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INTRODUCTION 

The ability of animals to metabolize xenobiotics has been acquired over a 
period of more than 2 thousand million years during the process of adaptation 
to the environment. The acquired character has been accumulated and 
conserved in the genome as genetic information. Thus, the ability of animals 
to metabolize the large number of chemicals produced by modem chemical 
industries must be an inheritance of enforced contact with natural xenobiot­
ics. In early studies with liver microsomes, the substrate specificity of 
cytochrome P450 (P450) was thought to be very general, but investigators 
now believe that its broad specificity can be explained in terms of an 
integrated system with numerous P450 isoenzymes. Regio- and stereoselec­
tive aspects of drug metabolism by P450 are important concerns in studies 
of the pharmacokinetics of racemates or in the extrapolation of metabolic 
profiles of drugs from laboratory animals to humans. In this review, we 
summarize current knowledge concerning the regioselectivity and stereo­
selectivity of the major P450 isozymes. 
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PREDICTION OF REGIOSELECTIVITY OF P450 BY 

CALCULATION CHEMISTRY 

Stereochemical aspects of drug metabolism are the subject of renewed interest 
and the object of many research efforts. In the protein moiety of P450, the 
conformational changes caused by substrate binding are thought to be 
important for enzyme function; the selective nature of this substrate binding 
of P450s may be the primary determinant of stereo- and regiospecificity. 
The reactivity of the substrate to active oxygen generated by P450 is another 
determinant of regioselective metabolism and has been examined from a 
theoretical perspective. Results from experiments with liver microsomes 
from differently pretreated rats have demonstrated that the observed regio­
selectivity for the aromatic hydroxylation of monofluoroanilines is not 
predominantly determined by the active site of the cytochrome P450s (1). 
To investigate the underlying reason for the observed regioselectivity, 
semiempirical molecular orbital calculations were performed and showed 
that neither the frontier orbital densities of the LUMO/LUMO+ 1 (the lowest 
unoccupied molecular orbital) of the monofluoroanilines nor the spin den­
sities in their NH" radicals could account for the observed regioselectivity. 
The frontier orbital densities of the HOMO/HOMO-I (the highest occupied 
molecular orbital and the secondary highest orbital) of the monofluoro­
anilines, however, qualitatively correlate with the regioselectivity of the 
aromatic hydroxylation. The results suggest that P450-catalyzed aromatic 
hydroxylation of monofluoroanilines proceeds by an electrophilic attack of 
the (FeO)3+ species of P450 on a specific carbon atom of the aromatic 
ring. Subsequently, the regioselectivity of hydroxylation of five fluoro­
benzene derivatives was studied using 19F NMR for identification of the 
various phenols in the urine of rats exposed to these benzenes (2). The 
regioselectivities observed for the aromatic hydroxylation of the fluoro­
benzenes in these in vivo experiments were shown to correlate with the 
values predicted for regioselectivity, within 6% accuracy, on the basis of 
HOMO/HOMO-l frontier orbital density. 

Recently we have also found that the occupied frontier orbital densities 
predict the site of oxidation at aliphatic C-H bonds in xenobiotics by P450 
(3, 4). The semiempirical quantum chemical method, PM3, was used to 
develop a predictive model for P450 hydrogen abstraction reactions. The 
preferential oxidation at carbon atoms adjacent to nitrogen and oxygen atoms 
and benzylic or allylic carbon atoms was accounted for by the calculated 
orbital densities on the C-H bonds. A chemical computational method, 
AMI, was used to obtain an estimate of the ionization potential in radical 
formation produced by hydrogen atom abstraction (5). In summary, the 
relatively simple procedure of optimizing the geometry of any compound 
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and its potential radicals may be useful in predicting the relative potential 
for hydrogen atom abstraction at the various positions, neglecting binding 
and sterie constraints imposed by the enzymes. Although a selective substrate 
binding of P450s may be the primary determinant of the stereo- and 
regiospecificity for the enzyme, the site on the substrate attacked by the 
active oxygen from P450 may be predicted from theoretical considerations. 

SUBSTRATE SPECIFICITY AND REGIOSELECTIVITY 

OF P450 

During the last two decades, major efforts have been directed at the isolation 
and characterization of P450 isozymes, and considerable information is now 
available on the substrate specificity of homogeneous P450 preparations. In 
addition, the recent development of molecular biology has allowed us to 
express P450 from cDNA and to examine relationships between structure 
and function. Since the substrate specificity of P450 has recently been 
reviewed by Guengerich (6), Distlerath & Guengerich (7), Schwab & 
Johnson (8), and Soucek & Gut (9), we address this point only briefly. 
P450 isozymes responsible for steroidogenesis (10) seem to have rigid 
substrate specificity, but their function in xenobiotic metabolism has not 
been fully assessed. Examples are P450scc (CYP11Al) (11, 12), P45011j3 
(CYPI1Bl) (13, 14), P450a1do (CYPllB2) (15), P450arom (CYP19) (16), 

P45017a (CYPI7) (17), and P45021a (CYP21) (18, 19). In addition, P450 14DM 
(CYP51) (20, 21) and P4507a (CYP7) (22), which are involved in the 
synthesis of cholesterol and bile acids, may be included among the isozymes 
that have rigid selectivity. 

The other examples with high substrate specificity are the CYP4A sub­
family P450s, which selectively hydroxylate the w-position of fatty acids 
and prostaglandins. Although several fatty acids with different chain lengths 
can be substrates of a single P450 enzyme belonging to the CYP4A subfamily 
(23), this isozyme group has minimal ability to metabolize compounds other 
than fatty acids (24-27). Bacterial P450, P450cam' is also an example of a 
form that hydroxylates camphor specifically (28), although some low mo­
lecular weight compounds such as adamantanone (28) and ethylbenzene (29) 
are metabolized. The high specificity of P450cam for camphor is demonstrated 
by the fact that thiocamphor, camphane, and norcamphor, compounds closely 
related to camphor, are far less effective substrates of P450cam (30, 31). 

Regioselective Hydroxylation of Steroid Hormones 

The P450s belonging to CYP1, -2, and -3 families are multifunctional and 
show a wide spectrum of substrate specificity. Many of these isozymes 
catalyze the regioselective hydroxylation of testosterone, and this is one of 
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the useful markers for the respective P450 forms (6, 9, 32). However, in 
contrast to the P450s participating in steroidogenesis and fatty acid/prosta­
glandin metabolism, many P450s in the CYPI to 3 families oxidize xenobiot­
ics. Benzphetamine, aminopyrine, aniline, 7-ethoxycoumarin, p-nitroanisole, 
and benzo[a]pyrene are the substrates used most frequently. The hydroxyl­
ation of these substrates is almost isoform-specific, but the specificity is 
not definitive (6, 8, 9, 33). While limited numbers of P450s show very 
strong activities toward the six compounds above, a number of P450s possess 
minor activities. A more detailed description of the substrate specificities 
of P450s belonging to the CYPl, 2, and 3 families is found in other recent 
reviews (6--9). 

The hydroxylation of testosterone is one of the best examples in which 
the isozyme-specific regioselectivity has been elucidated with reconstituted 
systems containing highly purified P450 preparations. Moreover, this infor­
mation has been accumulated for many P450s isolated from various animal 
species including man. Results of these studies are summarized in Table 1. 
The regioselective hydroxylation of androstendione (36, 40, 57, 58, 67) 
and progesterone (36, 45, 52, 54, 60, 68, 69) by purified P450s has also 
been reported. Although the structures of testosterone and these two steroids 
differ in only the D-ring, the rate of hydroxylation catalyzed by a particular 
P450 isozyme is sometimes different for the three steroids. For example, 
the phenobarbital-inducible CYP2Bl and CYP2B4 hydroxylate the 16-po­
sition, but the rates are greatly different among the three compounds (36, 
40, 57, 58). The same findings are obtained for CYP2Cll (36), CYP2C13 
(52), and P450-D-l (CYP2C) (60). The regioselectivity and stereoselectivity 
are also altered by the different steroids. That is, while testosterone is 
hydroxylated at the 613-position by CYP2C 13, this P450 hydroxylates pro­
gesterone at the 16a- as well as the 613-position (69). CYP2A2-mediated 
hydroxylation is one of the examples in which different amounts of stereo­
isomers are produced, depending on the substrates used; the ratio of 
15a/1513-hydroxy products is 13.2 for testosterone and 0.39 for progesterone 
(52). These examples indicate that the regioselectivity and stereoselectivity 
of a P450 enzyme in the hydroxylation of steroids varies with only minor 
changes in the structure of the D-ring. The metabolism of estradiol by 
purified P450s at the 2-, 4-, 613-, 15a-, 16a-, and 17-positions has also 
been reported (70). The results indicate that estradiol is not hydroxylated 
at the corresponding sites of testosterone and progesterone; while CYP2A2 
and CYP2Bl hydroxylate the 15a- and 16a-positions of testosterone, re­
spectively, the same sites of estradiol are metabolized at minor rates by 
these P450s (70). A P450 isozyme that is highly active for estradiol 2- and 
16a-hydroxylation but not for hydroxylation of testosterone, androstendione, 
and progesterone has been isolated (7 1). Thus, the aromaticity of the A-ring 
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Table 1 Regioselective hydroxylations of testosterone in the reconstituted 

P450 system 

Position of 
hydroxylation Isozyme Species Reference 

2a-Hydroxylation CYP2CII Rat 34-38 

6f3-Hydroxylation CYPIAI Rat 39 

CYPIA2 Rat 39 

CYPIA2 Rabbit 40 

CYP2C13 Rat 34, 35, 37, 38 

CYP3AI Rat 41, 42 

CYP3A2 Rat 42, 43 

CYP3A3/4 Human 44, 45 

CYP3A5 Human 46 

CYP3A7 Human 45 

CYP2C3 Rabbit 40, 47 

CYP3A6 Rabbit 40 

P450FA (CYP3A) Monkey 48 

7a-Hydroxylation CYP2AI Rat 36,49, 50 

P450H (CYPIA) Hamster 51 

P450L (CYP2A) Hamster 51 

I Sa-Hydroxylation CYP2A2 Rat 37, 38, 52, 53 

Cyp2a4/5 Mouse 54 
CYP2CI2 Rat 38, 55 

CYP2G1 Rabbit 56 

16a-Hydroxylation CYP2BI Rat 49, 57, 58 

CYP2Cll Rat 34-38 

P450CBD (Cyp2b) Mouse 59 

CYP2B4 Rabbit 40 
CYP2C3 Rabbit 40, 47 

CYP2GI Rabbit 56 

P450-D- t (CYP2C) Dog 60 

16f3-Hydroxylation CYP2BI Rat 57, 58 

P450cBD (Cyp2b) Mouse 59 

P450THC (Cyp2c) Mouse 61 

P450GP_1 (CYP2B) Guinea pig 62 

P450CMLa (CYP2B) Monkey 63 

P450-HM2 (CYP2C) Human 45 

17 -Oxidation CYP2BI Rat 49, 57, 58 
CYP2Cll Rat 34, 35 
P450cBD (Cyp2b) Mouse 60 

CYP2AlO Rabbit 56 
P450-MK-I (CYP2C) Monkey 64 

19-Hydroxylation CYP2G1 Rabbit 56 

P450arom (CYPI9) Human 16, 65, 66 
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structure as well as the structure of the D-ring affects extensively the 
regioselectivity in the steroid hydroxylation by P450. 

Alteration in specificity of steroid hydroxylation is also seen for the 
different members of P450 belonging to the same subfamily. Among the 
rat CYP2C subfamily, only CYP2C 11 is able to catalyze testosterone 
2a-hydroxylation effectively; CYP2C6, 7, 12, and 13 have little or no 
activity (35, 37, 38, 55, 58), although these four P450s are highly homol­
ogous with each other. Presumably, the P450s belonging to the dog CYP2C 
subfamily lack the ability of testosterone 2a-hydroxylation, because in 
contrast to rats, dog liver microsomes lack this metabolic activity (60). A 
case of different stereoselectivity of hydroxylation mediated by P450s 
belonging to the same subfamily is exemplified by the following. Rat 
CYP2B 1 (57, 58) and dog CYP2B 11 (67) hydroxylate testosterone or 
androstendione at both the 16a- and 1613-position almost equally, whereas 
guinea pig and monkey isozymes give only the 1613-isomer (62, 63) and 
rabbit isozyme gives only the 16a-isomer (40). 

Regioselective Metabolism of Xenobiotics 
Numerous examples of the P450 isozyme-dependent metabolism of xenobiot­
ics have been reported (6--9). However, many of these lack information on 
regioselectivity. For instance, although benzphetamine N-demethylation is 
widely used to monitor some types of P450s, conceivably a P450 isozyme 
would favor hydroxylation at a position different from the N-methyl group, 
even if this isozyme has minor N-demethylase activity. Benzphetamine is 
metabolized via routes other than N-demethylation (72, 73). Highly purified 
CYP2Cli hydroxylates the methyl (formaldehyde formation), benzyl (benz­
aldehyde formation), and methylene carbon (phenylacetone formation) po­
sitions of benzphetamine (1 mM) at a ratio of 180:7: 1, whereas CYP2C3 
gives these products with a ratio of 7:2:1 (Yamada et aI, unpublished 
observation). In this case, the rate of methylene hydroxylation by CYP2C3 
is over 20 times greater than that by CYP2Cll while the rates of methyl 
hydroxylation are almost comparable. In other words, in a comparison of 
CYP2C3 �nd 2CI l, only the former is an effective catalyst for phenyl acetone 
formation although both are equally effective in the N-demethylation. Thus, 
the substrate specificity of P450 should not be defined by measuring catalytic 
activity toward a single oxidation site on substrate. 

However, as already described, regioselectivity in metabolite fomation 
has been determined for only a limited number of xenobiotic substrates. 
The major reason for insufficient information is that attention has been 
focused on identifying the P450 isozymes. For this purpose, researchers 
have utilized a single reaction for one substrate suc� as benzphetamine 
N-demethylation without monitoring other metabolites. Another reason is 
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that, from a toxicological perspective, only metabolites causing toxic action 
have attracted the attention of researchers. If a substrate gives only one 
oxygenated metabolite, this should be recognized as a highly regioselective 
reaction. However, in many studies measuring a single product, it is not 
known whether the product is the sole metabolite or whether other products 
have not been analyzed. With these issues in mind, we list here examples 
of P450-mediated regioselective metabolism of a limited number of com­
pounds that give multiple metabolites with reconstituted systems containing 
purified P450 from CYPIA, 2, 3A, and 4A families (Table 2). Except for 
fatty acids and related compounds, all listed substrates are foreign com­
pounds. 

Warfarin is one of the most extensively examined compounds, and 
information about enantio- and regiospecific hydroxylation has been accu­
mulated using a number of purified P450s from rat, rabbit, and dog liver 
microsomes (Table 2) (33, 67, 82, 83). In addition, experiments with 
antibody inhibition and enzyme expression from cDNA have revealed 
enantio- and regioselectivity of mouse (134) and human ( 135, 136) P450s 
that is not available with the purified forms. The composition of P450 
isozymes in human liver can be predicted by the analysis of metabolites 
formed from S- and R-warfarin (137, 138). Warfarin can be utilized as a 
probe for the estimation of UDP-glucuronyltransferase and sulfotransferase 
as well as P450 activities (139). Based on the highly regiospecific and 
stereospecific nature of warfarin hydroxylation, an attempt at photo affinity 
labelling of P450 by azidowarfarin was made ( 140, 141). 

A cautionary note is needed in determining the oxygenation site of the 
aromatic ring in phenol formation. If the precursor is an epoxide, different 
regioisomeric phenols can be generated. Alternatively, it is possible that 
one phenolic metabolite is produced from different epoxide precursors. 
Therefore, it is necessary to identify the epoxidation site of the substrate 
by analyzing hydrolyzed products or thiol adducts. Concerning this point, 
epoxy-metabolites of many polycyclic aromatic hydrocarbons listed in Table 
2 have been analyzed as the dihydrodiols after hydrolysis with epoxide 
hydrolase supplemented in the incubation mixture. Although regioisomeric 
metabolites from a series of dichlorobiphenyls have been analyzed (142), 
we ignored these results in Table 2. The reason is that the initial position 
of oxygenation cannot be readily specified for these reactions because many 
of the reported monophenol metabolites have their hydroxyl groups at 
adjacent positions (i.e. 3-hydroxy and 4-hydroxy). 

Table 2 shows only a few cases of metabolism mediated by the CYP2E 
subfamily P450. This is due to the fact that most of the excellent substrates 
of CYP2E P450 are simple compounds of low molecular weights such as 
alcohols and nitrosamines (6). Purified CYP2E P450 is reported to mediate 
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Table 2 Substrates giving multiple metabolites in the reconstituted system containing purified P450 of the CYP lA, 2, 3A, and 4A family 

Substrate Reactions Isozyme examined References 

n-Hexane 1-, 2-, and 3-Hydroxylation CYPIA1, 2Bl 75,76 
trans-l-Phenyl-l-butene Formation of I-phenyl-I- and 2- CYP2Bl 77 

butanone 
Toluene Benzyl-hydroxylation, 0- and p/m- CYP2Bl, 2B2, 2C6 78,79 

hydroxylation 
Camphor 3-endo-, 5-exo-, and 5-endo- CYP2B4 80 

Hydroxylation 
Valproic acid 4- and 5-Hydroxylation, desaturation at CYP2B 81 

4-5 position 
Warfarin 4-, 6-, 7-, 8-, and IO-Hydroxylations Isozymes of CYPIA, 2A, 2B, 2C, 33, 67, 82, 83 

3A subfamily 
Scoparone O-Demethylations at 6- and 7-methoxy Isozymes of CYPIA, 2B, and 84, 85 

groups from hen liver 
Nicotine 5' -Hydroxylation, N-methyl hydroxyla- CYPIA1, lA2, 2B4, 2C3, 2El, 86 

tion 3A6 
Strychnine 2-, 16- and 22-Hydroxylations, 21,22- CYP2Bl, 2B2 87 

oxide formation, N-oxygenation 

Senecionine Desaturation of pyrrolizidine nuc leus, CYPIA1, 2Bl, 2Cll 88 
N -oxygenation 

Theophylline Demethylations at Nt- and NT, and CYPIA1, lA2, 2C3 8 9  
Nr and NTmethyl group, 8-
oxygenation 
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� 9_ Tetrahydrocannabinol 8a-, 8{3, II-, and 3'-Hydroxylation CYP2A2, 2C8, 2C9, 2CII, 2CB, 90-92 

P450THC (CYP2C) 
Aminopyrine 3-Methyl hydroxylation, N- Isozymes of CYPIA, 2A, 2B, 2C, 93 

demethylation 20 subfamily 
Antipyrine 3-Methyl and 4-hydroxylation CYPIAI, 2Bl ,  2B2 94 

Propranolol 4-, 5-, and 7-Hydroxylations, N- Isozymes of CYPIA 2A, 2B, 2C, 95, 96 

depropylation 20, 2E, 3A subfamily 

Encainide N- and O-Oemethylation P450UT_H (CYP20) 96 

Metropronol a-Hydroxylation, O-demethylation CYP206 97 
:;0 

Sparteine �
2
_ and �5-0xidation CYP2D6 97 trl 

Mephenytoin N-Demethylation, 4' -hydroxylation CYP2C9, 2CII, 3AI, 3A2 98-100 a ...... 
Lidocaine N-Deethylation, methyl hydroxylation, Isozymes of CYPIA, 2C, 2B, 3A 101, 102 0 

(") 
aromatic (3-) hydroxylation subfamily ::c 

trl 
Quinidine N-Oxygenation, 3-hydroxylation CYP3A3/4 103 � 
Cyclosporine N-Demethylation and other hydroxyla- CYPIA2, 2B4, 3A6 104 c:;; 

tions 
'"':l 
:;0 

p-Tolylethyl sulfide S-Oxygenation, methyl hydroxylation CYP2AI, 2Bl ,  2B2, 2C6, 2CII, 36, 78, 79 ><: 

2CI2 0 

Vinylidene chloride Formation of dichloroacetaldehyde and 77 
'"I1 

Isozymes of l A, 2B, 2C, 3A sub- (") 
chloroacetic acid family ><: 

1 -(2-Chloroethyl)-3- 2 (cis and trans)-Hydroxylation, 3 (cis CYPIAI, 2AI, 2BI lOS '"':l 
0 

(cyc1ohexyl)-l -nitrosourea and trans)-hydroxylation, 4 (cis and (") 
::c 

(CCNU) trans )-hydroxy lation :;0 
Aflatoxin B 1 Formation of aflatoxin Q]o MI, PI CYP2B 1, P450mt3 106 0 

� 
Biphenyl 2- and 4-Hydroxylation CYPIAI, IA2 107 trl 
Benz[a janthracene 5,6- and 8,9-Epoxidation CYPIAI 108 

til 

Benz[ajanthracene 1,2- Bis-dihydrodiols and other metabolites CYPIAI 109 l 
Ut 

dihydrodiol (see reference for metabolic sites) 0 

Benz[ajanthracene 3,4- Bis-dihydrodiols and other metabolites CYPIAI IIO 

dihydrodiol (see reference for metabolic sites) N 
Ut 
\0 A
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N 
0\ 
0 

Table 2 (Continued) 0 
C) 

Substrate Reactions Isozyme examined References c: 
:;0 

.-

8-Methylbenz[a]anthracene Dihydrodiols, phenols, and hydroxy- CYPIAI,2BI 1 1 1  ><: 
methyl and formyl metabolites (see > 
reference for metabolic sites) == 

> 
7 , 12-Dimethylbenz[a]- Dihydrodiols, phenols and hydroxy- CYPIAI,  IA2, 2BI , 2B2, 2Cl l ,  1 12 t:I 

anthracene methylmetabolites (see reference for P450PCN (CYP3A) > 

metabolic sites) P? 

Benzo[c ] phenanthrene 3,4- and 5 ,6- Epoxidation CYPIAI 1 1 3  ><: 
0 

Benzo[c]phenanthrene 3,4- Bis-dihydrodiols and other metabolites CYPIAI 1 1 4 en 
::z:: 

dihydrodiol (see reference for metabolic sites) §2 Cyclopenta[cd]pyrene 3,4- and 9, IO-Epoxidation CYPIAI,  l A2, 3A4 1 15 c: 
Benzo[a]pyrene Dihydrodiols, qinones, and phenols CYPIAI,  l A2, 2B I ,  2B2, 2CI I ,  1 12,  1 1 6 ,  117 :;0 

(see reference for metabolic sites) P450PCN (CYP3A) 
> 

I -Nitropyrene Oxides, dihydrodiols, phenols (see CYPIAI,  2B4, 2C3, 3A6 1 18 
reference for metabolic sites) 

I -Naphthylamine N- and 2-Hydroxylation Isozymes of CYPIA, 2B, 2C, 3A 1 19 
subfamily 

2-Naphthylamine N-, 1-,  and 6-Hydroxylation Isozymes of CYPIA, 2B, 2C, 3A 1 1 9  
subfamily 

2-Aminofluorene N, 5-, and 7-Hydroxylation Isozymes of CYPIA, 2B, 2C, 3A 1 1 9  
subfamily 

2-Acetylaminofluorene N, 1-, 3-, 5- ,  7-, and 9-Hydroxylation Isozymes of CYP lA, 2A, 2B, 2C, 120 
3A subfamily 

4-Aminobiphenyl N-, 3-, 2'- , and 4'-Hydroxylation Isozymes of CYP l A ,  2B , 2C, 121 
2D, 3A subfamily 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

4.
34

:2
51

-2
79

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



4,4'-Methylene-bis(2- N-, benzyl-, and 6-Hydroxylation 
chloroaniline) 

2-Amino-1-methyl-6- N- and 4'-Hydroxylation 
phenylimidazo[4,5-b]pyridine 
(PhIP) 

Azoprocarbazine Two different N-oxygenations at an 
azo group 

Lauric acid, myristic acid, w- and w-1-Hydroxylation 
palmitic acid, stearic acid 

Arachidonic acid Monohydroxylated metabolites, 
epoxides 

Prostaglandin EJ, E2 w-, w-1-, and w-2-Hydroxylation 
Prostaglandin F2a, D2 w- and w-1-Hydroxylation 
Prostaglandin AI, A2 w- and w-1-Hydroxylation 
Leukotriene B4 w- and w-I-Hydroxylation 

Isozymes of CYPIA, 2B, 2C, 2D, 
3A subfamily 

Isozymes of CYP1A, 2B, 2C, 2E 
subfamily 

Isozymes of CYP1A, 2B, 2C, 3A 

Isozymes of CYP1A, 2A, 2B, 2C, 
2E, 4A subfamily 

Isozymes of CYP1A, 2A, 2B, 2C, 
2E, 4A, and ,BNF AA 

Isozymes of CYP2A, 2C, 2E, 4A 
CYP4A4 
Isozymes of CYP2B, 2C, 4A 
CYP4A1 

121 

122 

123 

23, 27, 124-127 

126-132 

23, 27, 124, 133 
27 
23, 27, 124, 126 
23 
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262 OGURI, YAMADA & YOSHIMURA 

the metabolism of methylalkylnitrosamines to nitrite (143, 144). Although 
the detailed mechanism is unknown, it is proposed that nitrite is derived 
from nitric oxide, which is formed by P450-catalyzed reduction of nitrosa­
mine (145). Dialkylnitrosamines, on the other hand, generate alkylaldehydes 
and a cation that is the ultimate genotoxic species. A portion of this alkyl 
cation is occasionally converted to alkene by the elimination of one proton 
(146). These metabolites of nitrosamines are believed to be formed from a 
common a-hydroxylated metabolite that is initially produced by P450. 
Another example of a common intermediate that gives multiple metabolites 
is parathione. Parathione is metabolized to paraoxone, diethylphosphoro­
thionate, and diethylphosphate by highly purified P450s (147, 148), but 
these metabolites are thought to be formed nonenzymatically from a S-ox­
ygenated intermediate that is produced initially (147). 

ACTIVE SITE STRUCTURE OF P450 AS A 

DETERMINANT OF REGIOSELECTIVITY 

As stated above, the chemical reactivity of substrate should be recognized 
as one of the factors determining regioselectivity in P450-mediated metab­
olism. However, unless a substrate enters the catalytic cavity of a P450, it 
cannot be metabolized. Further, even though a substrate can slip into the 
catalytic cavity of a P450, if the reactive position of the substrate cannot 
face the heme because of steric hindrance, the P450 will not oxidize this 
compound at the expected site. Therefore, the three-dimensional structure 
of the substrate-binding site of this enzyme is a critical factor in the 
regioselectivity of P450. Several approaches have been used to investigate 
the active site of P450. 

Estimation by Using Chemical Probes 

3-Methylcholanthrene- and phenobarbital-inducible forms ofP450, especially 
rat CYPIAI and CYP2Bl, are the isozymes studied most extensively. 
Elucidation of the catalytic site of these two isozymes has been based on 
a detailed knowledge of their substrates. That is, from the comparison of 
the area/depth2 values of substrates, it is proposed that CYPIAI metabolizes 
compounds with planar structures whereas CYP2B 1 metabolizes bulky 
compounds (149-151). Another comparison using length/width values does 
not distinguish between substrates of CYPIAI and 2Bl (150). This model 
is well supported by the specificity of CYPIAI and 2Bl towards the 
metabolism of dichlorobiphenyls; CYPIAI hydroxylates coplanar isomers 
with no chlorine atom at the o-position (2,2' ,6,6'), while CYP2Bl favorably 
metabolizes the nonplanar isomers that have two chloro substituents at 
o-positions (2,2'- and 2,6-dichlorobiphenyl) (142). The intermediate isomers 
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having a chlorine at one a-position and another at a lateral position are 
substrates for both enzymes, although the activities of CYP2Bl are higher 
than those of CYP1A1 ( 142). The same structure-activity relationship has 
been observed in the hydroxylation of 2,5,2',5'- and 3,4,3',4'-tetrachloro­
biphenyl isomers by purified CYPIA1 and 2B 1 ( 152). 

Jerina and his colleagues have proposed a more advanced hypothesis 
regarding the active site structure of rat CYP1 A l. After an analysis of 
regiospecificity in the CYP1A1-catalyzed metabolism of benzo[a]pyrene and 
its dihydrodiol derivatives, they suggested that the size of the catalytic site 
of this P450 is a space equivalent to nine benzene rings ( 153). This model 
predicts the regioselectivity and stereoselectivity of the CYP1Al-mediated 
metabolism of a number of polycyclic aromatic hydrocarbons such as 
naphthalene (154), anthracene (154), benzo[a]anthracene (108), benzo­
[c]phenanthrene ( 1 13), and triphenylene (155). For instance, purified 
CYPIA1 metabolizes benzo[c]phenanthrene to the 5,6-oxide and 3,4-oxide 
in a ratio of 96:4 (113). When the oxygenation position is fixed and the 
substrate structure (four benzene rings) is superimposed on the model above 
(nine benzene rings), the configuration giving 5,6-oxide fits well to the 
model but the other configuration giving 3,4-oxide does not; it allows 
overflow of one or two rings to the outside of the cavity ( 1 13). On the 
other hand, Imai et al predicted the substrate binding space of rabbit CYPIA2 
to be the size of five benzene rings (156, 157). This model is based on 
the fact that ligand binding and photolysis of the CYP1A2-CO complex are 
affected differently by a series of polycyclic aromatic hydrocarbons. 

Ortiz de Montellano and his co-workers have utilized the chemical 
modification of heme to assess the space of the P450 catalytic site with the 
strategy described below. Phenylhydrazine or the more effective reagent, 
phenyldiazene, forms a phenyl-iron complex with hemoprotein ( 158). When 
this complex is treated with acid, phenyl radical is released from iron and 
re-binds to one of the four nitrogens of the heme pyrroles (158). In this 
transfer reaction, the four pyrroles (A-, B-, Co, and D -ring) are not equivalent 
in their capacity to accept the phenyl radical, because of differences in 
steric hindrance of each pyrrole ring by amino acids of the P450 peptide. 
Thus, it is possible to estimate the space of the upper area of heme by 
analyzing the pyrrole that is modified. This methodology has been applied 
to purified CYP1 AI, and the results showed that the ratio of A-, B-, Co, 
and D-rings containing N-phenyl groups is 2:0:0: 1 (\59). This means that 
the pyrrole B- and C-rings of CYP1A1 heme are highly shielded by amino 
acids, while the A- and D-rings allow interaction with substrate. The space 
of the upper area of the heme in CYP2B1, 2B2, 2B4, 2BlO, 2Bl l, 2EI, 
1 0 1  (P450cam), and 108 (P45Dterp) has been estimated similarly. Although 
the B-ring of all of these P450s is highly shielded, the upper spaces of 
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other pyrroles differ from each other (159-161). From the crystal structure 
of P450cam, the pyrrole B-ring is shown to be completely covered by an 
a-helical sequence (the so-called I helix), which lies just above the heme 
(162). This is very consistent with the data above. On the other hand, 
CYP102 (P450BM_3) shows a somewhat different nature from the isozymes 
described above; the B-ring of this P450 can be modified by a phenyl cation 
(161). When 2-naphthylhydrazine, 4-(phenyl)phenylhydrazine, and 3,5-
dimethylphenylhydrazine are used instead of phenylhydrazine as the aryl 
cation source, they give the much different ratios of the N-substituted A-, 
B-, C-, and D-rings of P450cam (163). Modification of the heme in other 
P450s by these reagents has not yet been reported. 

There are many specific substrates for the CYP2D subfamily of P450, 
and all of these are nitrogen-containing compounds. The comparison of 
hydroxylation sites led to a hypothesis that the nitrogen atom of the CYP2D 
P450 substrate plays an essential role in the interaction with P450 (164-167). 
The fact that the metabolic site of CYP2D P450 substrate is always located 
5-7 A away from the basic nitrogen atom suggests that this position may 
have a function in fixing substrate through the interaction with an amino 
acid, thought to be aspartic acid 301 (167). Further, the coplanar confor­
mation having a negative electrostatic potential, which is located near the 
metabolic site, may be the other determinants (168). Prediction of the site 
of oxidation may be possible by superimposing a chemical structure of a 
substrate to the template that agrees with the above conditions for the 
CYP2D P450 substrate. Koymans et al predicted the metabolic site of four 
compounds, i.e. alfentanil, astemizole, risperidone, and nebivolol, which 
had not been known as substrates of CYP2D P450, and reported that three 
of four predicted sites were in fact hydroxylated (168). Similar conclusions 
were drawn in studies using 2-amino- l-methyl-6-phenylimidazo[ 4,5-
b ] pyridine (PhIP) and 4-(N-methyl-N-nitrosamino)-I-(3-pyridyl)-1-butanone 
(NNK) as probes (169). 

Recently, Smith & Jones speculated on the structural requirement for 
substrates of the CYP2C subfamily (167). They demonstrated the require­
ment of a functional group, which is capable of forming hydrogen bond 
with the cytochrome, in the substrate of human CYP2C9. Examples of the 
functional groups involved are the carboxylate in ibuprofen, naproxen and 
diciofenac, and the sulfonylurea of tolbutamide. However, CYP2C9 can 
metabolize benzo[a]pyrene (99), which has no such functional group. Fur­
thermore, a question arises whether or not the basic position can be 
considered as the functional site interacting with P450 amino acid, since 
CYP2C9 also metabolizes benzphetamine at a high rate (99). The CYP2C 
subfamily is the most complicated group because there are many isozymes 
resembling each other in their primary structure, but which differ function-
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ally. Perhaps, each CYP2C P450 has a different mechanism to fix the 
substrate on the catalytic site. Much remains to be clarified on this problem. 

Several factors that are required of compounds for interaction with the 
CYP2E subfamily P450 have been theoretically estimated (170). Thus, an 
investigation of relationships between the inhibitory potentials of various 
alcoholic compounds toward aniline hydroxylation and several parameters 
related to the molecular shapes and/or electronic status of inhibitors has 
been performed. The best correlation has been found between the lowest 
unoccupied molecular orbital levels at the a-carbon atom of the inhibitor 
and its inhibitory potential. The author speculated that electron donation 
toward the a-carbon may be from the porphirin ring or an amino acid 
located near the active site. This may be one of the mechanisms by which 
CYP2E P450 fixes its own substrate. In addition to the electronic features 
mentioned above, the ratio of area/depth of alcoholic inhibitors is also 
correlated with their inhibitory action (170). 

As mentioned elsewhere, the molecular size of substrates of the CYP3A 
subfamily P450 varies extensively (8, 167). Large molecules, i.e. cyclospor­
ine (104, 171), erythromycin (44, 172), and FK-506 (173), are metabolized 
by this family. If a large molecule can bind, then small substrates, such as 
testosterone, would have greater mobility at the catalytic site. Therefore, 
the site of oxidation by the CYP3A subfamily may be dictated more by the 
chemical reactivity of the substrate than may be the case for reactions 
catalyzed by other families. In this context, CYP3A P450 is known to be 
the testosterone 613-hydroxylase enzyme (see Table O. This position of 
testosterone is allylic and has greater reactivity than other aliphatic sites. 
The same examples have been reported by Smith & Jones (167). 

Site-Directed Mutagenesis of P450 and Modeling of the 
Three-Dimensional Structure of P450 

X-ray analysis of crystal structure is one of the best ways to resolve the 
molecular conformation of protein. However, this analysis has only been 
made for the bacterial P450, P450cam (162, 174-177). Successful crystalli­
zation has been reported for P450scc (178) as well as the bacterial P450s, 
P45C\crp, and P450BM_3 (179), but the details of X-ray analysis were not 
included in the report. The X-ray data for the P450cam-camphor complex 
gave invaluable information on substrate-P450 interaction. The role of Tyr 
96 is most important; it was shown that this amino acid plays a role in 
holding the camphor molecule through hydrogen bonding between its hy­
droxyl group and camphor carbonyl (162). Further, other amino acids, i.e. 
Phe 87, Leu 244, Val 247, and Val 295 are thought to make a hydrophobic 
environment at the catalytic site (162). 

Site-directed mutagenesis is a useful methodology for identifying amino 
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acids participating in enzymatic reactions. The mutation of Tyr 96 of P450cam 
to Phe resulted in a decrease in the regioselectivity as well as the hydrox­
ylation efficiency of camphor hydroxylation (30). Changing the substrate 
from camphor to thiocamphor or camphane, which are not capable of 
forming hydrogen bonds with Tyr 96, decreases the specificity of wild type 
P450cam (30). These results clearly indicate the important function of Tyr 
96 in fixing camphor to the active site. In addition, a study using the 
P450cam mutant in which Tyr 96 is changed to Phe demonstrated that both 
the spin state and the cooperativity between camphor and cation binding 
are altered by this mutation (180). The mutation of Phe 87 in P450cam to 
Ala has been rcported to cause the enlargement of a space just above the 
pyrrole D-ring of heme (163). As mutation of Thr 252 of P450cam to Ala 
or Val causes uncoupling of the catalytic cycle, this residue undoubtedly 
plays an important role in O2 utilization (181). X-ray analysis of the above 
mutant indicated that a solvent molecule is located near the dioxygen binding 
site, interfering with the access of dioxygen (182). In agreement with this 
notion, Thr 252 in I helix is highly conserved in P450 enzymes (183, 184). 
On the other hand, Thr 301 in rabbit CYP2C2 and CYP2CI4, which 
correspond to Thr 252 of P450cam, arc thought to play a role in substrate 
binding (185, 186). Similarly, it was reported by site-directed mutagenesis 
experiments that various amino acid residues of CYPIA2 that are contained 
in the region (distal region) corresponding to I helix of P450cam affect the 
catalytic specificity of this P450 (187). The amino acid residues of P450cam 
participating in the interaction with the partner enzyme, putidaredoxin 
reductase, have been studied (188). 

Group-to-group alignment of sequences of various mammalian P450s 
suggests that the catalytic site consists of six separate regions [substrate 
recognition site (SRS)-1 to (SRS)-6] in agreement with data from the crystal 
structure of P450cam (189). An increasing number of studies have identified 
the amino acid residues affecting the catalytic activity of mammalian P450s. 
A variant CYP2B2 cDNA has been isolated from the X-gt 11 library of 
untreated rat liver, which has mutations equivalent to amino acid substitutions 
of Leu 58 and He 114 (190). Studies using the expressed recombinant 
CYP2Bl and 2B2, which have mutation(s) at the above sites, revealed that 
an enzyme with double mutation shows regioselectivity in testosterone 
hydroxylation that is quite different from that of the native form (190). 
From these results, the authors speculated that these two amino acids, located 
in the N-terminal half, affect substrate orientation at the catalytic site. Also, 
the above recombinant forms of P450 were shown to exhibit metabolic 
patterns towards 7,12-dimethylbenz[a]anthracene and benzo(a]pyrene that 
differed from those of the native form (191). A variant of CYP2Bl has a 
mutation at Gly 478, and this form shows a decreased ability to hydroxylate 
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androstenedione at the 1613-position (192, 193). The result suggests that this 
amino acid residue also affects the substrate orientation. 

The residue of Asp 251 in P450cam and the corresponding residues (Asp 
or Glu) in other P450s are one of the highly conserved amino acids (183). 
Based on the crystal structure of P450cam' this amino acid seems to be 
involved in the heme cavity. This possibility was examined by using some 
mutant CYP1A2s, in which the amino acid residues of Glu318 and the 
following Thr-rich sequences were changed. The results showed that ligand 
binding, ligand-induced spin state change, and catalytic turnover are affected 
by introducing mutations (194-196). These workers also made other mutants 
of CYP1A2 and reported that ionic amino acid residues such as Lys 94, 
Lys 99, Lys 105, Lys 440, Lys 453, Lys 455, Lys 463, and Arg 135-137 
may have a function in electron transfer between CYPIA2 and reductase 
(187, 197). One (SRS-3) of the proposed regions of the catalytic site is 
thought to contain a series of positively charge amino acids. However, the 
amino acids corresponding to the above region, i.e. Lys 250, Arg 251, and 
Lys 253, do not appear to be important in the intrinsic catalytic activity of 
CYPIA2, because the mutants that have neutral amino acids instead of the 
ionic amino acids mentioned above showed higher activities than did the 
native enzyme (198). 

Two mouse P450s belonging to the Cyp2a subfamily, P450coh and 
P45015u, are closely related proteins as they differ in only 11 amino acid 
residues of the sequence (199). In spite of the similarity of structure, the 
above two enzymes show different catalytic natures; P450coh catalyzes 
coumarin 7-hydroxylation while P45015o: effects 15a-hydroxylation of a4 
3-ketosteroids. Negishi and his colleagues focussed on these points and 
studied the amino acid residues that reflect differences in hydroxylation 
specificity. For this purpose, hydroxylase activity was assayed in mutants 
of P450coh in which the 11 residues were each changed to the P45015o: 
type sequence. The results indicated that the three residues, Val 117, Phe 
209, and Met 365, were important determinants of P450coh specificity 
(200). In addition, it was evident that Phe 209 has an important role in the 
hydroxylation of the 15a-position of steroids. Only the substitution at Phe 
209 of P450coh by Leu (P45015o: -type amino acid) resulted in a significant 
increase in this metabolic activity (200). A series of P450coh mutants in 
which Phe 209 was replaced with different amino acids were constructed, 
and their spectral and catalytic properties, and susceptibility to inhibition 
by coumarin derivatives, were examined (201, 202). Some of these mutant 
P450s are active in corticosterone 15a-hydroxylation, a reaction not cata­
lyzed by wild type P450coh (203). 

Similar to the above example of mouse Cyp2a P450s, rabbit CYP2C4 
and 2C5 are highly related (95% similarity) but are functionally distinct 
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enzymes. That is, only the latter P450 effectively hydroxylates progesterone 
at the 2 l-position. The progesterone binding domain of CYP2C5 has been 
estimated to be the region between the 113th and the 118th residues by 
constructing chimera enzymes (204). Further study by single mutation 
indicated that Val 113 of CYP2C5 plays a critical role in defining the 
substrate specificity of this P450 (205, 206). There are allelic variants of 
human CYPlC9 and CYP2C18. The cDNAs coding these proteins or the 
mutagenized cDNA were expressed and the catalytic properties were com­
pared by using mephenytoin (207), phenytoin (208), tolbutamide (208), and 
warfarin (209) as the substrates. A number of CYP2Al and 2A2 mutants 
have been constructed and the capacities of the expressed P450s in testos­
terone hydroxylation have been determined (210). In addition, the functional 
domains of steroidogenetic P450s such as aromatase (211-214), P45017a 
(215), P4502Ia (216, 217), and P4501lj3 (218) have been inferred by 
site-directed mutagenesis. 

SUMMARY AND FUTURE DIRECTIONS 

Stereochemical aspects of drug metabolism are the object of renewed interest 
as investigators seek to determine which chiral drugs can be marketed and 
administered as a single enantiomer or as the racemate. These concerns and 
a general interest in protein structure and function have resulted in numerous 
regio- and stereochemical investigations of P450 isozymes. The theoretical 
basis of regioselective drug metabolism was first considered in terms of the 
contributions of the frontier orbital densities (HOMO/HOMO-l) of the 
substrates and the relative ionization potentials of the resulting radicals. The 
binding of the substrate to a chiral macrobiomolecule results naturally in 
regioselective recognition. The binding and recognition factors contribute 
preferentially to the regioselective reaction. The present review has focussed 
mainly on the regio- and stereoselectivity of P450. 

Current advances in computational chemistry allow us to simulate the 
tertiary structure of P450 enzymes. In this approach, the modeling has been 
based on the crystal structure of P450cam (162) and on the sequence alignment 
between the target P450 and P450cam (183, 184). Alignment of the sequence 
of P450scc revealed 69 identical residues and many highly conserved regions 
with the sequence in P450cam (219). The model of P45017a suggested the 
possibility of two models for the binding of steroid substrates at the active 
site (220). Further work in this area using physical and molecular techniques 
will produce more refined structural models and may enable us to predict 
the regioselectivity of P450s by evaluating interactions with hydrophobic, 
hydrogen, and ionic bonds. 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

4.
34

:2
51

-2
79

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



REGIOCHEMISTRY OF CYTOCHROMES P450 269 

ACKNOWLEDGMENTS 

The authors greatly appreciate the critical reading of the manuscript and 
suggestions by Dr. Arthur K Cho of the Department of Pharmacology, 

UCLA School of Medicine. 

Any Annual Review chapter, as well as any article cited in an Annual Review chapter, 
may be purchased from the Annual Reviews Preprints and Reprints service. 

1-800-347-8007; 415-259-5017; email: arpr@cIass.org 

Literature Cited 

1. Cnubben NHP, Vervoort J, Veeger C, 
Rietjens IMCM. 1992. Study on the 
regioselectivity and mechanism of the 
aromatic hydroxylation of mono­
fluoroanilines. Chem.-Biol. Interact. 
85:151-72 

2. Rietjens IMCM, Soffers AEMF, Vee­
ger C. Vervoort J. 1993. Regioselectiv­
ity of cytochrome P-450 catalyzed 
hydroxylation of fluorobenzenes pre­
dicted by calculated frontier orbital 
substrate characteristics. Biochemistry 
32:4801-12 

3 .  Oguri K ,  Yamada H.  1993. Study on 
drug metabolism by molecular orbital 
theory.  Prediction of the site of oxi­
dative metabolism. Abstr. Pap. 113th 
Annu. Meet. Pharmacol. Soc. Jpn., 
Osaka, March, 3:20 

4. Yamada H, Oguri K. 1993. Study on 
drug metabolism by molecular orbital 
theory. Effect of the conformation on 
amphetamine metabolism. See Ref. 3, 
3:20 

5 .  Korzekwa KR, Jones JP, Gillette JR. 
1 990. Theoretical studies on cyto­
chrome P-450 mediated hydroxylation: 
a predictive model for hydrogen atom 
abstractions. J. Am. Chern. Soc. 112: 
7042-46 

6. Guengerich FP. 1 987. Enzymology of 
rat liver cytochromes P-450. In Mam­
malian Cytochromes P-450, ed. FP 
Guengerich , 1;1-54. Boca Raton: CRC 
Press 

7. Distlerath LM, Guengerich FP. 1987. 
Enzymology of human liver cyto­
chromes P-450. See Ref. 6, pp. 133-
98 

8. Schwab GE, Johnson EF. 1987. En­
zymology of rabbit cytochromes P-450. 
See Ref. 6, pp. 55-106 

9. Soucek P, Gut I. 1 992. Cytochrome 
P-450 in rats: structures, functions, 
properties and relevant human forms. 
Xenobiotica 22:83-103 

1 0 .  Hall PF. 1986. Cytochrome P-450 and 

the regulation of steroid synthesis. Ste­
roids 48:131-96 

1 1 . Shikita M, Hall PF. 1 973. Cytochrome 
P-450 from bovine adrenocortical mi­
tochondria: an enzyme for the side 
chain cleavage of cholesterol. J. Biol. 
Chern. 248:5589-604 

12. Takikawa 0, Gomi T, Suhara K,  
Itagaki E, Takemori S ,  Katagiri M.  
1978. Properties of  an adrenal cyto­
chrome P-4S0 (P-4SQ;cc) for the side 
chain cleavage of cholesterol. Arch. 
Biochem. Biophys. 109:300-6 

13. Watanuki M ,  Tilley BE, Hall PF. 
1977 . Purification and properties of 
cytochrome P-450 (11 �- and I 8-hy­
droxylase) from bovine adrenocortical 
mitochondria. Biochim. Biophys. Acta 
483:236-47 

14. Sato H, Ashida N, Suhara K, Itagaki 
E, Takemori S, Katagiri M. 1978. 
Properties of an adrenal cytochrome 
P-450 (P-45011�) for the hydroxylation 
of corticosteroids. Arch. Biochem. Bio­
phys. 190:307-14 

IS. Ogishima T, Mitani F, Ishimura Y. 
1989. Isolation of aldosterone synthase 
cytochrome P-4S0 from zona glo­
merulosa mitochondria of rat adrenal 
cortex. J. Biol. Chern. 264:10935-38 

1 6 .  Harada N. 1988. Novel properties of 
human placental aromatase as cyto­
chrome P-450: purification and char­
acterization of a unique form of 
aromatase. J. Biochem. 103: 106-13 

17. Nakajin S, Shinoda M, Haniu M, 
Shively JE, Hall PF. 1984. The C21 
steroid side-chain cleavage enzyme 
from porcine adrenal microsomes: pu­
rification and characterization o f  
the 17u-hydroxylase/CI7_2o-lyase cyto­
chrome P-450 . J. BioI. Chern. 256: 
3971-76 

18. Kominami S, Ochi H, Kobayashi Y, 
Takemori S. 1980. Studies on the 
steroid hydroxylation system in adrenal 
cortex microsomes. Purification and 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

4.
34

:2
51

-2
79

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



270 OGURI, YAMADA & YOSHIMURA 

characterization of cytochrome P-450 
specific for steroid C-21 hydroxylation. 
J. Bioi. Chem. 255:3386--94 

1 9 .  Hiwatashi A, Ichikawa Y. 1 98 1 .  Pu­
rification and reconstitution of the ste­
roid 2 1-hydroxylase system (cyto­
chrome P-450-linked mixed function 
oxidase system) of bovine adrenocor­
tical microsomes . Biochim. Biophys. 
Acta 664:33-48 

20. Aoyama Y, Yoshida Y, Sato R. 1 984. 
Yeast cytochrome P-450 catalyzing 
lanosterol 1 4a-demethylation . II. 
Lanosterol metabolism by purified P-
45014DM and by intact microsomes.  J. 
BioI. Chem. 256: 1661-66 

2 1 .  Sono H ,  Sonoda Y ,  Sato Y .  1 991 . 
Purification and characterization of cy­
tochrome P-45014DM (lanosterol 14 ct­
demethylase) from pig liver micro­
somes. Biochim. Biophys. Acta 1078: 
388-94 

22.  Ogishima T, Deguchi S, Okuda K. 
1 987. Purification and characterization 
of cholesterol 7a-hydroxylase from rat 
liver microsomes . J. BioI. Chem. 262: 
7646--50 

23. Hardwick JP. 1 99 1 .  CYP4A subfam­
ily: functional analysis by immu­
nohistochemistry and in situ hybrid­
ization. Methods Enzymol. 206:273-83 

24. Tamburini PP, Masson HA, Bains SK, 
Makowski RJ, Morris B ,  Oibson 00. 
1 984. Multiple forms of hepatic cyto­
chrome P-4S0: purification, character­
ization and comparison of a novel 
clofibrate-induced isozyme with other 
major forms of cytochrome P-450. Eur. 
J. Biochem. 1 39:235-46 

25. Yamamoto S, Kusunose E, Ogita K ,  
Kaku M ,  lchihara K ,  Kusunose M .  
1 984. Isolation o f  cytochrome P-450 
highly active in prostaglandin w-hy­
droxylation from lung microsomes of 
rabbits treated with progesterone. J. 
Biochem. 96:593-603 

26. Imaoka S, Funae Y. 1986. Purification 
and NH2-terminal sequence of cyto­
chrome P-4S0 from kidney microsomes 
of untreated male rats . Biuchem. 
Biophys. Res. Commun. 1 4 1 : 7 1 1-17 

27.  Kikuta Y, Kusunose E ,  Matsubara S, 
Funae Y, Imaoka S,  et al .  1 989. 
Purification and characterization of he­
patic microsomal prostaglandin w-hy­
droxylase cytochrome P-450 from preg­
nant rabbits. J. Biuchem. 106:468-73 

28 . White RE, McCarthy M-B, Egeberg 
KD , Sligar SO. 1984. Regioselectivity 
in the cytochrome P-450: control by 
protein constraints and by chemical 
reactivities. Arch. Biochem. Biophys. 
228:493-502 

29. FiIipovic D, Paulsen MD, Loida PI, 
Sligar SO, Ornstein RL. 1992. Ethyl­
benzene hydroxylation by cytochrome 
P,450cam. Biochem. Biophys. Res. 
Commun. 1 89:488-95 

30. Atkins WM, Sligar SO. 1988 . The 
role of active site hydrogen bonding 
in cytochrome P-450cam as revealed 
by site-directed mutagenesis . J. BioI. 
Chern. 263 : 1 8842-49 

3 1 .  Atkins WM, Sligar SO. 1 988. Deute­
rium isotope effects in norcamphor 
metabolism by cytochrome P-450cam: 
kinetic evidence for the two-electron 
reduction of a high-valent iron-oxo 
intermediate. Biochemistry 27: 1 6 1 0-- 1 6  

3 2 .  Waxman DJ . 1 988 . Interactions of 
hepatic cytochromes P-450 with steroid 
honnones: regiuselectivity and stereo­
specificity of steroid metabolism and 
hormonal regulation of rat P-450 en­
zyme expression. Biochem. Pharmacol. 
37:7 1-84 

33. Ouengerich FP, Dannan OA, Wright 
ST, Martin MV, Kaminsky LS. 1 982. 
Purification and characterization of 
liver microsomal cytochromes P-450: 
electrophoretic, spectral, catalytic, and 
immunochemical pruperties ant! induc­
ibility of eight isozymes isolated from 
rats treated with phenobarbital or 13-
naphthoflavone. Biochemistry 2 1  :6019-
30 

34. Cheng K-L, Schenkman JB. 1 983. 
Testosterone metabolism by cyto­
chrome P-450 isoenzymes RLM 3 and 
RLMs and by microsomes . J. BioI. 
Chem. 258: 1 1738-44 

35.  Ryan DE, Iida S, Wood AW, Thomas 
PE, Lieber CS , Levin W. 1 984. Char­
acterization of three highly purified 
cytochrome P-450 from hepatic micro­
somes of adult male rats. J. BioI. 
Chem. 259: 1 239-50 

36. Waxman DJ. 1 984, Rat hepatic cyto­
chrome P-450 isoenzyme 2c: identifi­
cation as a male-specific, devel­
opmentally induced steroid 1 6ct­
h ydrox y l ase and comparison to a 
female-specific cytochrome P-450 iso­
enzyme . J. Bioi. Chem. 259: 1548 1-90 

37 , Funae Y, Imaoka S. 1987. Purification 
and characterization of liver micro­
somal cytochrome P-450 from untreated 
male rats. Biochim. Biophys. Acta 926: 
349-58 

38. Matsumoto T, Emi Y, Kawabata S ,  
Omura T .  1986. Purification and char­
acterization of three male-specific and 
one female-specific forms of cyto­
chrome P-4S0 frum rat liver micro­
somes. J. Biochem. 100: 1 359-7 1 

39. Ryan DE, Thomas PE, Levin W .  1 980. 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

4.
34

:2
51

-2
79

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



REGIOCHEMISTRY OF CYTOCHROMES P450 27 1 

Hepatic microsomal cytochrome P-450 
from rats treated with isosafrole. J. 
BioI. Chem. 255:7941-55 

40. Koop DR, Persson AV, Coon MJ. 
1 98 1 .  Properties of electrophoretic ally 
homogeneous constitutive forms of 
liver microsomal cytochrome P-450. J. 
BioI. Chem. 256: 1 0704- 1 1  

4 1 .  Nagata K ,  Gonzalez FJ, Yamazoe Y, 
Kato R. 1990. Purification and char­
acterization of four catalytically active 
testosterone 6[3-hydroxylase P-450s 
from rat liver microsomes: comparison 
of a novel form with three structurally 
and functionally related forms. J. Bio­
chem. 107:7 1 8-25 

42. Halvorson M, Greenway D, Eberhart 
D, Fitzgerald K, Parkinson A .  1990. 
Reconstitution of testosterone oxidation 
by purified rat cytochrome P450p 
(IlIAI).  Arch. Biochem. Biophys. 277:-
1 66-80 

43 . Imaoka S, Terano Y ,  Funae Y. 1 988.  
Constitutive testosterone 6[3-hy­
droxylase in rat liver. J. Biochem. 104: 
481-87 

44. Kawano S ,  Kamataki T, Yasumori T, 
Yamazoe Y, Kato R .  1 987. Purification 
of human liver cytochrome P-450 cat­
alyzing testosterone 6(3-hydroxylation. 
J. Biochem. 102:493-501 

45 . Komori M, Hashizume T, Ohi H, 
Miura T, Kitada M, et al. 1988. 
Cytochrome P-450 in human liver mi­
crosomes: high-performance liquid 
chromatographic isolation of three 
forms and their characterization. 1. 
Biochem. 104:9 1 2-16 

46.  Wrighton SA, Ring BJ, Watkins PB, 
Vandenbranden M .  1989. Identifica­
tion of a polymorphically expressed 
member of the human cytochrome P-
450III family. Mol. Pharmacal. 36: 
97- 105 

47 . Yamada H ,  Honda S, Oguri K ,  
Yoshimura H .  1 989 . A rabbit liver 
constitutive form of cytochrome P450 
responsible for amphetamine deamina­
tion. Arch. Biochem. Biophys. 273:26-
33 

48. Dalet-Beluche I ,  Boulenc X, Fabre G, 
Maurel P ,  Bonfils C .  1 992. Purification 
of two cytochrome P450 isozymes 
related to CYP2A and CYP3A gene 
families from monkey (baboon, Papio 
papio) liver microsomes. Cross reac­
tivity with human forms . Eur. 1. Bio­
chem. 204:641-48 

49. Ryan DE, Thomas PE, Korzeniowski 
D, Levin W. 1979. Separation and 
characterization of highly purified 
forms of liver microsomal cytochrome 
P-450 from rats treated with polychlo-

rinatcd biphenyls, phenobarbital, and 
3-methylcholanthrene. J. Bioi. Chem. 
254 : 1 365-74 

50. Nagata K, Matsunaga T, Gillette J,  
Gelboin HV, Gonzalez FJ. 1987.  Rat 
testosterone 7a-hydroxylase. Isolation, 
sequence, and expression of cDNA and 
its developmental regulation and induc­
tion by 3-methyIcholanthrene . 1. Bioi. 
Chem. 262:2787-93 

5 1 .  Koga N, Ariyoshi N, Nakashima 
H, Yoshimura H. 1990. Purification 
and characterization of two forms 
of 2,3,4,7,8-pentachlorodibenzofuran­
inducible cytochrome P-450 in ham­
ster liver. J. Biochem. 107: 826-33 

52. Jansson I, Mole J, Schenkman lB. 
1985. Purification and characterization 
of a new form (RLM2) of liver mi­
crosomal cytochrome P-450 from un­
treated rat. J. Bioi. Chem. 260:7084-93 

53. Matsunaga T, Nagata K, Holsztynska 
EJ, Lapenson DP, Smith A, et al. 
1988. Gene conversion and differential 
regulation in the rat P-450 IIA gene 
subfamily. Purification, catalytic activ­
ity, cDNA and deduced amino acid 
sequence, and regulation of an adult 
male-specific hepatic testosterone 1 5a­
hydroxylase. J. Bioi. Chem. 263: 
17995-8002 

54. Lange R, Perin F, Larroque C, Zajdela 
F. 1990. Isolation and partial charac­
terization of a cytochrome P-450 iso­
enzyme (cytochrome P-450tu) from 
mouse liver tumors . Biochim. Biophys. 
Acta 1038: 1 30-35 

55.  Imaoka S, Terano Y, Funae Y. 1 987. 
Purification and characterization of two 
constitutive cytochromes P-450 (F- l 
and F-2) from adult female rats: iden­
tification of P-450F- 1 as the pheno­
barbital-inducible cytochrome P-450 in 
male rat liver. Biochim. Biophys . Acta 
91 6:358-67 

56. Ding X, Coon MJ . 1988. Purification 
and characterization of two unique 
forms of cytochrome P-450 from rabbit 
nasal microsomcs. Biochemistry 27: 
83 30-37 

57. Wood AW, Ryan DE, Thomas PE, 
Levin W. 1 983. Regio- and stereoselec­
tive metabolism of two C I 9 steroids 
by five highly purified and reconstituted 
rat hepatic cytochrome P-450 isozymes. 
1. BioL. Chem . 258:8839-47 

5 8 .  Waxman OJ, Ko A, Walsh C. 1 983. 
Regioselectivity and stereoselectivity of 
androgen hydroxylations catalyzed by 
cytochrome P-450 isozymes purified 
from phenobarbital-induced rat liver. 
J. BioI. Chem. 258 : 1 1 937-47 

59. Bornheim LM, Correia MA .  1 989. 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

4.
34

:2
51

-2
79

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



272 OGURI, YAMADA & YOSHIMURA 

Purification and characterization of a 
mouse liver cytochrome P-450 induced 
by cannabidiol. Mol. Pharmacal. 36: 
377-83 

60. Komori M. Shimada H. Miura T. 
Kamataki T. 1989. Interspecies homol­
ogy of liver microsomal cytochrome 
P-450. A form of dog cytochrome 
P-450 (P-450-D-I)  crossreactive with 
antibodies to rat P-450-male. Biochem . 
Pharmacal. 38:235-40 

61 . Bornheim LM, Correia MA. 1 99 1 .  
Purification and characterization of the 
major hepatiC cannabinoid hydroxylase 
in the mouse: a possible member of 
the cytochrome P-450IIC subfamily . 
Mol. Pharmacal. 40:228-34 

62. Oguri K, Kaneko H, Tanimoto Y ,  
Yamada H,  Yoshimura H .  199 1 .  A 
constitutive form of guinea pig liver 
cytochrome P450 closely related to 
phenobarbital inducible P450b(e). Arch. 
Biochem. Biophys. 287 : 1 05- 1 1  

63. Ohmori S,  Shirakawa C, Motohashi 
K, Yoshida H, Abe H, et al. 1993. 
Purification from liver microsomes 
from untreated cynomolgus monkeys 
of cytochrome P450 closely related to 
human cytochrome P450 2B6. Mol. 
Pharmacal. 43: 183-90 

64. Ohi H ,  Toratani S ,  Komori M, Miura 
T, Kitada M .  Kamataki T. 1989. 
Comparative study of cytochrome P-
450 in liver microsomes. A form of 
monkey cytochrome P-450, P-450-MK­
I .  immunochemically cross-reactive 
with antibodies to rat P-450-male. Bio­
chem. Pharmacol. 38:361-65 

65. Nakajin S, Shinoda M, Hall PF. 1986. 
Purification to homogeneity of 
aromatase from human placenta. 
Biochem. Biophys. Res. Commun. 134: 
704--1 0  

66. Tan L, Muto N .  1986. Purification 
and reconstitution properties of human 
aromatase. A cytochrome P-450-type 
monooxygenase . Eur. J. Biochem. 156: 
243-50 

67. Duignan DB, Sipes IG, Leonard TB, 
Halpert JR. 1987. Purification and 
characterization of the dog hepatic 
cytochrome P-450 isozyme responsible 
for the metabolism of 2,2' ,4,4' ,5,5'­
hexachlorobiphenyl. Arch. Biochem. 
Biophys. 255:290-303 

68. Dieter HH, Muller-Eberhard U, John­
son EF. 1982. Identification of rabbit 
microsomal cytochrome P-450 iso­
zyme, form 1 ,  as a hepatic progesterone 
2 1 -hydroxylase . Biochem. Biophys. 
Res. Commun . 105:5 1 5-20 

69. Swinney DC, Ryan DE, Thomas PE, 
Levin W. 1987. Regioselective proges-

terone hydroxylation catalyzed by 
eleven rat hepatic cytochrome P-450 
isozymes. Biochemistry 26:7073-83 

70. Watanabe K, Takanashi K, Imaoka S,  
Funae Y. Kawano S, et  al .  1 99 1 .  
Comparison of cytochrome P-450 spe­
cies which catalyze the hydroxylations 
of the aromatic ring of estradiol and 
estradiol 1 7-sulfate . J. Steroid 
Biochem. Mol. Bioi. 38:737-43 

7 1 .  Sugita 0, Sassa S ,  Miyairi S ,  Fishman 
J, Kubota I, et a1. 1988. Cytochrome 
P-450c-MlF, a new form of microsomal 
cytochrome P-450 in male and female 
rat liver with estrogen 2- and 16!X­
hydroxylase activity . Biochemistry 27: 
678-86 

72. Niwaguchi T, Inoue T, Suzuki S .  1982. 
The metabolism of I -phenyl-2-(N­
methyl-N-benzylamino)propane 
(benzphetamine) in vivo in the rat. 
Xenobiotica 12:617-25 

73. Inoue T, Suzuki S, Niwaguchi T. 1983. 
The metabolism of 1-phenyl-2-(N­
methyl-N-benzylamino)propane (benz­
phetamine) in vitro in rat. Xenobiotica 
1 3:241-49 

74. Deleted in proof 
75. Morohashi K, Sadano H ,  Okada Y,  

Omura T. 1983. Position specificity in 
n-hexane hydroxylation by two forms 
of cytochrome P450 in rat liver mi­
crosomcs. J. Biochem. 93:413-19 

76. Toftgard R,  Haaparanta T, Eng L, 
Halpert J .  1986. Rat lung and liver 
microsomal cytochrome P-450 iso­
zymes involved in the hydroxylation 
of n-hexane. Biochem. Pharmacol. 35: 
3733-38 

77. Liebler DC, Guengerich FP. 1 983.  
Olefin oxidation by cytochrome P-450: 
evidence for group migration in cata­
lytic intermediates formed with vinyl­
idene chloride and trans-l -phenyl­
I-butene. Biochemistry 22:5482-89 

78. Waxman OJ , Walsh C. 1982. Pheno­
barbital-induced rat liver cytochrome 
P-450. J. Bioi. Chem. 257:10446-57 

79. Waxman DJ, Walsh C. 1 983.  Cyto­
chrome P-450 isozyme 1 from pheno­
barbital-induced rat liver: purification, 
characterization, and interactions with 
metyrapone and cytochrome bs. Bio­
chemistry 22:4846-55 

80. Deleted in proof 
8 1 .  Rettie AE, Rettenmeier A W ,  Howald 

WN, Baillie TA. 1987. Cytoshrome 
P-450-catalyzed formation of A -VPA, 
a toxic metabolite of valproic acid. 
Science 235:890-93 

82. Fasco MJ , Vatsis KP, Kaminsky LS , 
Coon MJ. 1 978. Regioselective and 
stereoselective hydroxylation of R and 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

4.
34

:2
51

-2
79

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



REGIOCHEMISTRY OF CYTOCHROMES P450 273 

S warfarin by different forms of pu­
rified cytochrome P-450 from rabbit 
liver. J. BioI. Chem. 253:781 3-20 

83. Kaminsky LS, Fasco MJ, Guengerich 
FP. 1980. Comparison of different 
forms of purified cytochrome P-450 
from rat liver by immunological inhi­
bition of regio- and stereoselective 
metabolism of warfarin. 1. BioI. Chem. 
255:85-91 

84. Muller-Enoch D, Buttgen E, Non­
nenmacher A. 1985 . Regioselective 
O-demethylation of scoparone: differ­
entiation between rat liver cytochrome 
P-450 isozymes. Z. Naturforsch . Tei! 
C 40: 682-84 

85. Gupta RP, Lapadula DM, Abou-Donia 
MB. 1 990. Purification and character­
ization from �-naphthoflavone-induced 
adult hen liver. Arch. Biochem. Bio­
phys. 282 : 1 70-82 

86. McCoy GD , DeMarco GJ, Koop DR. 
1989. Microsomal nicotine metabolism: 
a comparison uf reactivities uf six 
purified rabbit cytochrome P-450 iso­
zymes. Biochem. Pharmacol. 38: 1 1 85-
88 

87. Tanimoto Y, Kaneko H, Ohkuma T, 
Oguri K, Yoshimura H.  1 99 1 . Site­
selective oxidation of strychnine by 
phenobarbital inducible cytochrome P-
450. 1. Pharmacobiol. -Dyn. 14: 1 61-69 

88. Williams DE, Reed RL, Kedzierski B,  
Danna G A ,  Guengerich FP, Buhler 
DR. 1989. Bioactivation and detoxica­
tion of the pyrrolizidine alkaloid 
senecionine by cytochrome P-450 en­
zymes in rat liver. Drug Metab. Dispos . 
1 7 :387-92 

89. McManus ME, Miners JO, Gregor D, 
Stupans I, Birkett OJ. 1988. Theophyl­
line metabolism by human, rabbit and 
rat liver microsomes and by purified 
forms of cytochrome P450. J. Pharm. 
Pharmacol. 40:388-9 1 

90. Narimatsu S, Watanabe K, Matsunaga 
T, Yamamoto I, Imaoka S, et al. 1990. 
Cytochrome P-4S0 iso�mes in meta­
bolic activation of .i -tetrahydrocan­
nabinol by rat liver microsomes. Drug 
Metab. Dispos. 18:943-48 

91 . Bomheim LM, Correia MA. 1991 . 
Purification and characterization uf the 
major hepatic cannabinoid hydroxylase 
in the mouse: a possible member of 
the cytochrome p-450rrC subfamily. 
Mol. Pharmacol. 40:228-34 

92. Bomheim LM, Lasker JM, Rauey JL. 
1992. Human h�patic microsomal me­
tabolism of a -tetrahydrocannabinol. 
Drug Metab . Dispos. 20:241-46 

93. Imaoka S, Inoue K, Funae Y. 1988. 
Aminopyrine metabolism by multiple 

forms of cytochrome P-450 from rat 
liver microsomes; simultaneous quan­
titation of four aminopyrine metabolites 
by high-performance liquid chromatog­
raphy. Arch. Biochem. Biophys. 265 : 
159-70 

94. Buppodom P, Koga N, Yamada H,  
Yoshimura H. 1986. Studies on rat 
liver cytochrome P-450s involved in 
the metabolism of antipyrine: pheno­
barbital- and 3-methylcholanthene-in­
ducible isozymes possessing 4-hy­
druxy1ase activity. Biochem. Pharma­
col. 35:1404-6 

95 . Fujita S, Umeda S ,  Funae y, Imaoka 
S, Abe H, et a!. 1993 . Regio- and 
stereoselective propranolol metabolism 
by 15 forms of purified cytochromes 
P-450 from rat liver. J. Pharmacol.  
Exp . Ther. 264:226-33 

96. Larrey 0, Distlerath LM, Dannan GA, 
Wilkinson GR, Guengerich FP. 1 984. 
Purification and characterization of the 
rat liver microsomal cytochrome P-4S0 
involved in the 4-hydroxylation of de­
brisoquine, a prototype for genetic 
variation in oxidative drug metabolism. 
Biochemistry 23:2787-95 

97. Gut J, Catin T ,  Dayer P, Kronbach 
T, Zanger V, Meyer VA. 1 986. 
Debrisoquine/sparteine-type polymor­
phism of drug oxidation. Purification 
and characterization of two function­
ally different human liver cytochrome 
P-4S0 isozymes involved in impaired 
hydroxylation of the prototype sub­
strate bufuralol. 1. BioI. Chem. 26 1 :  
1 1 734-43 

98. Gut J, Meier VT, Catin T, Meyer VA. 
1986. Mcphenitoin-type polymorphism 
of drug oxidation: purification and 
characterization of a human liver cy­
tochrome P-4S0 isozyme catalyzing mi­
crosomal mephenytoin hydroxylation. 
Biochim. Biophys . Acta 884:435-47 

99. Shimada T, Misono KS, Guengerich 
FP. 1986. Human liver microsomal 
cytochrome P-450 mephenytoin 4-hy­
droxylase , a prototype of genetic 
polymorphism in oxidative drug me­
tabolism. Purification and characteriza­
tion of two similar forms involved in 
the reaction. J. Bioi. Chem. 26 1 :909-

2 1  
100. Yasumori T ,  Chen L, Nagata K ,  

Yamazoe Y ,  Kato R. 1993. Species 
differences in stereoselective metabo­
lism of mephenytoin by cytochrome 
P450 (CYP2C and CYP3A). J. Phar­
macol. Exp. Ther. 264: 89-94 

101 . Oda Y ,  Imaoka S,  Nakahira Y ,  Asada 
A, Fujimori M, et al. 1989. Metabo­
lism of lidocaine by purified rat liver 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

4.
34

:2
51

-2
79

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



274 OGURI, YAMADA & YOSHIMURA 

microsomal cytochrome P-450 iso­
zymes. B;ochem. Pharmacal. 38:4439-
44 

1 02. Imaoka S, Enomoto K, Oda Y, Asada 
A, Fujimori M, et al. 1990. Lidocaine 
metabolism by human cytochrome P-
450s purified from hepatic microsomes: 
comparison of those with rat hepatic 
cytochrome P-450s. J. Pharmacal. 
Exp. Ther. 255 : 1385-990 

103. Guengerich FP, Muller-Enoch 0, B lair 
IA. 1 986. Oxidation of quinidine by 
human liver cytochrome P-450. Mol. 
Pharmacal. 30:287-95 

104. Bertault-Peres P, Bonfils C, Fabre G, 
Just S, Cano J-P, Maurel P. 1987. 
Metabolism of cyclosporin A. II. Im­
plication of the macrolide antibiotic 
inducible cytochrome P-450 3e from 
rabbit liver microsomes. Drug Merab. 
Dispos. 15:391-98 

105. Potter OW, Levin W, Ryan DE, 
Thomas PE, Reed Dl. 1 984. Stereo­
selective monooxygenation of car­
cinostatic 1 -(2-chloroethyl)-3-( cyclo­
hexyl)- I -nitrosourea and 1 - (2-chlo­
roethyl)-3-(trans-4-methylcyclohexyl)­
I -nitrosourea by purified cytochrome 
P-450 isozymes . Biochem. Pharmacal. 
33:609-13 

106.  Shayiq RM, Avadhani NG. 1989. Pu­
rification and characterization of a he­
patic mitochondrial cytochrome P-450 
active in aflatoxin B I metabolism . Bio­
chemistry 28:7546--54 

107. Kamataki T, Maeda K, Yamazoe Y, 
Matsuda N, Ishii K, Kato R .  1 983. 
A high-spin form of cytochrome P-450 
highly purified from polychlorinated 
biphenyl-treated rats . Catalytic charac­
terization and immunochemical quan­
titation in liver microsomes. Mol. Phar­
macal. 24 : 146--55 

108. van Bladeren PJ, Armstrong RN, Cobb 
D, Thakker DR, Ryan DE, et al. 1 982. 
Steteroselective formation ofbenz[a]an­
thracene (T )-(5S ,6R)-oxide and (T)­
(8R,9S)-oxide by a highly purified and 
reconstituted system containing cyto­
chrome P-450c. Biochem. Biophys. 
Res. Commun. 1 06:602-9 

109. Vyas KP, van B laderen PI, Thakker 
DR, Yagi H, Sayer 1M, et al. 1983.  
Regioselectivity and stereoselectivity in 
the metabolism of trans- l ,2-dihydroxy-
1 ,2-dihydrobenz[ajanthracene by rat 
liver microsomes. Mol. Pharmacal. 
24: 1 15-23 

1 10.  Thakker DR, Levin W ,  Yagi H, Tada 
M, Ryan DE, et at. 1982 . Stereoselec­
tive metabolism of the (+)- and (-)­
enantiomers of trans-3,4-dihydroxy-
3 ,4-dihydrobenz[a]anthracene by rat 

liver microsumes and by a purified 
and reconstituted cytochrome P-4S0 
system. J. Bioi. Chern. 257:5103-10 

I l l . Yang SK, Chou MW, Fu PP, Wislocki 
PG, Lu AHY. 1982. Epoxidation re­
actions catalyzed by rat liver cyto­
chromes P-450 and P-448 occur at 
different faces of the 8,9-double bond 
of 8-methylbenz[alanthracene . Proc. 
Natl. Acad. Sci. USA 79:6802-6 

1 12. Wilson NM, Cllristou M ,  Turner CR, 
Wrighton SA, lefcoate CR. 1 984. 
Binding and metabolism of benzo[a)py­
rene and 7, 12-dimethylbenz[a]anthra­
cene by seven purified forms of 
cytochrome P-450. Carcinogenesis 5:  
1475-83 

1 1 3 .  van Bladeren PI, Balani SK, Sayer 
1M, Thakker DR, Boyd DR, ct a!. 
1987. Stereoselective formation of 
benzo(c)phenanthrene (+ )-(3S, 4R) and 
(+ )-(5S, 6R)-oxides by cytochrome 
P450c in a highly purified and recun­
stituted system. Biochem. Biophys. 
Res. Commun.  145 : 1 60-67 

1 1 4. Thakker DR, Levin W, Vagi H, Yeh 
HJe, Ryan DE , et al . 1986. Stereo-selec­
tive metabolism of the (+ )-(S,S)- and 
(-)-(R,R)-enantiomers of trans-3,4-dihy­
druxy-3, 4-dihydrobenzu[ c ]phenantbrene 
by rat and mouse liver microsomes and 
by a purified and reconstituted cyto­
chrome P-450 system. J. Bioi. Chem. 
261 :5404-1 3  

1 15 .  Kwon H,  Sahali Y,  Skipper PL, Tan­
nenbaum SR. 1 992. Oxidation of cy­
c!openta[cdjpyrene by human and 
mouse liver microsomes and selected 
cytochrome P450 enzymes . Chem. Res. 
Toxicol. 5:760--64 

1 16 .  Gozukara EM, Guengerieh FP, Miller 
H, Gelboin HV. 1982. Different pat­
terns of benzo[a]pyrene metabolism of 
purified cytochrome P-450 from meth­
ylcholanthrene , J3-naphthoflavone and 
phenobarbital treated rats. Carcinogen­
esis 3: 1 29-33 

1 1 7 .  Sagami I ,  Ohmachi T, Fujii H ,  
Watanabe M .  1987. Benzo[a]pyrene 
metabolism by purified cytuchrome P-
450 from 3-methylcho]anthrene-treated 
rats. Xenobiotica 1 7 : 1 89-98 

1 1 8 .  Howard PC, Reed KA, Koop DR. 
1988. Oxidative metabolism of 1 -nitro­
pyrene by rabbit liver microsomes and 
purified microsomal cytochrome P-450 
isozymes. Cancer Res. 48:4261-65 

1 19.  Hammons GJ, Guengerich FP, Weis 
CC, Beland FA, Kadlubar FF. 1 985.  
Metabolic oxidation of carcinogenic 
arylamines by rat, dog , and human 
hepatic microsomes and by purified 
flavin-containing monooxygenase and 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

4.
34

:2
51

-2
79

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



REGIOCHEMISTRY OF CYTOCHROMES P450 275 

cytochrome PA50 monooxygenases. 
Cancer Res. 45:3578-85 

1 20.  Angstrom A, Depierre lW. 1985. Me­
tabolism of 2-acetylaminofluorene by 
eight different fonns of cytochrome 
P-450 isolated from rat liver. Carci­
nogenesis 6: 1 1 3-20 

1 2 1 .  Butler MA, Guengerich FP, Kadlubar 
FF. 1989. Metabolic oxidation of the 
carcinogen 4-aminobiphenyl and 
4,4' -methylene-bis(2-chloroaniline) by 
human hepatic microsomes and by 
purified rat hepatic cytochrome P-450 
monooxygenases. Cancer Res. 49:25-
3 1  

1 2 2 .  Wallin H ,  Mikalsen A ,  Guengerich 
FP, Ingelman-Sundberg M, Solberg 
KE, et a!. 1990. Different rates of 
metabolic activation and detoxication 
of the food mutagen 2-amino- 1-methyl-
6-phenylimidazo[4,5-b]pyridine by dif­
ferent cytochrome P450 enzymes. 
Carcinogenesis 1 1 :489-92 

123 .  Prough RA, Brown MI,  Dannan GA, 
Guengerich FP. 1 984. Major iso­
zymes of rat liver microsomal cy­
tochrome PASO involved in the N-oxi­
dation of N-isopropyl-a-(2-methyl­
azo)-p-toluamide, the azo derivative 
of procarbazine. Cancer Res. 44:543-
48 

1 24.  Kikuta Y, Kusunose E, Okumoto T, 
Kubota I, Kusunose M .  1 990. Puri­
fication and characterization of two 
fonns of cytochrome P-4S0 with w­
hydroxylase activities toward prosta­
glandin A and fatty acids from rabbit 
liver microsomes. J. Biochem. 107: 
280-86 

1 25 .  Imaoka S, Nagashima K, Funae Y. 
1990. Characterization of three cyto­
chrome P450s purified from renal mi­
crosomes of untreated male rats and 
comparison with human renal cyto­
chrome P450. Arch. Biochem. Biophys. 
276:473-80 

1 26. Tanaka S ,  Imaoka S, Kusunose E ,  
Kusunose M ,  Maekawa M, Funae Y .  
1 990. w - and (w-1 )-hydroxylation of 
arachidonic acid, lauric acid and pros­
taglandin A I by multiple fonns of 
cytochrome P-450 purified from rat 
hepatic microsomes. Bioehirn. Biophys. 
Acta 1043 : 1 77-81 

1 2 7 .  Imaoka S, Tanaka S, Funae Y. 1 989. 
w- and (w-l)-Hydroxylation of lauric 
acid and arachidonic acid by rat renal 
cytochrome P-450. Biochem. Int. 18:  
73 1-40 

1 28 .  Falck JR, Lumin S, Blair I, Dishman 
E, Martin MV, et al. 1 990. Cytochrome 
P-4S0-dependent oxidation of arachido­
nic acid to 16-,  17-,  and 1 8-hydroxy-

eicosatetraenoic acids. J. Bioi. Chern. 
265: 10244-49 

129. Capdevila JH, Karara A, Waxman DJ, 
Martin MV, Falck JR, et a!. 1 990. 
Cytochrome P-450 enzyme-specific 
control of the regio- and enantiofacial 
selectivity of the microsomal arachido­
nic acid epoxygenase. f. Bioi. Chem. 
265 : 10865-7 1 

1 30. Laethem RM, Laethem CL, Koop DR. 
1992. Purification and properties of a 
cytochrome P450 arachidonic acid 
epoxygenase from rabbit renal cortex . 
f. Bioi. Chem. 267:5552-59 

1 3 1 .  Laniado-Schwartzman M, Davis KL, 
McGiff IC, Levere RD, Abraham 
NG. 1988. Purification and charac­
terization of cytochrome P-450-depen­
dent arachidonic acid epoxygenase from 
human liver. J. Bioi. Chern. 263: 
2536-42 

132.  Nakai K, Ward AM, Gannon M ,  
Rifkind AB . 1 992. (3-Naphthoflavone 
induction of a cytochrome P-450 arach­
idonic acid epoxygenase in chick 
embryo liver distinct from the aryl hy­
drocarbon hydroxylase and from phe­
nobarbital-induced arachidonate epox­
ygenase. J. Bioi. Chem. 267: 19503- 1 2  

1 3 3 .  Kupfer D ,  Jansson I ,  Favreau LV, 
Theoharides AD, Schenkman JB . 1988. 
Regioselective hydroxylation of pros­
taglandins by constitutive forms of 
cytochrome PASO from rat liver: for­
mation of a novel metabolite by a 
female-specific P-450. Arch. Biochem. 
Biophys. 261 : 1 86-95 

1 34. Kaminsky LS, Dannan GA, 
Guengerich FP. 1984. Composition of 
cytochrome P-450 isozymes from he­
patic microsomes of C57BLl6 and 
DBA/2 mice assessed by warfarin me­
tabolism, immunoinhibition, and im­
munoelectrophoresis with anti-(rat 
cytochrome P-450). Eur. f. Biochem. 
1 4 1 : 148 

1 35 .  Brian WR, Sari M-A, Iwasaki M, 
Shimada T, Kaminsky LS, Guengerich 
FP. 1990. Catalytic activities of human 
liver cytochrome P-450 IIIA4 expressed 
in Saccharomyces cerevisiae. Biochem­
istry 29: 1 1280-92 

1 36. Rettie AE, Korzekwa KR, Kunze KL, 
Lawrence RF, Eddy AC, et a1. 1 992. 
Hydroxylation of warfarin by human 
eDNA-expressed cytochrome P-450: a 
role for P-4502C9 in the etiology of 
(S)-warfarin-drug interaction .  Chem. 
Res. Toxieol, 5:54-59 

1 37 .  Kaminsky LS, Dunbar DA, Wang PP, 
Beaune P, Larrey D, et al . 1 984. 
Human hepatic cytochrome P-450 com­
position as probed by in vitro micro-

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

4.
34

:2
51

-2
79

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



276 OaURI , YAMADA & YOSHIMURA 

somal metabolism of warfarin. Drug 
Metab. Dispos. 12:470-77 

138. Beaune PH, Kremers PG, Kaminsky 
LS, De Graeve J, Albert A, Guengerich 
FP. 1986. Comparison of mono­
oxygenase activities and cytochrome 
P-450 isozyme concentrations in human 
liver microsomes. Drug Metab. Dispos. 
14:437--42 

1 39.  Jansing RL, Chao ES, Kaminsky 
LS. 1 992. Phase II metabolism of 
warfarin in primary culture of adult 
rat hepatocytes. Mol. Pharmacol. 41 :  
209-1 5  

140. Kaminsky L S ,  Dunbar D, Lawson W .  
1 99 1 .  Azidowarfarin as photoaffinity 
probe of cytochrome P450. Methods 
Enzymol. 206:57-63 

1 4 1 .  Obach RC, Spink DC, Chen N, Ka­
minsky LS. 1992. Azidowarfarin pho­
toaffinity probes of purified rat liver 
cytochrome P4501 A 1 . Arch. Biochem. 
Biophys. 294:215-22 

142. Kaminsky LS, Kennedy MW, Adams 
SM, Guengerich FP. 198 1 .  Metabolism 
of dichlorobiphenyls by highly purified 
isozymes of rat liver cytochrome P-450. 
Biochemistry 20:7379-84 

143. Lorr NA, Tu YY, Yang CS. 1982. 
The nature of nitrosamine denitrosation 
by rat liver microsomes. Carcinogen­
esis 3: 1039--43 

144. Yang CS, Tu YY, Koop DR, Coon 
MJ. 1985. Metabolism of nitrosoamines 
by purified rabbit liver cytochrome 
P-450 isozymes. Cancer Res. 45 : 1 140-
45 

145. Apple KE, Ruf HH, Mahr B, Schwarz 
M, Rickart R, Kunz W. 1979. Binding 
of nitrosamines to cytochrome P-450 
of liver microsomes. Chem.-Biol. In­
teract. 28: 17-33 

146. Ding X, Coon MJ. 1988. Cytochrome 
P-450-dependent formation of ethylene 
from N-nitrosoethylamines. Drug 
Metab. Dispos. 16:165-269 

147. Kamataki T, Lee Lin MCM, Bel­
cher DH, Neal RA. 1976. Studies 
of the metabolism of parathione 
with an apparently homogeneous prep­
aration of rabbit liver cytochrome 
P-450. Drug Metab. Dispos. 4: 1 80-
89 

148.  Guengerich FP. 1977. Separation and 
purification of multiple forms of mi­
crosomal cytochrome P-450. Activities 
of different forms of cytochrome P-450 
towards several compounds of environ­
mental interest. J. BioI. Chem. 252: 
3970-79 

149. Lewis DFV, Ioannides C, Parke DV. 
1986. Molecular dimensions of the 
substrate binding site of cytochrome 

P-448. Biochem. Pharmacol. 35:2179-
85 

150. Lewis DFV, Ioannides C ,  Parke DV. 
1987. Structural requirements for sub­
strates of cytochrome P-450 and P-448. 
Chem.-Biol. Interact. 64:39-60 

1 5 1 .  Lewis DFV, Ioannides C,  Parke DV. 
1989. Molecular orbital studies of ox­
ygen activation and mechanism of cy­
tochromes P-450-mediated oxidative 
metabolism of xenobiotics. Chem.­
Bioi. Interact. 70:263-80 

1 52. Ishida C, Koga N ,  Hanioka N ,  Saeki 
HK, Yoshimura H. 199 1 .  Metabolism 
in vitro of 3 ,4,3 ' ,4'- and 2,5,2' ,5'­
tetrachlorobiphenyl by rat liver micro­
somes and highly purified cytochrome 
P-450. 1. Pharmacobiol. -Dyn. 1 4:276-
84 

153. Jerina DM, Michaud DP, Feldman RJ, 
Armstrong R N ,  Vyas KP, e t  al. 1982. 
Stereochemical modeling of the cat­
alytic site of cytochrome P-45Oc . In 
Microsomes, Drug Oxidations, and 
Drug Toxicity, ed. R. Sato, R Kato, 
pp. 195-201 .  Tokyo: Jpn. Sci. Soc. 
Press 

154. van Bladeren PI, Vyas KP, Sayer 1M, 
Ryan DE, Thomas PE, et a1 .  1984. 
Stereoselectivity of cytochrome P-450c 
in the formation of naphthalene and 
anthracene 1 ,2-oxide. J. Bioi. Chern. 
259:8966-73 

155.  Thakker DR, Boehlert C, Mirsadeghi 
S, Levin W, Ryan DE, et al. 1988. 
Differential stereoselectivity on metab­
olism of triphenylene by cytochrome 
P-450 in liver microsomes from 3-
methylcholanthrene- and phenobarbital­
treated rats. J. Bioi. Chem. 263:98- 1 05 

156. Imai y, Iizuka T, Ishimura T. 1982. 
Interaction of polycyclic hydrocarbons 
with cytochrome P-450. II. Flash pho­
tolysis studies on various hydrocarbon­
bound P-448l CO compounds. J. Bio­
chern. 92:67-75 

157. Imai Y. 1982. Interaction of polycyclic 
hydrocarbons with cytochrome P-450. 
III. Effects of hydrocarbon binding on 
the interaction of some ligands with 
P-448l heme. J. Biochern. 92:77-88 

158.  Augusto 0, Kunze KL, Ortiz de Mon­
tellano PRo 1982. N-Phenylproto­
porphirin IX formation in the 
hemoglobin-phenylhydrazine reaction. 
J. Bioi. Chern. 257:623 1--41 

159. Swanson BA, Dutton DR, Lunetta JM, 
Yang CS , Ortiz de Montellano PR. 
199 1 .  The active sites of cytochrome 
P450IAI ,  IIB I ,  IIB2, and IIE 1 .  To­
pological analysis by in situ rearrange­
ment of phenyl-iron complexes. J. Bioi. 
Chem. 266:1 9258-64 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

4.
34

:2
51

-2
79

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



REGIOCHEMISTRY OF CYTOCHROMES P450 277 

160. Swanson BA, Halpert JR, Bornheim 
LM, Ortiz de Montellano PRo 1992. 
Topological analysis of the active sites 
of cytochromes P450lIB4 (rabbit) , 
P450IIB lO (mouse), and P450IIB l l  
(dog) by in situ rearrangement of 
phenyl-iron complexes. Arch. Biochem. 
Biophys. 292:42-46 

161 . Tuck SF, Peterson JA, Ortiz de 
Montellano PRo 1992. Active site to­
pologies of bacterial cytochromes 
P4501 0 1  (P450cam), P450108 
(P450terp), and P450102 (P450BM.3). 
In situ rearrangement of their phenyl­
iron complexes. 1. BioI. Chern. 267: 
5614-20 

162. Poulos TL, Finzel BC, Howard AJ. 
1987. High-resolution crystal structure 
of cytochrome P450cam. 1. Mol. BioI. 
195:687-700 

163. Tuck SF, Graham-Lorence S, Peterson 
JA, Ortiz de Montellano PR. 1993. 
Active site of the cytochrome P450cam 
(CYPIOI) F87W and F87A mutants. 
Evidence for significant structural 
reorganization without alteration of 
catalytic regiospecificity. 1. BioI. Chern. 
268:269-75 

1 64. Wolff T, Distlerath LM, Worthington 
MT, Groopman J, Hammons GJ, et 
al. 1985. Substrate specificity of human 
liver cytochrome P-450 debrisoquine 
4-hydroxylase probed using immu­
nochemical inhibition and chemical 
modeling. Cancer Res. 45:21 16-22 

1 65 .  Guengerich FP, Distlerath LM, Reilly 
PEB, Wolff T, Shimada T, et al. 1986. 
Human liver cytochromes P-450 in­
volved in polymorphisms of drug ox­
idation. Xenobiotica 16:367-78 

166. Meyer UA, Gut J, Kronbach T, Skoda 
C, Meier UT, et at. 1986. The mo­
lecular mechanisms of two common 
polymorphisms of drug oxidation--ev­
idence for functional changes in cyto­
chrome P-450 isozymes catalyzing bu­
furalol and mephenytoin oxidation. 
Xenobiotica 16:449-64 

167. Smith DA, Jones Be. 1992. Specula­
tions on the substrate structure-activity 
relationship (SSAR) of cytochrome 
P450 enzymes. Biochem. Pharmacol. 
44:2089-98 

168. Koymans L, Vermeulen NPE, van 
Acker ABE, te Koppele JM, Heykants 
HP, et al. 1992. A predictive model 
for substrates of cytochrome P-450-
debrisoquine (2D6). Chern. Res. Tox­
icol. 5:21 1-19 

169. Islam SA, Wolf CR, Lennard MS, 
Sternberg MJE. 199 1 .  A three dimen­
sional molecular template for substrates 
of human cytochrome P450 involved 

in debrisoquine 4-hydroxylation. Car­
cinogenesis 12:22 1 1-19 

170. Lewis DFV. 1987. Quantitative struc­
ture-activity relationships in a series of 
alcohols exhibiting inhibition of cyto­
chrome P-450-mediated aniline hydrox­
ylation. Chem.-Biol. Interact. 62: 
271-80 

1 7 1 .  Kronbach T, Fischer V, Meyer UA. 
1988. Cyclosporine metabolism in hu­
man liver: identification of a cyto­
chrome P-450III gene family as the 
major cyclosporine-metabolizing en­
zyme explains interactions of cyclo­
sporine with other drugs. Clin. 
Pharmacol. Ther. 43:630-35 

172. Watkins PB , Wrighton SA, Maurel P,  
Schuetz EG,  Mendez-Picon G,  et  al. 
1985. Identification of an inducible 
form of cytochrome P-450 in human 
liver. Proc. Nat!. Acad. Sci. USA 
82:63 10-14 

173. Vincent SH, Karanam BV, Painter SK, 
Chiu S-HL. 1992. In vitro metabolism 
of FK-506 in rat, rabbit, and human 
liver microsomes: identification of a 
major metabolite and of cytochrome 
P4503A as the major enzymes respon­
sible for its meatbolism. Arch. Bio­
chern. Biophys. 294:454-60 

174. Poulos TL, Finzel BC, Gunsalus IC, 
Wagner GC, Kraut J .  1985. The 2.6-A 
crystal structure of Pseudomonas putida 
cytochrome P-450. 1. BioI. Chern. 260: 
16122-30 

175.  Poulos TL, Finzel BC, Howard AJ. 
1986. Crystal structure of substrate-free 
Pseudomonas putida cytochrome P-
450. Biochemistry 25:53 14-22 

176. Raag R, Poulos TL. 1989. The struc­
tural basis for substrate-induced 
changes in redox potential and spin 
equilibrium in cytochrome P-450cAM. 
Biochemistry 28:917-22 

177. Raag R, Poulos TL. 1989. Crystal 
structure of the carbon monooxide-sub­
strate-cytochrome P-450CAM ternary 
complex. Biochemistry 28:7586-92 

178. Iwamoto Y, Tsubaki M, Hiwatashi A, 
Ichikawa Y. 1988. Crystallization of 
cytochrome P-450scc from bovine 
adrenocortical mitochondria. FEBS 
Lett. 233: 3 1-36 

179. Boddupalli SS, Hasemann CA, Ravi­
chandran KG, Lu J-L, Goldsmith EJ, 
et al. 1992. Crystallization and pre­
liminary X-ray diffraction analysis of 
P450terp and the hemoprotein domain 
of P45CBM.3, enzymes belonging to 
two distinct classes of the cytochrome 
P450 superfamily. Proc. Natl. Acad. 
Sci. USA 89:5567-71 

1 80. Di Primo C, Hui Bon Hoa G, Douzou 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

4.
34

:2
51

-2
79

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



278 OGURI , YAMADA & YOSHIMURA 

1 8 1 .  

1 82. 

1 83 .  

1 84. 

1 85 .  

1 86. 

1 87.  

1 88.  

1 89.  

190. 

P,  Sligar S .  1990. Mutagenesis of a 
single hydrogen bond in cytochrome 
P-450 alters cation binding and heme 
solvation. 1. Bioi. Chem. 265:5361-63 
Imai M, Shimada H, Watanabe Y,  
Matsushima-Hibiya Y ,  Makino R,  et 
al. 1989. Uncoupling of the cytochrome 
P-450cam monooxygenase reaction by 
a single mutation, threonine-252 to 
alanine or valine: a possible role of 
the hydroxy amino acid in oxygen 
activation. Proc. Natl. Acad. Sci. USA 
86:7823-27 
Raag R, Martinis SA, Sligar SG, 
Poulos TL. 1 99 1 .  Crystal structure of 
the cytochrome P-450CAM active site 
mutant Thr 252 Ala. Biochemistry 30: 
1 1420-29 
Nelson DR, Strobel HW. 1988. On 
the membrane topology of vertebrate 
cytochrome P-450 proteins. f. BioI. 
Chem. 263:6038-50 
Nelson DR, Strobel HW. 1989. Sec­
ondary structure prediction of 52 mem­
brane-bound cytochromes P450 shows 
a strong structural similarity to 
P450cam. Biochemistry 28:656-60 
Imai Y ,  Nakamura M .  1988. The 
importance of threonine-301 from cy­
tochromes P-450 (laurate (w- l)­
hydroxylase and testosterone 16o.-hy­
droxylase) in substrate binding as dem­
onstrated by site-directed mutagenesis. 
FEBS Lett. 234:3 1 3-15 
Imai Y,  Nakamura M .  1989. Point 
mutations at threonine-301 modify sub­
strate specificity of rabbit liver micro­
somal cytochrome P-450 (Iaurate 
(w- I )-hydroxylase and testosterone 
16o.-hydroxylase) . Biochem. Biophys. 
Res. Commun. 158:717-22 
Furuya H, Shimizu T, Hirano K ,  
Hatano M,  Fujii-Kuriyama Y ,  e t  al. 
1989. Site-directed mutageneses of rat 
liver cytochrome P-4S0d: catalytic ac­
tivities toward benzphetamine and 
7-ethoxycoumarin. Biochemistry 28: 
6848-57 
Stayton PS, Sligar SG. 1990. The 
cytochrome P-450cam binding surface 
as defined by site-directed mutagenesis 
and electrostatic modeling. Biochemis­
try 29:7381-86 
Goto O. 1992. Substrate recognition 
sites in cytochrome P450 family 2 
(CYP2) proteins inferred from compar­
ative analyses of amino acid and coding 
nucleotide sequences.  f. Bioi. Chern. 
267:83-90 
Aoyama T, Korzekwa K, Nagata K, 
Adesnik M ,  Reiss A,  et al. 1989. 
Sequence requirements for cytochrome 
P-450IIB 1 catalytic activity. Alteration 

1 9 1 .  

1 92.  

193. 

1 94. 

195. 

196. 

1 97. 

1 98.  

199.  

200. 

of the stereospecificity and regioselec­
tivity of steroid hydroxylation by a 
simultaneous change of two hydropho­
bic amino acid residues to phenylala­
nine. J. Bioi. Chem. 264:21327-33 
Christou, M, Mitchell MJ, Aoyama T, 
Gelboin HV, Gonzalez FJ, Jefcoate 
CR. 1992. Selective suppression of the 
catalytic activity of cDNA-expressed 
cytochrome P4502B 1 toward polycyclic 
hydrocarbons in the microsomal mem­
brane: modification of this effect by 
specific amino acid substitutions. Bio­
chemistry 31  :2835-41 
Kedzie KM, Balfour CA, Escobar GY, 
Grimm SW, He Y-a, et al . 1 99 1 .  
Molecular basis for a functionally 

. unique cytochrome P450IIB I variant. 
J. Bioi. Chem. 266:22515-21 
He Y-a, Balfour CA, Kedzie KM, 
Halpert JR. 1 992. Role of  residue 478 
as a determinant of the substrate spec­
ificity of cytochrome P4502B 1 .  Bio­
chemistry 31 :9220-26 
Shimizu T, Sadeque AJM, Sadeque 
GN, Hatano M, Fujii-Kuriyama Y .  
1 99 1 . Ligand binding studies of engi­
neered cytochrome P-450d wild type, 
proximal mutants, and distal mutants. 
Biochemistrv 30: 1490-96 
Kraniev Ad, Shimizu T, Ishigooka M ,  
Hiroya K, Hatano M ,  Fujii-Kuriyama 
Y. 199 1 .  Absorption spectral study of 
cytochrome P450d-phenyl isocyanate 
complexes: effects of mutations at the 
putative distal site on the confonna­
tional stability. Biochemistry 30: 1 1 206-
I I  
Ishigooka M ,  Shimizu T, Hiroya K,  
Hatano M .  1 992. Role of  Glu 318  at 
the putative distal site in the catalytic 
function of Cytochrome P450d. Bio­
chemistry 3 1 :  1528-31 
Shimizu

' 
T, Tateishi T, Hatano M ,  

Fujii-Kuriyama Y .  1 99 1 .  Probing the 
role of Iysines and arginines in the 
catalytic function of cytochrome P450d 
by site-directed mutagenesis. f. Bioi. 
Chern. 266:3372-75 
Kraniev AG, Shimizu T, Hiroya K ,  
Hatano M .  1992. Effect o f  mutations 
at Lys 250, Arg 25 1 ,  and Lys 253 of 
cytochrome P450 I A2 on the catalytic 
activities and the binding of bifunc­
tional axial ligands. Arch. Biochem. 
Biophys. 298 : 198-203 
Lindberg R, Burkhart B, Ichikawa T, 
Negishi M .  1 989. The structure and 
characterization of type I P-45DJso< gene 
as major steroid 1 5o.-hydroxylase and 
its comparison with type II P-45DJso< 
gene. f. Bioi. Chern. 264:6465-71 
Lindberg RLP, Negishi M .  1 989. AI-

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

4.
34

:2
51

-2
79

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



REGIOCHEMISTRY OF CYTOCHROMES P450 279 

teration of mouse cytochrome P450coh 
substrate specificity by mutation of a 
single amino-acid residue. Nature 339: 
632-34 

201 .  Iwasaki M, Juvonen R, Lindberg R, 
Negishi M. 1 99 1 .  Alteration of high 
and low spin equilibrium by a single 
mutation of amino acid 209 in mouse 
cytochromes P450. 1. BioI. Chern. 
266:3380-82 

202. Juvonen RO, Iwasaki M, Negishi M .  
1 99 1 .  Structural function of residue-209 
in coumarin 7-hydroxylase (P450coh). 
Enzyme-kinetic studies and site-direc­
ted mutagenesis. 1. Bioi. Chern. 266: 
1643 1-35 

203. Iwasaki M, Darden TA, Pederson LG, 
Davis DG, Juvonen RO, et al. 1 993. 
Engineering mouse P450coh to a novel 
corticosterone 1 Set-hydroxylase and 
modeling steroid-binding orientation in 
the substrate pocket. 1. Bioi. Chern. 
268:759--62 

204. Kronbach T, Larabee TM, Johnson 
EF. 1989. Hybrid cytochromes P-4S0 
identify a substrate binding domain in 
P-450IICS and P-4S0IIC4. Proc. Natl . 
Acad. Sci. USA 86:8262-65 

205. Kronbach T, Johnson EF. 199 1 .  An 
inhibitory monoclonal antibody binds 
in close proximity to a determinant 
for substrate binding in cytochrome 
P450IIC5. 1. Bioi. Chern. 266:6215-20 

206. Kronbach T, Kemper B ,  Johnson EF. 
199 1 .  A hypervariable region of 
P4S0IIC5 confers progesterone 2 1 -
hydroxylase activity t o  P450ITC I .  Bio­
chemistry 30:6097-102 

207. Yasumori T, Yamazoe Y,  Kato R. 
1 99 1 .  Cytochrome P-450 human-2 (p-
450IIC9) in mephenytoin hydroxylation 
polymorphism in human livers: differ­
ences in substrate and stereoselectivities 
among microheterogeneous P-450IIC 
species expressed in yeasts. 1. B io­
chern. 109: 7 1 1-17 

208. Veronese ME, Doecke Cl, Mackenzie 
PI, McManus ME, Miners 10. et al. 
1993 . Site-directed mutation studies of 
human liver cytochrome P-450 isoen­
zymes in the CYP2C subfamily. Bio­
chern. 1. 289:533-38 

209. Kaminsky LS, de Morais SMF, Faletto 
MB, Dunbar DA, Goldstein JA. 1 993. 
Correlation of human cytochrome 
P4502C substrate specificities with pri­
mary structure: warfarin as a probe. 
Mol. Pharmacol. 43:234--39 

2 1 0 .  Hanioka N, Gonzalez Fl, Lindberg 
NA, Liu G, Gelboin HV, Korzekwa 
KR. 1992. Site-directed mutageneSis 

of cytochrome P450s CYP2A 1 and 
CYP2A2: influence of the distal helix 
on the kinetics of testosterone hydrox­
ylation. Biochemistry 3 1 :3364--70 

2 1 1 .  Zhou D, Pompon D, Chen S. 1 99 1 .  
Structure-function studies of human 
aromatase by site-directed mutagenesis: 
kinetic properties of mutants Pro-308 
-> Phe, Tyr-361 -> Phe, Tyr 361 -> 
Leu, and Phe-406 -> Arg. Proc. Natl. 
Acad. Sci. USA 88:4 1 0-14 

212.  Graham-Lorence S,  Khali MW, Lor­
ence MC, Mendelson CR, Simpson 
ER. 199 1 .  Structure-function relation­
ships of human aromatasc cytochrome 
P-450 using molecular modeling and 
site-directed mutagenesis. 1. Bioi. 
Chern. 266: 1 1939-46 

2 1 3 .  Zhou D, Korzekwa KR, Poulos T, 
Chen S .  1992 . A site-directed muta­
genesis study of human placental 
aromatase. 1. Bioi. Chern. 267:762-68 

214.  Chen S, Zhou D. 1992. Functional 
domains of aromatase cytochrome P450 
inferred from comparative analyses of 
amino acid sequences and substained 
by site-directed mutagenesis experi­
ments. 1. Bioi. Chern. 267:22587-94 

2 1 5 .  Kitamura M, Buczko E, Dufau M .  
1 99 1 .  Dissociation of hydroxylase and 
lyase activities by site-directed muta­
genesis of the rat P45017a . Mol. En­
doerinol. 5 : 1 373-80 

216.  Chiou S-H, Hu M-C, ChunPiP ' 1990. 
A missr�se mutation at Ile � Asn 
or Arg -4 Trp causes steroid 2 1 -
hydroxylase deficiency. 1. BioI. Chern. 
265:3549-52 

2 1 7 .  Tusie-Luna M-T, Traktman P, White 
PC. 1990. Determination of functional 
effects of mutations in the steroid 
2 1 -hydroxylase gene (CYP21 )  using 
recombinant vaccinia virus. 1. Bioi. 
Chern. 265:2091 6--22 

2 1 8 .  Pascoe L, Curnow KM, Slutsker L, 
Rosier A,  White PC. 1992.  Mutations 
in the human CYP I I B2 (aldosterone 
synthase) gene causing corticosterone 
methyloxidasc II deficiency. Proc. 
Natl. Acad. Sci. USA 89:4996--5000 

219.  Vijayakumar S , Salerno Ie. 1992. 
Molecular modeling of the 3-D struc­
ture of cytochrome P-45Q;;cc . Biochim. 
Biophys. Acta 1 1 60:28 1-86 

220. Laughton CA, Neidle S, Zvelebil 
MJJM, Sternberg MJE. 1 990. A mo­
lecular model for the enzyme cyto­
chrome P45017a , a major target for 
the chemotherapy of prostatic cancer. 
Biochem. Biophys. Res. Commun. 28: 
1 160-67 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

4.
34

:2
51

-2
79

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.


	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Pharmacology and Toxicology Online
	Most Downloaded Pharmacology and Toxicology Reviews
	Most Cited Pharmacology and Toxicology Reviews
	Annual Review of Pharmacology and Toxicology Errata
	View Current Editorial Committee


	ar: 
	logo: 



