aff ini ty  r e su l t s  
f r o m  d u a l  b m d i n g  to a g iven  l s o z y m e  e i t h e r  as 5 th  
and  ~th h g a n d .  ,in i m p r o b a b l e  h y p o t h e s i s  in t he  l ight  

ot s t u d i e s  p u b h s h e d  b} W h i t e  <ind ( con  [ 19] sllt;~ Ing 
t h a t  t he  5 th  h g a n d  ( - - S )  d o e s  not  d l a n g e  d u r u l g  
t he  m e t a b o l i c  actlxltx el c x t o ~ h i o m c  P-451) or  <it 6 th  
h g a n d  a n d  <is s u b s t r a t c  on an a d l a c e n t  p r o t e m  reg l im 
r e s u l t i n g  m a m o d i f i c a t i o n  o! t hc  type  11 s p e c t r u m  
[20],  wh i ch  h o w e ~ e r  x~ <is nexc i  de tec ted  oi lna \  <list> 
be d u e  to , in  a d d l t i O l l a l  l l c in-s l leCl l : lc  [ o u l d l n g  t o  d 

p r o t e i n  r eg ion  r e m o v e d  f r o m  the  hcn t e  mo~etv  ~ 
h y p o t h e s e s  w h i c h  m u s t  bc c \ c l u d e d  s m c e  such  a 
b l n d m g  x~ould not  b~ d e t e c t a b l e  a l t h  the  spcc t l a l  
t e c h n i q u e  u s c d  

T h u s  no  a c c e p t a b l e  ~_\planat lon can  bc c i r c l e d  
;~, h lch  v, ou ld  sa t l s f \  ,l dua l  b i n d i n g  to <l s ingle  i~o / \ 'mc  
in a s ing le  , t a t e  

(c) The  mo~t hke l }  pos~lb l l l t }  u l ; o l \ c s  challEes Irl 
the spin state of  the to ' l i l t  lo l l  \ \ c  poMula te  that  <it 
1o',~, c o n c e n t r a t i o n s ,  the  r i \ i l d l n o s  bind  <is the  f~th 
h g a n d  to t he  p o p u l a t i o n  <q c\  t o d n  o m e  P-45(I c \ l s t m g  
m the  lo\~-N~ul s t a te  d u e  t~} the  p r e s e n c e  ot ,u/ 
e n d o g e n o u s  {~th l lgand  the  lat tel  1~ thu~ dlspl<tccd 
b.', t h e  e x o g e n o u s  h g a n d  ,rod thl~ p l o d u c e ~  <1 type  
I Ib  s p e c t r u m  -St h ighc l  c o n c c n t r a t l o i >  thc  h g a n d  
bind,> to  the high spin ( p e n t a c o o r d u l a t c d )  l i on  ion 
p r o d u c u l g  a ,,hilt t~, the  Iov,--,pln q<ttc I h c t a -  
c o o r d m a t e d )  ,uld b, pc 11 ~pecti  u m x~ hie h ~ cpl  c~cnth 
t he  s u m  of t}pc  l ib  aucl II<l specti</ ll ~] 

In the  c o n t c \ t  of this  h } p o t h e s l s  one  cou ld  h<txc 
e x p e c t e d  d l f f e i c n t  pk~,  x ;dues  d e p e n d i n g  on  the  t<pc 
o f  r e d u c e r  b e m g u s e d  I n d e e d  c \ t o c h r o m e  P-Sq()ltl 
h e p a t i c  i l l i t r o s O i l l e S  l r o n l  f~t~-ple{f,2Atcd l , t t s  k XlSl s, 
prelerentlall} ~n lhc  Io\t  ",pill t o i l l /  \khOlOds <l i ter  

3 } I t  p i e t i e a t m c q l l  the  h l~ l l - , , p i l l  l o t  i l l  p r e d o m n l , i t e , ,  

Fable 6 pKs \ a lues  el 4-pynd~lalkanamides (non-hne,u anah,,~, I 

nC pKs [MI < df pKs,  [MI pKs.  IM1 <' 

PB-mduced m]crosomes (total P-450 concentration m uuxettcs 3 11 uMI 
1 3 ( , ) 8 ± 0 0 4  1 65  10 ~ 39  2 55 + ( I  15 3 83 +_ 0 19 0 76 l{I 
2 3 6 8 ± 0 0 4  405  10 ~ 57 255  ÷ 0  18 4 0 9 ± 1 1 0 8  1 (~'~ Ill 
3 3 94 ± 0 I)5 6 54 10 ' 46 2 69 + 0 17 4 50 ± 0 11) 2 11 t•1 
4 4 7 3 ± 0 0 3  1 12 10 ~ 27 4 14 + 0  10 5 3 4 - 1 )  11 2 24 1¢1 

3Me-reduced  mlcrosome,, (total P-450 concentration m <.uxcnc,, 2 lu ¢¢N11 
1 3 44  + 0 (`)4 0 64 III ' 24 2 33 ± (̀ ) 64  3 7'0 + ( ,̀ lq ~ J,~ Ill 
2 3 32 ± 0 04 2 40 10 ~ 20 2 87 + 0 07 4 28 ~ 0 15 3 ~2 111 
3 3 83 ~ 0 t)4 2 48 ll) ~ 27 2 74 +- 0 13 4 25 + (I 06 ~, 14 111 
4 ~ 99 4 t) 05 3 57 10 ~ 26 3 89 ± 0 09 6 15 :~ 1 s9  ~ ~v t0 

",e¢ I able 4 lor column headmgs 

dl P 
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Dual hgand binding of pyrldylalkanamtdes to mlcrosomal cvtochrome~ P-450 __39~ 
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Fig 5 Comparison of the pKs values obtained by Lme- 
weaver -Burk  (LB) and non-hnear  (nonlln) analysis The 

calculated line Is described by equation (16) 

[21, 22]. Our results show a great slmdanty in the 
pKs, values of both types of mlcrosomes, as also 
found by Jefcoate et al. [17] when studying ahphatlc 
amines. These observations make sense since there 
are indications [21] that the preparation of mlcro- 
somes may easily alter the spin state of cytochrome 
P-450, and since measurements of spin state by EPR 
yield only relative and not very accurate data. 

Hypothesis (c) is supported by data from other 
studies White and Coon [19] showed that lmldazole 
presents more affimty for low spin cytochrome P-450 
(LM2 induced by PB) than for the high spin form 
(LM4 induced by 5,6-benzoflavone). Moreover,  

Table 7 /3, values obtained from equation 13 for a one 
acceptor- (n = 1) and a two acceptor-model (n = 2) 

n = 2  
Substances n = l 
tested fll [%] fll [%] f12 [%] 

PB* 2¢-1~ 42 -+ 2 49 _+ 29 0 l + 282 
2-2 43 -+ 2 
2-3 4 4 ±  1 41_+ 12 6_+ 16 
2-4 34 -+ 2 

3+-15 58 -+ 2 53 _+ 3 19 + 4 
3-2 78 -+ 3 95 -+ 30 44 _+ 5 
3-3 70 ± 2 50 + 2 33 _+ 3 
3-4 68 -+ 2 49 _+ 9 44 ± 6 

4-~-1~ 78 -+ 2 69 _+ 5 25 _+ 7 
4-2 87 ± 2 49 ± 4 57 "- 5 
4-3 83 ± 2 56 ± 5 51 -+ 4 
4-4 83 + 2 63 _+ 4 33 _+ 6 

3MC* 2 t -U ;  20 ± 2 
2-2 33-+ 1 34_+ 1 2 _ + 0 4  
2-3 3 7 ± 2  39_+2 6_+ 1 
2-4 37 ± 2 40 _+ 3 8 + 3 

3"-1± 76 + 2 64 -+ 4 18 _+ 4 
3-2 86 ± 1 65 -+ 4 29 _+ 5 
3-3 78 ± 2 50 _+ 4 40 _+ 5 
3-4 81_+1 74_+4 1 2 ± 5  

4"-15 57 _+ 2 63 _+ 42 33 -+ 9 
4-2 90 ± 2 71 _+ 4 26 _+ 5 
4-3 85 _+ 2 44 _+ 3 56 + 4 
4-4 102 _+ 4 99 ± 5 5 _+ 4 

* PB and 3MC = mtcrosomes reduced by PB and 3MC, 
respectively 

+ 2, 3 and 4 = 2-, 3- and 4-pyndyla[kanam~des. 
respecuvely 

~: 1 to 4 = number  o f - - C H 2 - -  groups m sldc chain 

6I°' (b) 
6 

[ 

Trr 

---// i 

L 

I I i --//-& - 0 2  o~ 4 ~ 
Log P pKo 

Fig 6 Plots of pKs values (PB-mduced mlcrosomes, non-hnear analysis) versus (a) log P (I r = 0 844. 
n = 8 ,  II r = 0 6 9 1 ,  n = 8 ,  I I I  r = 0 9 6 2 ,  n = 4 )  and (b) pK. (I r = 0 8 4 6 ,  n = 8 ,  II r = 0 7 0 0 ,  n = 8 ,  
I I I  r = 0 872. n = 4) values of pymdylalkanamldes Full symbols pKs2, open symbols pK%. O, © = 

2-pyndyl ser ies , . ,  [ ]  = 3-pyndyl series, A ,  ~ = 4-pyndyl series 
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Kumakt et al [21] observed that a type l ib  hgand 
has a higher affinity for the cytochrome P-450 than 
a type IIa hgand. 

The parhcular  results of the 2-pyrldylalkanamides 
are of mterest  The single pKs with these compounds  
implies that the only detectable binding is to the high 
spin form (low affinity site. Table 7) resulting in a 
type I la  spectrum The little shift toward the lower 
wavelength as compared  to the regloisomers suggests 
a decreased contribution of a type IIb component  in 
the spectrum The fact that the sum/3~ +/32 (express- 
mg % enzyme molecules occupied) is smaller than 
50c/c (see Table 7) is compatible  with binding to the 
high spm form only 

Structure-binding t elauonshtps 

Tables 4-6 show that the affinity of pyrldyl- 
alkanamides for cytochrome P-450 ~s dependent  
upon their chemical  structure However ,  clear-cut 
structure-binding relationships are not apparent  
Quahtat l~ely.  two effects can be seen the affinity 
decreases m the series 4- > 3- > 2-pyrldylalkanam- 
~des, and the affimty increases with increasing length 
of the side chain 

The first effect ~s postulated to be steric in nature.  
steric shmldlng of the pyrldyl nitrogen being unfavor- 
able for its hgand binding to the ferric ion The 
particular mode of bindmg of the 2-pyrldyl series 
indicates the ~mportance of sterlc effects permitt ing 
binding only to the pentacoordlnated  iron which is 
stencall~ more accessible 

As regards the increase in affimty with the length 
of s~dc chain. ~ts origin cannot be assessed with 
certainty, Indeed,  we have shown [8.9]. that the 
hpophihcit)  (log P) and the baSlclty (pK.)  of these 
compounds increase with increasing length of the 
side chain Typical plots of pKs versus log P and pK~ 
values are shown in Fig 6 They indicate a global 
increase m atfimty for both increasing hpophihclty 
and basmlty But because these two physlcochem~cal 
properties are mtercorre la ted  in this series (r = 
0 85). ~t ~s not possible to conclude whether  the 
binding of the pyrldylalkanamxdes to cytochrome 
P-450 ~s controlled by hpophlhclty and /o r  baslclty 
Plots of pKs values (measured with 3MC-micro-  
somes) versus log P and pK~ are similar to those 
shown m F~g 6 Th~s work and others [17, 19, 23] 
indicate that the dissociation constant is influenced 
by lipophd~c~ty and basiclty Indeed the hgand must 
present a sufficient solublh D to approach the heme 
and nucleophlllC~ty to brad to the Fe a- 

l he correlations between pKs and log P or pK, 
values are only partml (F~g 6), perhaps suggesting 
other  structural factors to be influential The thermo- 
dynamics ot distribution of pyndylalkanamldes  
between orgamc solvents and water  ([24[, Repond  et 
al , 'm preparat ion)  has shown that m medm of low 
pol,tHt) the 2-pyrldyi homologs having 1 to 3 methyl- 
ene groups m the s~dc chain can form an mtra- 
molecular I t -bond between the am~de group and the 
hc tc roc \chc  mtrogen (F~g 7) Th~s conformahon 
amphhes the stenc et iect  of the 2-substitution and 
contributes to the masking of the mtrogcn for the 
binding to the ~ron atoln 

In conclusion, the present work brings evidence 
1o~ ,i dual mode ol binding of a number  ot hgands 

H: 
Fig 7 Representation ot the mtramolccular H-bond tor 2- 

pyndylethanam~de 

to cytochrome P-450 High affinity binding is pos- 
tulated to involve the low spin. hexacoordmated 
ferric cation, whereas low affinity binding is bel ieved 
to occur to the high spm. pentacoordinated ferric 
cation, and to mduce a high spin to low spin conver- 
sion This hypothesis,  however ,  needs experimental  
confirmation. Fur thermore .  ~t may be of interest 
to investigate whether  the pyridylalkanamldes are 
mducers of cytochrome P-450. and whether  there is 
a relationship between thmr affinity and reducing 
propert ies  Such studies have been performed and a 
publication ~s in preparanon  
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