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Summary 

Second derivative spectroscopy together with the respective difference 
spectroscopy offers an effective methodical tool to resolve overlapping bands 
and shoulders into distinct bands at eliminated background absorption. The 
improved resolution allows attribution of the distinct bands to individual 
amino acid residues. Both methods have been utilized to analyze interactions 
between the three essential components of the liver microsomal cytochrome 
P-450-containing monooxygenase system. The improved resolution of the 
aromatic amino acid residues in the derivative spectra of cytochrome P-450~2 
and reductase allows one to determine that in the interactions of the essential 
components tyrosine residue(s) are involved. The participation of phenylala- 
nine is likely and the participation of tryptophan residues is excluded. The 
pH-dependent decrease of the tyrosine absorption bands in the medium ultra- 
violet region with increasing pH is accompanied by a concurrent decrease 
of the heme absorption in the Soret region. Based on this concurrence, the 
existence of a heme-linked tyrosine as one of the axial heme iron ligands in 
cytochrome P-450 is postulated. 

Introduction 

The cytochrome P-450-containing monooxygenase system present in the 
endoplasmic reticulum of mammalian liver cells brings about the hydroxylation 

Nomenclature: Cytochrome P-450LM 2 or P-450LM 4, electrophoreticaUy homogeneous fractions of liver 
m i c m s o m a l  c y t o c h r o m e  P-450.  
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of a large variety of  drugs and xenobiotics.  The catalytic activity of the system 
is determined by interactions among the three essential components:  cyto- 
chrome P-450 (the terminal oxidase), NADPH-cytochrome P-450 reductase 
and phosphatidylcholine [1] .  The detailed nature of  these interactions -- 
despite remarkable progress in characterization of  the individual components  
and in elaboration of  the mechanism of action of the overall system -- has 
not  been elucidated. Nothing is known about  the identity of  the amino acid 
residues involved in the binding of  the components,  but  because of the mem- 
branous state of  the system it is expected that  the functional interactions are 
apolar in nature, involving appropriate aliphatic or aromatic amino acid resi- 
dues. The aromatic amino acids are more easily studied in this respect because 
changes in the physiochemical environment are reflected in alterations of  
their spectra. The absorption spectra of  proteins are characterized by absorp- 
tion bands in the middle ultraviolet region composed of  overlapping gaussian 
curves originating from ~-- -~*  transitions of  Trp, Tyr, and Phe [2] .  Unfortu- 
nately, the poor  resolution of  the electronic bands and shoulders makes corre- 
lation with distinct amino acid chromophores difficult, even with the aid of  
difference spectroscopy. 

An appropriate means for high resolution of spectral bands of  aromatic 
amino acid residues in proteins is provided by derivative spectroscopy*, which 
provides highly resolved and sharpened bands, thus allowing an assignment to 
individual amino acids [3--5] .  

Function-linked conformational  changes of proteins usually are connected 
with changes of  the microenvironment of  amino acid residues, including 
aromatic residue. In the second derivative spectra, such milieu-dependent 
alterations are reflected in changes of  the band amplitudes of  the respective 
amino acid residues. The combination of  the derivative with the difference 
spectroscopy offers the possibility of a sensitive qualitative attribution and 
a quantitative evaluation of  the amplitudes and by this the determination of  
small conformational changes of  the protein. Interpreting such changes, one 
may take advantage of  the well known fact that  a red shift of  the absorption 
bands of  the aromatic amino acids within a protein [6--9] is mainly induced 
by a decrease in polarity of  the protein environment influencing ~- - -~*  transi- 
tions [2] .  

The better resolution of overlapping bands in the second derivative spectrum 
is caused by a diminution of the half-bandwidth of  the negative peak of  
gaussian or a Lorentzian curve as compared to the basic function. The half- 
bandwidth of  a negative peak in the second derivative of  a gaussian absorption 
band is related to that  in the basic function as 0.53:1 and in the case of Lorent- 
zian bands as 0.33:1. 

Furthermore,  an improved resolution is achieved by the inverse quadratic 
dependence of  the amplitude of  the negative peak of the second derivative 
spectrum on the bandwidth parameter. Therefore, a distinct sharpening of  
small bands is achieved, whereas broad absorption lines as background are 

* The t e r m s  derivative and derivative d i f f erence  s p e c t r o s c o p y  in the  t e x t  refer  t o  s e c o n d  derivative and 
s e c o n d  derivative d i f f erence  s p e c t r o s c o p y ,  respect ive ly .  
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eliminated. For  example, the relatively broad heme absorption bands in the 
medium ultraviolet region are eliminated in the derivative spectra [ 5].  

The extinction curve of  an absorption band can be described according to 
Lowry and Hudson [cf. Ref. 2] by  

(. - V o ) 2  Vo 2 
A = Ao exp (-- ) 

yo2V 2 

where Vo is the posit ion of  the peak in wavenumbers (cm-*),  v is the position, 
in Wavenumbers, at which the extinction (A) is being determined, and 7o is the 
bandwidth in wavenumbers. Since v = l /h ,  

(~ _ ;%)2 (~ _ ~ o ) 2  
A = Ao exp ( ) = Ao exp ( ) (1) 

~o47o 2 [-0 2 

The second derivative of  this equation is 

d2A 2,4 0 2(~  - -~0 )  2 (~ --~,o) 2 
- -  - ( --  1) exp ( ) (2) d~k2 [-2 p 2 [-2 

where Ao = e . c . d ;  and 7, V = bandwidth parameter in wavelength. The ampli- 
tude of  the signal in the second derivative spectrum is directly proport ional  to 
the concentrat ion of  the chromophore.  The hag-bandwidth of  the function in 
Eqn. 1 is: 

A ~  = 2 ~ [ -  = 1.665 [- 

The half-bandwidth of  the second derivative (negative peak) from Eqn. 2 is: 

h~,v, = 0,885 [- 

The amplitude of  the negative peak in the second derivative spectrum relative 
to the baseline is: 

Amplitude = 2Ao/[-2 

The peak-to-trough difference, however  is 

Ampli tude ~ , ¢ ~ )  = 2.89 A o / [ - 2  

In the present paper the mutual  influences of  the components  of  the e n z y m e  
system are studied using second derivative and second derivative difference 
spectroscopy.  From the data obtained, it appears that  tyrosine is involved in 
these interactions. Studies on the pH dependence showed that  the spectral 
change observed upon  interaction with cytochrome P-450LM 2 could be repro- 
duced by decreasing the degree of  ionization of  tyrosine. The results may  
possibly indicate that  the sixth ligand to the heme iron is a tyrosine residue and 
that phospholipid may help regulate the interaction between the cy tochrome 
and the reductase. 
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Materials and Methods 

The spectroscopy measurements were carried out  using a dual wavelength 
UV-300 spectrophotometer  (Shimadzu, Kyoto ,  Japan) with the DES-1 deriva- 
tive spectrophotometric accessory unit. Standard conditions for the measure- 
ment  of  second derivative spectra were: scan speed 75 nm/min resulting in a 
~ of  2 nm (time response = 0.05 s). Higher resolution for the titration experi- 
ments with liver microsomal cytochrome P-450 was achieved by increasing the 
scan speed to 150 nm/min, resulting in a ~ ,  of  4 nm (time response = 0.2 s). 
pH measurements were performed by means of a pH meter MV 85 (Clamann 
und Grahnert, Dresden, G.D.R.). 

Cytochrome P-450LM2 and NADPH-cytochrome P-450 reductase were 
isolated in electrophoretically homogeneous form from liver microsomes of  
phenobarbital-induced rabbits according to published procedures [10, 11].  
The cytochrome preparation had a specific content  of  12 nmol per mg protein, 
and the reductase preparation had a specific activity of  44 nmol of  cytochrome 
c reduced at 30 ° C per mg of protein per min. Dimyristoyl phosphatidylcholine 
was prepared from egg yolk  [12] and subsequently dissolved in a 1:1 benzene/ 
methanol mixture. The solvent was removed by evaporation, and the dry 
dimyristoyl phosphatidylcholine was dispersed in a buffer solution (0.1 M 
phosphate buffer, pH 7.4) by sonication and used in this form for reconstitu- 
tion experiments. 

Results 

Second derivative spectra 
In Figs. 1 and 2 the absorption spectra together with the corresponding 

derivative spectra of  cytochrome Po450LM 2 and of  cytochrome P-450 reductase 
are given. The comparison of  both types of  spectra clearly indicates the far 
higher resolution of  the transitions due to the aromatic amino acids as 
measured by the second derivative as compared to the absorption spectra. The 
derivative spectra of  the single aromatic amino acids Trp, Tyr and Phe in 
aqueous buffered solution as well as of  a mixture corresponding to the aro- 
matic amino acid composit ion of  the proteins investigated were recorded in 
order to permit  attribution of the bands to the respective amino acids. 

From Table I it is seen that  Trp and Tyr  overlap with bands at 279.8 nm and 
280.5 nm, respectively, whereas the Phe bands at shorter wavelengths and the 
Trp band at 286.5 nm show no overlapping with other bands. For the evalua- 
tion of  the different amino acids in the proteins, therefore, the characteristic 
minimum at 286.5 for Trp (290.2 nm in cytochrome P-450LM2) and at 255.8 
nm for Phe (257.2 nm in cytochrome P-450LM2) were used. For the quantita- 
t ion of  Tyr  the  main band at 280.5 nm (283 nm in cytochrome P-450LM2) was 
used, despite overlapping with the Trp band. Due to the composit ion of  cyto- 
chrome P'450LM2 (nine Tyr  and one Trp) the contribution of  Trp is minimal 
and therefore this band is mainly determined by Tyr. The spectra of the amino 
acid mixtures corresponding to the proteins show almost identical positions of  
the bands as compared to those of  the single amino acids. Moreover, the 
simulated spectra also show great similarity with those of  the proteins. In Figs. 
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Fig. I .  C o m p a r i s o n  o f  t h e  a b s o r p t i o n  s p e c t r u m  a n d  t h e  s e c o n d  de r iva t ive  s p e c t r u m  o f  l iver  m i e r o s o m a l  
c y t o c h r o m e  / ' - 4 5 0  w i t h  t h e  r e spec t ive  s p e c t r a  o f  t h e  c o r r e s p o n d i n g  a m i n o  ac id  m i x t t w e  in  t h e  s p e c t r a l  
r e g i o n  2 4 0 - - 3 2 0  n m .  E x p e r i m e n t a l  c o n d i t i o n s :  e y t o c h r o m e  P - 4 5 0 L M  2 = 3 .3  #~[;  0 .1  M p h o s p h a t e  b u f f e r ,  
p H  7 .4 ;  t h e  c o n c e n t r a t i o n  o f  T r p  in  t h e  m i x t u r e  a n a l o g o u s  t o  e y t o c h r o m e  P - 4 5 0 L M  2 w a s  a d j u s t e d  t o  
1 . 1 0  -s  M. The  c o n c e n t r a t i o n s  o f  t h e  o t h e r  a m i n o  ac ids  we re  r e l a t e d  t o  t h e  c o n c e n t ~ a t i n n  o f  T rp  a c c o r d -  
i ng  t o  t h e  a m i n o  a c i d  c o m p o s i t i o n :  T rp ,  1;  Ty r ,  9;  Phe ,  31 .  T h e  m i x t u r e  w a s  d i sso lved  in  t h e  s a m e  b u f f e r  
s o l u t i o n  as  t h e  p r o t e i n .  L i g h t  p a t h ,  1 c m ;  r o o m  t e m p e r a t u r e .  

1 and 2 as well as in Table I a red shift* of the minima of the bands in the 
derivative spectra can be seen: 2.5--2.7 nm for Tyr and Trp and 1.5--1.7 nm 
for Phe. This red shift of the chromophores of the aromatic amino acids in 
proteins is well known [9], and explicable by a shielding of water from the 
apolar amino acid residues in the interior of the proteins. 

Second derivative difference spectra 
The second derivative difference spectra were recorded in order to analyse 

the interactions among the essential components of the liver microsomal 
monooxygenatic system. Buffered solutions of the isolated, purified compo- 
nents were put into tandem cuvettes. The spectrum of the mixture of 
components in the sample cuvette was measured against that of separated 
components in the reference cuvette. 

In Fig. 3 the derivative difference spectra are shown, indicating the inter- 
actions of cytochrome P-450LM2 with dimyristoyl phosphatidylcholine (Fig. 
3a), with cytochrome P-450 reductase (Fig. 3 b ) a n d  in the complete recon- 
stituted system (Fig. 3c). 

* R e d  sh i f t  o r  b l u e  sh i f t  in  t h e  t e x t  d e n o t e s  i r r e spec t ive  o f  t h e  s p e c t r a l  r e g i o n  a sh i f t  to  l o n g e r  a n d  t o  
s h o r t e r  w a v e l e n g t h s ,  r e spec t i ve ly .  
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Fig.  2. C o m p a r i s o n  o f  t h e  a b s o r P t i o n  s p e c t r u m  a n d  t h e  s e c o n d  der iva t ive  s p e c t r u m  o f  N A D P H - c y t o -  
c h r o m e  P - 4 5 0  z e d u c t a s e  w i t h  t h e  r e spec t ive  s p e c t r a  o f  t h e  c o ~ e s p o n d i n g  a m i n o  ac id  m i x t u r e  in  t h e  spec-  
tral r e g i o n  2 4 0 - - 3 2 0  n m .  E x p e r i m e n t a l  c o n d i t i o n s :  r e d u c t a s e  ffi 2 .2  /~M; 0 .1  M p h o s p h a t e  buffer ,  p H  7 .4 ,  
conta in ing  1o10  -4 M E D T A ;  t h e  c o n c e n t r a t i o n  o f  T r p  in  t h e m i x t u r e  a n a l o g o u s  to  t he  r e d u c t a s e  w a s  
a d j u s t e d  to  1 , 1 0  -5 M. The  c o n c e n t r a t i o n s  o f  the  o th e r  a m i n o  acids were  r e l a t e d  t o  t h e  c o n c e n t r a t i o n  o f  
T~p a c c o r d i n g  t o  the  a m i n o  ac id  c o m p o s i t i o n :  Trp ,  6; Tyr ,  28 ;  Phe,  25.  The  m i x t u r e  w a s  d i sso lved  in  t h e  
s a m e  b u f f e r  so lu t ion  as t h e  P r o t e i n .  L i g h t  p a t h ,  1 c m ;  r o o m  t e m p e r a t u r e .  

The baseline shown in all figures corresponds to the derivative difference 
spectra before components  were mixed in the sample cuvette. The interaction 
between cytochrome P - 4 5 0 L M  2 and phosphatidylcholine (Fig. 3a) leads to 
minima at 282.5 nm and 275.0 nm, clearly indicating the characteristic minima 
of the Tyr bands in the proteins. This shows that in the presence of  phospho- 
lipid the amplitudes of  the Tyr bands increase. The same results were obtained 
in analogous experiments with dilauroyl phosphatidylcholine. 

In other experiments not  presented, it was shown that phospholipid does not  
exert similar effects on the aromatic amino acids of  the reductase. Obviously, 
the effect  of phospholipid on Tyr  and Phe is specific for cy tochrome P-450LM 2 . 
The interaction of reductase with cytochrome P-450LM2 shows an effect 
opposite to that of  phospholipid; the bands at 275 nm and 282 nm attributable 
to Tyr now are positive. Thus, the amplitudes of  the Tyr bands in the derivative 
difference spectrum due to interaction of  reductase with cytochrome P'450LM2 
diminish. We assume that  this decrease is due to a Tyr residue(s) in cytochrome 
P - 4 5 0 L M  2 rather than in reductase as will be discussed later. 

Fig. 3c shows the derivative difference spectrum due to interaction of all 
three components  in a reconsti tuted system. Since the mixture of  reductase 
and phospholipid showed no effect, these two components  were put  into one 
compartment  and cytochrome P-450T.~2 into the other compartment  of  the 
tandem cuvette. In this spectrum, just as in that  in Fig. 3a, band positions as 
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Fig.  3. C o m p o n e n t  i n t e r a c t i o n s  as r e f l e c t e d  in  t h e  s e c o n d  der iva t ive  d i f f e r e n c e  s p e c t r a  in  t he  spec t r a l  
r e g i o n  250- - -300  r im. F o r  al l  m e a s u r e m e n t s ,  t a n d e m  c u v e t t e s  were  used .  The  base l ine  c o r r e s p o n d s  t o  t h e  
spec t r a l  p r o p e r t i e s  b e f o r e  m i x i n g .  The  c o n c e n t r a t i o n s  g iven  are  t h o s e  o b t a i n e d  a f t e r  t h e  r e a c t a n t s  w e r e  
m i x e d .  
(a)  I n t e r a c t i o n  b e t w e e n  c y t o c h z o m e  P - 4 5 0  a n d  d i m y r i s t o y !  p h o s p h a t i d y l c h o l i n e  (PL) .  E x p e r i m e n t a l  
condi t ions~ c y t o c h r o m e  P - 4 5 0 L M  2 = 3 .3  /~M; [ d i m y r i s t o y l  p h o s p h a t i d y l c h o l i n e ]  = 0 . 5  r aM;  m o l a r  r a t i o  
c y t o c h r o m e  P - 4 5 0 L M 2 / p h o s p h o l i p i d  = 1 : 1 5 0 ;  0 .1  M p h o s p h a t e  b u f f e r ,  p H  7 .4 ;  r o o m  t e m p e r a t u r e ;  
t a n d e m  c u v e t t e s :  1 era .  
(b)  I n t e r a c t i o n  b e t w e e n  c y t o c h r o m e  P - 4 5 0 L M  2 a n d  N A D P H - c y t o c h r o m e  P - 4 5 0  zeduc t a se  (Fp) .  Exper i -  
m e n t a l  c o n d i t i o n s :  [ c y t o c h r o m e  P - 4 5 0 L M  2] = 3 .3  /~M; [ z e d u c t a s e ]  = 2 .2  ~tM; m o l a r  r a t i o :  c y t o c h r o m e  
P - 4 5 0 L M 2 f t e d u c t a s e  = 1 . 5 : 1 ;  0 .1  M p h o s p h a t e  b u f f e r ,  p H  7 .4 ;  r o o m  t e m p e r a t u r e ;  t a n d e m  euve t t e s :  
1 e ra .  
(c)  R e c o n s t i t u t e d  s y s t e m  (sol id  l ine)  a n d  t h e  c a l c u l a t e d  cu rve  f o r  t h e  r e c o n s t i t u t e d  s y s t e m  o b t a i n e d  b y  
s u b t r a c t i o n  o f  t h e  cu rve  in  Fig.  3 b  f~om t h a t  in  Fig .  3 a  ( d a s h e d  l ine) .  E x p e r i m e n t a l  c o n d i t i o n s :  [ c y t o -  
c h r o m e  P - 4 5 0 L M  2] = 3 .3  /~M; r e d u c t a s e  = 2 .2  ~M; [ d i m y r i s t o y l  p h o s p h a t i d y l c h o l i n e ]  = 2 5 0 / ~ M ;  0 .1  M 
p h o s p h a t e  b u f f e r ,  p H  7 .4 ;  r o o m  t e m p e r a t u r e ;  t a n d e m  cuve t t e s :  1 c m .  

minima are formed characteristic for Tyr, indicating that in the reconstituted 
system the amplitudes of  the Tyr band are increased. 

In order to test whether additional effects are produced by the interactions 
of  all three components  as compared to the mixtures of  only two components ,  
the curve in Fig. 3b (due to cytochrome plus reductase) was subtracted from 
that in Fig. 3a (due to cytochrome plus phospholipid) and compared with the 
calculated one (dashed line in Fig. 3d). Both curves are quite similar and 
suggest that significant additional effects appearing in the reconstituted system 
can be excluded. The Tyr bands seen with the reconstituted system can be 
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explained by an overlapping of  interactions of  cytochrome P-450LM 2 with 
phospholipid and with reductase. 

Influence of environmental changes on the spectral properties of aromatic 
amino acids 

(a) Solvent effects. Studies of  the effect  of  solvents of different polarity 
(methanol, ethanol, n-propanol, isopropanol, dimethyl-formamide, dimethyl- 
sulfoxide and acetonitrile) have shown that the position of  the peaks of  the 
aromatic bands as well as amplitudes in the derivative spectra are dependent  
on both the nature of  the nonaqueous solvent and on its concentration. The 
specific influences of different solvents on the ~- - -~*  transitions as reflected 
in the derivative spectrum are under study. Quantitative analyses were carried 
out  with ethanol [16] .  With increasing amounts of  ethanol (up to 50% v/v) 
the amplitude of  the spectral bands of  all three amino acids increases up to 
20--25%. Concomitant  with an increase in amplitudes, a red shift of  about  1 
nm is observed in buffer  solution containing 50% ethanol (v/v). 

(b) Analysis of the pH-dependence. Of the aromatic amino acids investi- 
gated, only the Tyr  residue with its aromatic hydroxyl  group is ionizable in the 
polypept ide chain. In order to prove the influence of  ionization on the deriva- 
tive spectrum, the pH-dependence of  the amplitude of  the Tyr  band at 280.5 
nm was studied. With increasing ionization of Tyr in the pH range between 
pH 8.5 to pH > 12 the amplitude decreases. From the titration curves, a pK of 
9.83 (0.05 M phosphate buffer) was determined which is similar to  a reported 
value of  10.07 calculated from a Ki of  8 .5 .10  -1~ [13] *. 

In order to obtain evidence whether the changes in amplitude of  the Tyr  
band observed in the derivative difference spectra are caused by changes in 
microenvironmental effects (polarity) or changes in the degree of  ionization, 
the derivative spectrum of  cy tochrome P-450LM 2 Was examined for dependence 
on pH in the range from 7.5 to 12.2 together with the difference spectra in the 
Soret  region. 

With increasing pH, similar to  the results with the amino acid mixture, a 
decrease of  the Tyr  band was observed in cytochrome P'450LM2 (Fig. 4). For 
quantitation of  the titration the decreasing Tyr band at 283 nm was related 
to the isoclinic point  at 285 nm. The decrease of the T y r  band is paralleled 
by an increase of  the Trp band at 290 nm. For  quantitative determination the 
difference of  the amplitudes between 290 nm (minimum) and 294 nm (maxi- 
mum) were used. The pH titration of  the Tyr  proceeds discontinuously with 
the formation of  a step. From this behavior, two values, pK~ -- 9.9 and pK2 
= 11.35, were obtained. 

In order to  prove if the ionization of  Tyr  is a heme-linked process in the next  
experiment the pH-dependence of  the heine chromophore was analyzed in 
the Soret region. The difference spectrum o f  cy tochrome P-450LM2 in the 
Sorer region was recorded with increasing pH using a solution of  cy tochrome 
/~-450LM 2 at the same concentrat ion as in the reference, as shown in Fig. 5. 

With increasing pH, a difference spectrum is seen in the Soret region with a 

* The  d i f f erence  b e t w e e n  the  pK descr ibed  in the  l i terature and our  value  co u ld  b e  due  to  the  p r e s e n c e  
o f  m o r e  c o n c e n t r a t e d  b u f f e r  in the  p r e se n t  e x p e r i m e n t s .  
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Fig. 4. D e p e n d e n c e  on  p H  of the  der iva t ive  d i f fe rence  spec t ra  of  c y t o e h r o m e  P -4 5 0  in the  reg ion  f r o m  
250 to 340  n m .  E x p e r i m e n t a l  condi t ions :  [ c y t o e h r o m e  P -45 0 LM 2 ] = 3.3/~M; 0 .05  M p h o s p h a t e  b u f f e r ;  
10% glycerol  (v/v) .  The  p H  was ad jus ted  to  d i f f e ren t  PH values in t h e  range  b e t w e e n  7 .56  an d  p H  :> 12  by  
the  add i t ion  o f  d i f fe ren t  a m o u n t s  o f  0.1 M N a O H  up  to  a m a x i m a l  v o l u m e  o f  100/~I  to  a to t a l  v o l u m e  o f  
2.5 m l  in the  sample  euve t te .  The  d i lu t ion  o f  4% caused  b y  t h e  ad d ed  N a O H  was neglec ted .  Light  pa th ,  
1 cm.  

minimum at 416 nm which is shifted to shor ter  wavelength (412.5 nm) at pH 
10.22. 

The appearance of  the increasingly negative Soret band is accompanied by 
the formation of  two isosbestic points, at 425.5 nm and 381.5 nm. Above pH 
10.22 a further increase of the amplitude of  the negative band is observed 
which is paralleled by a back shift o f  the minimum to 416 nm at pH > 12.3 
and accompanied by the disappearance of  an isosbestic point. It is well known 
that alkalization of  cytochrome P'450LM2 results in the formation of  cyto- 



51 

O 

t~ 

350 . . . .  400 . . . .  450 

' \ '  .. 2 

\ \  ~ " . .3 .~ . '  ........ ) 

p~ 

7 56 
8 5O 
880 
9 20 
940 
962 
980 
9 97 

10 22 
10 36 
1060 
1092 
1117 
114 
116 
118 
12 3 

T 
=,A.0.02 

1 

350 360 370 380 390 400 410 420 430 440 450 

Wavelength, n rn 

Fig. 5. D e p e n d e n c e  o n  p H  o f  the  d i f f e r e n c e  spectra  o f  e y t o c h r o m e  P - 4 5 0  in the  So re t  region.  Exper i -  
m e n t a l  cond i t i ons :  [ c y t o c h r o m e  P-450LM2]  = 3.3 /~M; 0 .05  M p h o s p h a t e  buf fer ;  10% g lycero l  (v/v). 
The t i trat ion  w as  p e r f o r m e d  b y  add i t i on  o f  1 M NaOH up t o  a m a x i m a l  v o l u m e  o f  100 /~I to  a t o t a l  v o l u m e  
o f  2.5 ml  in t he  sample  c u v e t t e .  Spectral  changes  w e r e  m e a s u r e d  against a so lu t ion  o f  c y t o e h r o m e  P- 
4 5 0 L M  2 at the  s a m e  prote in  c o n c e n t r a t i o n  at  p H  7 . 5 6  in th e  r e f e r e n c e  c u v e t t e .  The  d i lu t ion  o f  4% caused  
b y  the  added  N a O H  w as  n e g l e c t e d .  Light  path ,  1 c m .  

chrome P-420 [22 ] .  The determination of  cytochrome P-450 formation 
revealed that the transition from cytochrome P-450 to  cytochrome P-420 is 
accomplished at about pH 10. The significant red shift of the Soret band in 
the difference spectra (Fig. 5) at pH > 10 suggests that above this pH by an 
exchange o f  the axial ligand(s) a new stable heme complex is formed. This is 
supported by electron spin resonance measurements of  liver microsomes at 
alkaline pH. Under this condit ion the g-values of  cytochrome P-450 are 1.87, 
2.23, 2.46, being different from the g-values of  cytochrome P-450 at neutral 
pH: 1.91, 2.22, 2.40 (unpublished results). The results agree with the forma- 
tion of  a new six-coordinated low-spin complex o f  the heme iron but it cannot 
be decided if sulfur is retained as one of  the axial ligands or is exchanged. 
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Fig. 6. D e p e n d e n c e  o f  Tyr ,  Trp  and the h e m e  e h r o m o p h o r e  in c y t o c h r o m e  P-450  on pH.  F r o m  spect ra l  
changes  in the  der iva t ive  spec t ra  of  T y r  (o---$) and  Trp  ( - - - - )  (Fig. 4)  an d  the  d i f fe rence  abso rp t i on  
spec t ra  o f  the h e m e  c h r o m o p h o r e  (o---o) (Fig. 5) t i t r a t i on  curves  were  d r a w n  f r o m  which  t h e  ha l f -conver-  
sion po in t s  were  der ived  ( insert ,  b o t t o m  right) .  F r o m  the  Hill plot  o f  the  first  t i t r a t ion  s tep o f  T y r  ( insert ,  
t op  le f t )  t he  p K  as well  as the  n va lue  were  determined.  

Further investigations on the structure of  the ferric heme complex of cyto- 
chrome P-450 at alkaline pH are under study. 

In Fig. 6 the pH dependence of  cytochrome P-450LM2 as reflected in the 
derivative spectrum of the Tyr  and Trp bands as well as the band in the diffe- 
rence absorption spectrum in the Soret region is demonstrated. The pK of 9.92, 
evaluated from the derivative spectrum of  the  decreasing Tyr band, is almost 
the same as determined for the ionization of Tyr in the amino acid mixture 
analogous to cytochrome P-450LM2. In order to determine whether the first 
ionization step of  Tyr  is caused by one or more classes of  ionizing Tyr  residue, 
the respective titration values are evaluated according to a Hill plot  (see insert 
in Fig. 6). The resulting value of  n, 1.3, strongly supports the assumption that  
only one class of  ionizing Tyr  is responsible for th.e first step. The close similar- 
ity of  the pK of  Tyr  in the amino acid mixture to that  of  Tyr in cy tochrome 
P-450LM2 indicates that the respective Tyr  residue(s) in the protein behaves 
like that  in solution and appears to be exposed on the surface of  the molecule 
and accessible to the solvent. 

The titration curve of  Tyr  in the pH range from 10.5 to 12.0 shows a second 
step, from which pK2 = 11.35 was determined. The decrease of  the difference 
spectrum in the Soret region with increasing pH also shows two steps; half 
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conversion values at pH 9.8 and 11.52 were determined. 
Moreover, the two steps observed at each of the other bands (due to Tyr and 

the heme chromophore in the Soret region) agree with the assumption of two 
different processes. The second step can be attributed to an unfolding process 
of the protein, resulting in a similar change of spectral properties of Tyr, Trp 
and the heme with very similar half transition points. The first step is assumed 
to be due to the dissociation of Tyr. The similar conversion point of the three 
bands in the first step suggests that the dissociation of Tyr is somehow linked 
with Trp and heme. 

Discussion 

Following isolation and purification of the essential components (cyto- 
chrome P-450LM2, NADPH-cytochrome P-450-reductase and phospholipid) of 
the liver microsomal monooxygenase system and the demonstration of its 
reconstitutibility to an enzymatically active system, as reviewed elsewhere [ 1 ], 
recent investigations have been directed to analysis of molecular interactions 
among these components. For example, it has been shown by Coon and associ- 
ates [14] that the affinity of cytochrome P-450LM2 towards substrates is 
enhanced in the presence of phospholipids and that phospholipid may induce 
conformational changes in the cytochrome (particularly in cytochrome 
P-450LM4) by an increase of the helical content [15] and thus enhance the 
affinity of reductase for cytochrome P-450LM2. The formation of a-reductase- 
cytochrome P-450LM 2 complex leads to an increased affinity of cytochrome 
P-450LM 2 towards substrate, thereby enhancing the high-spin content of the 
cytochrome. Contrary to the studies with cytochrome P-450LM2, no con- 
formational changes could be observed by CD measurements due to inter- 
actions between reductase and phospholipid (French, J.S. and Coon, M.J., 
unpublished results). 

Despite such progress, until the present study there have been no data 
available on the molecular mechanism of these interactions. By means of 
second derivative difference spectroscopy resolving the n ~*-transitions of 
the aromatic amino acid residues in the middle ultraviolet region, the contri- 
butions of individual amino acid residues to interactions of the components 
can be analyzed. Participation of such residues in the interactions may be by 
direct formation of apolar bonds or by indirect conformational changes. Both 
events, if connected with modification of the environment surrounding the 
residues, would be reflected in spectral changes which can be determined 
with high sensitivity using derivative difference spectroscopy. 

The interpretation of the results obtained from the interactions between 
the components has to take into account two effects modifying the deriva- 
tive spectra of the aromatic amino acids: (i) the polarity of the solvent, and (ii) 
the degree of ionization of ionizable groups. 

(i) Studies on single amino acids and amino acid mixtures corresponding in 
composition to known proteins with respect to the polarity of the solvent 
revealed that in 50% ethanol (v/v) the three amino acids Trp, Tyr and Phe 
exhibit increased amplitudes of the bands in their derivative spectra amount- 
ing to 20--25%. This increase is connected with a red shift of the minima of 
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the bands (corresponding to the absorption maxima) [16]. 
(ii) The pH titration of Tyr in the amino acid mixture revealed a decrease 

in amplitude from which a pK of 9.83 was determined. The Tyr residues of a 
protein, however, are additionally subjected to a change of the amplitude of 
their spectra in dependence on the polarity of the solvent. Therefore, the 
change of the amplitude of the Tyr bands in cytochrome P-450r.M2 represents 
an overlap between the dissociation of the aromatic hydroxyl group and 
changed polarity of the solvent due to the unfolding process at alkalization. 

The derivative spectra of Tyr in cytochrome Po450LM 2 show 2--2.5-fold 
higher amplitudes than those in the corresponding amino acid mixture [16]. 
These higher amplitudes are explicable by the assumption that the residues 
are localized completely or partially in an apolar environment. Consequently 
a decrease of the Tyr bands in the derivative spectrum of cytochrome P-450LM2 
with increasing pH is observed. Such a behavior would be expected upon 
unfolding of the protein and is also found, indeed, with other hemoproteins 
such as cytochrome c [ 16]. The Tyr bands further decrease in amplitude with 
increasing ionization of the aromatic hydroxyl group. The stepwise decrease 
in amplitude o f  the Tyr bands in the range from pH 8 to pH > 12 (pK, = 
9.92; pK2 = 11.35), therefore, has to be considered as an overlap of two 
synergistic effects: the ionization of the hydroxyl group, and the decrease 
of the hydrophobicity of the environment. Both processes need not be 
linearly correlated, therefore an estimation of the number of Tyr residues 
involved in this ionization step is impossible. 

The strong similarity between the pK1 of Tyr in cytochrome P-450LM 2 
(9.92) and that in the corresponding amino acid mixture (9.83) indicates 
that the Tyr residues in the protein ionizing with pKz are exposed to the 
solvent. Therefore, the observed decrease of the Tyr band is mainly deter- 
mined by the ionization of the aromatic hydroxyl group and less by environ- 
mental changes. The decrease of the Tyr bands in the derivative spectrum of 
cytochrome P-450I,M2 between pH 10 and pH > 12, on the other hand, is 
caused by the ionization of buried Tyr residues (pK2 = 11.35) which is para- 
lleled by an unfolding process which leads to a decreased hydrophobic environ- 
ment of the respective Tyr residues. 

The interpretation of the striking increase of the Trp amplitude of cyto- 
chrome P-450LM2 at alkaline pH of the solvent (pH > 10) has to take into 
account the dependence of the bands at 290 nm and 283 nm on the ratio of 
Trp/Tyr. Balestrieri et al. [5] demonstrated that at Trp/Tyr ratios less than 1 
there exists an influence of Tyr on the band at 290 nm, which is properly 
formed by the Trp absorption. With regard to these interferences and to the 
ratio Trp/Tyr = 1:9 in cytochrome P-450LM 2 [10] each change of Trp has to 
be analyzed carefully before being interpreted in structural terms. Alkalization 
of the solvent leads to an ionization of the aromatic hydroxyl group of Tyr, 
which in the derivative spectrum is indicated by a decrease of its amplitude. 
This decrease of the Tyr amplitude is accompanied by an apparent increase 
of the Trp amplitude. As the Trp amplitude in cytochrome P-450LM2 reflects 
a relatively polar environment, the changes observed are caused by the decrease 
of the Tyr band inducing concomitant changes in the spectral properties of 
Trp, rather than by environmental changes of Trp. 
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By ESR studies the heme iron in cytochrome P-450 has been shown to be 
preferentially in the low-spin state, indicating a six-coordinated heme iron. 
Sulfur is generally assumed to be the 5th axial ligand [17]. Different groups, 
on the other hand, have been proposed as the 6th axial ligand: imidazole 
[18],  H20  [19] and the hydroxyl group [20]. The remarkable agreement 
of the pK1 value of Tyr with the half-conversion point of the decrease of the 
Soret band leads one to postulate that the hydroxyl group of a Tyr residue 
is one of the axial heme iron ligands. 

It is assumed that the ionization of the postulated heme-bound Tyr is 
connected with a weakening of the bonds between the iron and the axial 
ligands. This weakening could be the reason for an exchange of the heme- 
bound sulfur upon the formation of the CO-complex at alkaline pH. Under 
alkaline conditions this complex shows a Sorer absorption at 420 nm instead 
of the characteristic position at 450 nm. Obviously in the cytochrome P-420- 
CO complex the ligand trans to CO is an imidazole residue as could be derived 
from infrared studies [ 21]. 

Based on the results from the pH-dependence of cytochrome P-450LM 2 the 
following conclusions are drawn concerning interactions of the essential com- 
pounds as observed in the derivative spectra. Upon the interaction of cyto- 
chrome P-450LM2 with phospholipid the Tyr band appears as a minimum in the 
derivative spectrum, indicating that the amplitude of the Tyr band is enhanced. 
This increase can be caused by (a) a decrease of the polarity of the immediate 
environment of the respective residues and/or by (b) a decrease of the degree 
of ionization of the Tyr residue. The environment of Tyr residues at the 
surface of the molecule can be directly modified by interaction of these resi- 
dues with phospholipids. A diminished degree of ionization as another possi- 
bility to explain the observed effect is explicable by the assumption that lipid 
molecules can induce conformational changes leading to a diminished ioniza- 
tion of one or more Tyr residues. 

Contrary to the spectral changes induced by phospholipid, the amplitudes of 
the Tyr band in the derivative spectra decrease upon interaction of cytochrome 
P-450LM 2 with reductase. In other studies it was found that the interaction of 
reductm~e with cytochrome P-450LM 2 shifts the spin equilibrium existing in the 
heme iron of  cytochrome P-450LM 2 [23] t o t h e  high-spin state, in the same 
manner as accomplished by type I substrate (French, J.S. and Coon, M.J., 
unpublished experiments). This effect of reductase is explicable only by the 
induction of  conformational changes as has been described by CD measure- 
ments [15].  

Taking into account a pK of about 10 for the exposed Tyr residue(s) in 
cytochrome P -450~2 ,  it seems very unlikely that the signal in the derivative 
difference spectrum is caused by the ionization of Tyr, which would be in 
agreement with a decrease of  the Tyr band amplitude. Rather, it has to be 
assumed that reductase induces conformational changes which by an increase 
of the polarity in the environment of distinct Tyr residue(s) leads to a decrease 
of the Tyr bands. From the data so far available it cannot be decided unam- 
biguously which component contributes to the Tyr bands in the difference 
derivative spectrum of  the reductase-cytochrome P-a50LM 2 complex, but the 
following considerations suggest that the bands originate from cytochrome 
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P-450LM 2 rather than from the reductase. 
(i) The absence o f  changes upon interaction of  reductase with phospholipids 

as shown by CD measurements {French, J.S. and Coon, M.J., unpublished 
results) as well in the derivative difference spectra, strongly indicates that con- 
formational changes have not  been induced and that exposed Tyr residues 
are not  localized at the surface of  the reductase molecule. 

(ii) The lack of  Tyr residues at the surface of  the reductase would exclude 
environmental changes by direct interaction of  the reductase with cytochrome 
P-450LM2, as well as a shift of  the pK of  Tyr residues as necessary prerequisites 
for a contribution to changes of  ionization in the functionally important pH 
region. 
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