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ABSTRACT: Cytochrome P450IIC5 is a hepatic progesterone 2 1 -hydroxylase while the 95% identical P450IIC4 
has a >IO-fold higher K, for progesterone 21-hydroxylation and the 74% identical P450IIC1 does not 
hydroxylate progesterone at detectable rates. Previous work demonstrated that the apparent K, of P450IIC4 
for progesterone 21 -hydroxylation can be markedly improved by replacing a valine at  position 1 13 with an 
alanine which is present at  this position in P450IIC5. In the present studies, a single point mutation in 
cytochrome P450IIC1 that changed valine at  position 1 13 to alanine conferred progesterone 21-hydroxylase 
activity to this enzyme. Although the catalytic activity was less than that of P450IIC5, these results indicate 
the residue 1 13 plays a critical role in the determination of the substrate/product selectivity in subfamily 
IIC P450s. By alignment with the sequence of P450cam, the segment of the polypeptide, residues 95-123, 
containing residue 1 13 corresponds to a substrate-contacting loop in the bacterial enzyme. The region 
containing residue 113, which is highly variable among family I1 P450s, may also be a substrate-contacting 
loop in the mammalian cytochromes P450. The exchange of this hypervariable region of cytochrome 
P450IIC1, residues 95-1 23, with that of P450IIC5 enhanced the 21-hydroxylase activity of the cells 
transfected with this chimera to levels similar to those of cells transfected with the plasmid encoding P450IIC5. 
Kinetic analysis of microsomes isolated from the transfected cells showed that the apparent K, for progesterone 
21-hydroxylation of the chimera was indistinguishable from that of P450IIC5. This suggests that despite 
their low amino acid similarity with P450cam, the eukaryotic P450 enzymes share some of the functional 
organization of the bacterial enzyme and that variation in this region is one of the mechanisms by which 
the eukaryotic cytochromes P450 have derived their multisubstrate specificity. 

%e evolution of the enzymes of the cytochrome P450 
(P450)' superfamily has led to a multitude of catalytic 
functions (Nebert & Gonzalez, 1987). Highly similar iso- 
zymes frequently metabolize different substrates, and a single 
isozyme is often active in the metabolism of numerous 
structurally diverse substrates. This divergence in function 
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seems to be independent of the divergence in primary structure 
in that some closely related forms are catalytically distinct and 
more distantly related forms catalyze the same reaction with 
similar efficiency. For example, cytochrome P450IIC5 is 

The generic term 'P450" is used to indicate a cytochrome P-450. 
Individual forms of P450 are designated according to the uniform system 
of nomenclature described by Nebert et al. (1991) with the following 
exceptions: The common name P450cam is used for P45OCI. P450IIA4 
and P450IIA5 are designated as P45OI5, and P45OWh to distinguish the 
steroid 1 Sa-hydroxylase and the coumarin 7-hydroxylase, respectively 
(Lindberg & Negishi, 1989). Mutations are designated by indicating the 
one-letter abbreviation for the residue that was replaced, its position in 
the sequence, and the one-letter designation of the new residue in the 
indicated order. 
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unique among the hepatic P450s in that it catalyzes the con- 
version of progesterone to deoxycorticosterone (Dieter et al., 
1982a) at rates similar to the adrenal 21-hydroxylase (Bumpus 
& Dus, 1982) although it shows <30% sequence identity with 
this enzyme (Tukey et al., 1985; Higashi et al., 1986). On 
the other hand, P450IIC4 is 95% identical with P450IIC5 
(Johnson et al., 1987) but shows a more than 10-fold higher 
K, for progesterone 21-hydroxylation (Kronbach et al., 1989), 
and P450IIC1 (Leighton et al., 1984) which is 74% identical 
with P450IIC5 shows no detectable 21-hydroxylase activity 
(Kronbach et al., 1990). We have previously exploited the 
similarity in amino acid sequence and functional difference 
of P450IIC5 and P450IIC4 to identify by the expression of 
chimeric enzymes and mutants a substrate binding domain 
(Kronbach et al., 1989) in which Ala-113 is a major deter- 
minant of the difference in the apparent K, of P450IIC4 and 
P450IIC5 for the substrate progesterone (Kronbach & 
Johnson, 1991). As the N-terminal 128 amino acids of 
P45011C5 can confer 21-hydroxylase activity to the 74% 
identical P450IIC 1 when this chimera is expressed (Kronbach 
et al., 1990), residue 113 may again play a crucial role in 
determining this characteristic function. We, therefore, de- 
cided to test the role of this residue on the catalytic activity 
of P450IIC1 toward progesterone by constructing the corre- 
sponding mutant. 
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MATERIALS AND METHODS 
Chimeric genes were constructed in pBluescript or pCMV 

plasmids. Single-stranded DNA was prepared from pBlue- 
script by use of helper phage R408 (Stratagene) or M13K07 
(Pharmacia). Site-directed mutagenesis was performed with 
the phosphorothionate method (Taylor et al., 1985) using 
reagents purchased from Amersham. 

A BglII site was introduced into P450IIC5 and P450IIC1 
with the respective oligonucleotides 5’-TCCAAGATCtAC- 
CAGGGC-3 and 5’-CCCAGATCtACCAAGGC-3’. Val-113 
of P450IIC1 was mutated to Ala with the oligonucleotide 
5’-TGCTGAAAgCGATTCCATA-3’, and G117A and 
R119T mutations were introduced either into P450IIC1 or into 
P450IIC1 -V113A with the mixed oligonucleotide 5’- 

Lower case letters designate the mutant nucleotide. Mutants 
were identified and verified by dideoxy sequencing using T7 
polymerase (Pharmacia). COSl cells were grown in T75 or 
T225 flasks in Dulbecco’s modified Eagle’s medium supple- 
mented with 10% fetal bovine serum (Gibco), MEM-nones- 
sential amino acids (Gibco), 10 mM HEPES, and penicillin/ 
streptomycin (each 50 units/mL). The cells were transfected 
by the DEAE-dextran method including chloroquine and a 
DMSO shock (Cullen, 1987). In some experiments, 1 pg of 
the plasmid pSV2AL-A5’ (de Wet et al., 1987) was included 
in the transfected DNA, and the activity of the luciferase 
expressed from this plasmid was determined (de Wet et al., 
1987) in order to monitor differences in transfection efficiency. 

Microsomal fractions were prepared from cells 48-72 h after 
transfection by differential centrifugation. The cells were 
harvested by scraping them into 10 mL of cold (4 “C) 
phosphate-buffered saline and 0.1 M sodium phosphate, pH 
7.4, containing 0.15 M NaCl after mild trypsinization. The 
suspension was spun for 5 min at approximately 500g in a 
clinical centrifuge (IEC), the supernatant was aspirated, and 
the cells were resuspended in 500 pL of 250 mM sucrose and 
1 mM EDTA. This suspension was homogenized by using a 
1-mL glass, straight-wall tissue grinder (no. 440412, Radnoti, 
Monravia, CA) at approximately 200 rpm in an ice-water bath 
(1 5 strokes). Debris was precipitated at 500g for 5 min at 4 

TCTCCTTCCAT(g/c)TCTTT(g/c)CATTGCTGAAA-3’. 
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OC. The supernatant was then collected and centrifuged for 
60 min at 150000g at 4 “C in 1.5-mL polyallomer tubes in 
a table-top ultracentrifuge (Beckman TL100). The pellet was 
homogenized at a protein concentration close to 10 mg/mL 
with a “pellet pestle” (Kontes) in a 1.5-mL polypropylene tube 
at 200 ipm in an ice-water bath. The homogenization buffer 
contained 100 mM potassium phosphate, pH 7.4, 1 mM 
EDTA, and 20% glycerol. A typical yield is 50-70 pg of 
protein as determined by the BCA microassay (Pierce) for one 
confluent T75 flask. The method described previously 
(Kronbach et al., 1989) had employed an additional lOOOOg 
spin. We find that the method described here yields slightly 
lower specific content with a 2-fold increased yield of enzyme 
from COSl cells over that used earlier (Kronbach et al., 1989). 

Progesterone 2 1 -hydroxylase activity was determined in vivo 
in the cell culture flask at 48 h after transfection by supple- 
mentation of the culture medium for 2 or 4 h with 10 pM 
[ 14C]progesterone (NEN, 60 Ci/mol) as described earlier 
(Kronbach et al., 1989). 

The substrate dependence of progesterone 21-hydroxylation 
was determined in vitro for microsomes as described earlier 
(Kronbach et al., 1989). Briefly, 25 pg of microsomal protein 
was incubated in a final volume of 100 pL of 50 mM potas- 
sium phosphate, pH 7.4, with varying amounts of [14C]- 
progesterone and an NADPH regenerating system (Kronbach 
et al., 1987) for 30 min. Immediately before the reaction was 
stopped by extraction with chloroform, 8 nmol of progesterone 
and 4 nmol of 21-hydroxyprogesterone were added. The 
products were separated by TLC and visualized under UV 
illumination by the quenching of the fluorescence of the TLC 
indicator. The regions containing substrate and product were 
cut from the flexible TLC plate (Bakerflex IB2-F, Baker) and 
quantified by scintillation counting. The values for the ap- 
parent K, and V,, were estimated by nonlinear, least-squares 
fitting of the Michaelis-Menten equation to the experimental 
results using the program Sigma Plot 4.0 (Jandel Scientific). 

Microsomal estradiol 2-hydroxylase activity was measured 
with 50 pg of microsomal protein in 100-pL assay volume at 
a concentration of 10 pM 1 7P-[4-14C]estradiol (Amersham, 
55 Ci/mol) under the conditions described above for proge- 
sterone except that the assay buffer contained 1 mM ascorbic 
acid to prevent nonenzymatic oxidation of 2-hydroxyestradiol. 
The sample was incubated for 60 min at 37 OC, and the re- 
action mixture was extracted with 1 mL of chloroform and 
processed by thin-layer chromatography and autoradiography 
as described (Schwab & Johnson, 1985). 

Immunoblotting was performed by electrophoretically 
transferring 20 pg of microsomal protein separated on a 10% 
SDS gel (Laemmli, 1970) onto nitrocellulose (Towbin et al., 
1979). Free binding sites were blocked with a blocking solution 
which consisted of 2% nonfat dry milk, 0.05% Tween 20, and 
0.01% sodium azide in phosphate buffered saline, and the 
proteins were detected with an antiserum raised in a pig de- 
veloped against P450IIC3. The primary antibody was detected 
with 1251-labeled protein A (ICN, >30 Ci/g) and autoradi- 
ography. 

RESULTS 
To test whether a single mutation at position 113 in 

P450IIC 1 would confer progesterone 2 1 -hydroxylase activity 
to this enzyme, Val-113 of P450IIC1 was mutated to Ala, the 
corresponding residue in P450IIC5. P450IIC1 and the mutant 
enzyme were expressed in COSl cells, and 2 days after 
transfection, the cell culture medium was supplemented for 
4 h with 10 pM [14C]progesterone. Although P450IIC1 was 
devoid of measurable 2 1 -hydroxylase activity, we found that 



Structure/Function Relationships in Cytochromes P450 

4 

4 

P 

DOC 

FIGURE 1: Catalytic activity of I-WUIIC~ and P45OIICl-VI 13A 
expressed in COS1 cells. Progesterone 2 1 -hydroxylase activity of 
COSl cells transfected without DNA (Mock) or with plasmids en- 
coding P450IIC1 (Cl) or P450IICl-Vl13A (Cl-V113A). Two days 
after transfection, the cell culture medium was supplemented with 
10 pM ['4C]pr~ge~terone. After incubation for 4 h, the products were 
extracted and analyzed by TLC. An autoradiogram of the TLC is 
shown. P denotes the mobility of progesterone; DOC indicates the 
mobility of 2 1 -hydroxyprogesterone (deoxycorticosterone). The lanes 
shown were taken from the same autoradiographic image. 

FIGURE 2: Immunoblot of the microsomes prepared from COSl cells 
transfected without DNA (Mock) or with P450IIC5 (C5), P450IIC1 
(Cl), P45011Cl-Vl13A (CI-VI 13A), and P4501ICl-hvC5 (Cl- 
hvC5). Twenty micrograms of microsomal protein was separated on 
a denaturing 10% SDS gel and transferred to nitrocellulose. The 
expressed proteins were detected with a pig anti-P450IIC3 antibody 
and '251-labeled protein A. The lanes shown were taken from the same 
autoradiographic image of the blot. The arrowhead indicates the 
mobility of the P450 proteins. 

the mutant had low but clearly detectable 21 -hydroxylase 
activity (Figure 1). Similar levels of P4501IC1 and 
P450IIC 1 -V 1 13A were expressed as judged by immunoblot- 
ting (Figure 2). This indicates that the progesterone 21- 
hydroxylase activity is not due to a difference in the level of 
the enzyme expressed but is an intrinsic property of 
P450IICl-Vl13A. The level of activity of this mutant was 
roughly 5-10% of the activity of P450IIC5 expressed under 
similar conditions. The TLC system separates 21 -hydroxy- 
progesterone from progesterone and the 2a-, 17a-, 6p-, and 
16a-hydroxy and 17a,21 -dihydroxy metabolites. It is, 
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FIGURE 3: Partial sequence comparison of P450IIC1 and P450IIC5 
in the hypervariable region and schema for the generation of the 
mutants and chimeras. The sequence of P450IIC1 is shown, whereas 
only differences found in the sequence of P450IIC5 are shown below 
it. The numbering above the sequence indicates the residue number. 
C1-V113A was obtained by site-directed mutagenesis of the P450IIC1 
cDNA. Additional constructs described in this paper are also dis- 
played. C 1 -G was obtained by the introduction of G 1 17A and R 1 19T 
mutations in V113A. The restriction sites used for the construction 
of chimera C1-hvC5 are indicated. The BglII site was introduced 
as a silent mutation in both cDNAs by site-directed mutagenesis. 
Topological features of P450cam (model) which have been predicted 
to occur among the mammalian P450s (Edwards et al., 1989) are 
shown below the schema of the constructs. 

therefore, very likely that the metabolite of P450IIC1 -V113A 
shown in Figure 2 is 21-hydroxyprogesterone. Thus, the single 
Val to Ala change at position 113 conferred the substrate/ 
product specificity, characteristic for P450IIC5, to P450IIC 1. 

Since the activity of the mutant was low when compared 
to P450IIC5 and the apparent K ,  could not be estimated, we 
asked which additional part(s) of the primary structure of 
P450IIC5 would yield a progesterone 21 -hydroxylase with an 
activity similar to P450IIC5. Although the Val- 1 13 mutation 
had been shown previously to alter the apparent K ,  of 
P450IIC4 for progesterone to a value that approached that 
of P450IIC5, this change in the context of two adjacent mu- 
tations produced a chimera, G, with an apparent K ,  that was 
indistinguishable from that of P450IIC5 (Kronbach et al., 
1989). Mutations were, therefore, introduced into P450IIC 1 
in order to make a chimera between P450IIC5 and P450IIC1 
that corresponds to chimera G between P450IIC5 and 
P450IIC4 (Figure 3). The mutations G117A and Rl19T 
were introduced into P450IIC1 near the Val-1 13 mutation 
either alone or in combination with the VI 13A change (Cl-G, 
Figure 3). These changes did not, however, alter the activity 
of P450IICl or P450IICl-Vl13A (data not shown). It was, 
therefore, likely that a larger segment of P450IIC5 was nec- 
essary to generate a more efficient chimeric enzyme. 

The segment around Ala- 1 13 of P450IIC5, residues 9 1-1 23, 
by the alignment of primary sequence and secondary structure 
predictions (Nelson & Strobel, 1989; Gotoh & Fuji-Kuri- 
yama, 1989) corresponds to a substrate-contacting loop in the 
structure of P450cam determined by X-ray diffraction (Figure 
3). This loop contains Tyr-96, a residue of P450cam which 
contributes to substrate binding by donating a hydrogen bond 
to the substrate camphor. The substrate-contacting loop lies 
on the surface of P450cam between helices B and C, and its 
flexibility may permit the formation of a substrate access 
channel (Poulos et al., 1987). The corresponding segment of 
P450IIC5 is a segment where the primary structures of sub- 
family IIC P450 enzymes differ most and which is at least 
partly localized on the surface of P450IIC4 and P450IIC5 as 
judged by epitope mapping (Kronbach & Johnson, 1991). We 
have suggested (Kronbach & Johnson, 1991) that this surface 
localization and loop structure would allow extensive genetic 
variation without disrupting the overall topology of the mam- 
malian cytochromes P450. This also suggested to us that this 
region of the eukaryotic P450s forms a substrate-contacting 
loop, and we suspected that this region which contains residue 
1 13 encodes substrate specificity not only between closely 
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FIGURE 4: Catalytic activity of P450IIC1 and P450IICl-hvC5 ex- 
pressed in COSl cells. COSl cells were transfected without (Mock) 
or with DNA coding for P450IIC5 (CS), P450IIC1 (Cl) ,  and 
P450IICl-hvC5 (C1 -hvCS). Two days after transfection, the culture 
medium was supplemented with 10 pM [14C]progesterone and in- 
cubated for 2 h. The products were analyzed after extraction with 
chloroform by radiometric TLC (Kronbach et al., 1989; Dieter et al., 
1982b). The lanes shown were taken from the same autoradiographic 
image of the thin-layer chromatography plate. P denotes the mobility 
of progesterone; DOC indicates the mobility of 2 1 -hydroxyprogesterone 
(deoxycorticosterone). 

related P450s but also in the family I1 cytochromes P450 in 
general. 

To test this, a chimera was constructed between P450IIC5 
and P450IIC1, P45011Cl-hvC5, that replaced the hypervar- 
iable region of P450IIC1, amino acids 95-123, with that of 
P450IIC5 (Figure 3). When this chimera was expressed in 
COS1 cells, it exhibited the high regiospecificity of P450IIC5 
for progesterone 2 1 -hydroxylation and a level of activity only 
slightly lower than that of P450IIC5 (Figure 4). In other 
experiments, the yield of 21 -hydroxyprogesterone from 2 pM 
progesterone in triplicate l-h incubations was 1.0 f 0.1 
nmol/ 1 O6 cells for both P450IIC5 and P450IICl-hvC5. 
However, the relative transfection efficiency for P450IIC5 was 
roughly 2-fold lower as judged by the activity of luciferase 
expressed from pSV2AL-AS' (de Wet et al., 1987) cotrans- 
fected with the plasmid encoding each P450. Thus, the cor- 
rected activity of P450IIC5 is 2-fold greater than that of 

To define the catalytic differences for progesterone between 
P450IICl-hvC5 and the wild type, P450IIC5, microsomal 
fractions were prepared from the COSl cells which had been 
transfected with the expression plasmid encoding P450IIC 1 - 
hvC5, and the substrate-dependent formation of 21 -hydroxy- 
progesterone was assayed. The apparent K ,  determined for 
P450IICl-hvC5 is 1.5 pM (Figure 5 ) ,  which is similar to that 
of P450IIC5, 1.7 pM (Kronbach et al., 1989; Dieter et al., 
1982a). This indicates that the replacement of residues 95-123 
of P450IIC1 with those of P450IIC5 is sufficient to confer to 
this chimeric protein a progesterone 2 1 -hydroxylase activity 
with the apparent K ,  of P450IIC5. 

A direct comparison of V,,, values is complicated by the 
difficult estimation of the amount of catalytically active en- 
zyme in the microsomal preparations from the transfected cells 
and by the fact that we do not know if our polyclonal antiserum 

P450IICl-hvC5. 
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FIGURE 5: Substrate-dependent formation of 2 1 -hydroxyprogesterone 
from progesterone by microsomes prepared from COSl cells trans- 
fected with P450IICl-hvC5. Two days after transfection, COSl cells 
were harvested, and microsomes were prepared as described under 
Materials and Methods. K,,, and V,, were estimated by nonlinear, 
least-squares fitting of the Michaelis-Menten equation to the ex- 
perimentally determined points shown on the graph. The curve 
presents this fit. 

reacts equally well with both P450IIC1 and P450IIC5. 
However, the V,,, of 235 pmol mg-l mi& shown in Figure 
5 compares favorably with values between 280 and 450 pmol 
mg-l m i d  obtained by using microsomes from COS1 cells 
which had been transfected with the plasmid encoding 
P450IIC5 using the same conditions as for P450IICl-hvC5, 
and a similar intensity of antibody binding is apparent in 
immunoblotting (Figure 2). Moreover, the activity of the cells 
assayed in vivo is similar for P450IIC5 and P450IICl-hvC5 
transfectants (Figure 4). This suggests that the 115 amino 
acid differences between the wild-type P450IIC5 and 
P450IICl-hvC5 do not have a major influence on the proge- 
sterone 21-hydroxylase activity of this chimeric enzyme and 
that the new enzymatic characteristics for this substrate are 
largely determined by amino acids in the hypervariable region, 
residues 95-123. In contrast, when the chimera was tested 
for estradiol 2-hydroxylase activity, none was detected, as is 
the case for P450IIC1. This reaction is readily apparent for 
P450IIC5 expressed in microsomes from COSl cells (not 
shown). Thus, the chimera exhibits a distinct substrate profile 
when compared to P450IIC5. 

DISCUSSION 
We demonstrate here that a single amino acid change is 

sufficient to confer progesterone 2 1 -hydroxylase activity to 
P450IIC1. Although the resulting activity was low when 
compared to that of P450IIC5, this result supports the findings 
of earlier studies which had implicated the residues at this 
exact alignment position as determinants of substrate selectivity 
among family I1 P450s. In rabbit P450IIC4 and P450IIC5, 
residue 1 13 is responsible for most of the > 1 O-fold difference 
in the apparent K ,  for progesterone 21 -hydroxylation 
(Kronbach & Johnson, 1991). In addition, a Val-Ala dif- 
ference at position 1 17 between the mouse cytochromes P450mh 
and P45Ol5, (Lindberg & Negishi, 1989) and a Ile-Phe dif- 
ference at position 114 in rat P450IIB1 (Aoyama et al., 1989) 
have both been shown to play a critical role in determining 
the catalytic activity of the respective enzymes. These dif- 
ferences align with residue 113 of P450IIC5 (Nelson & 
Strobel, 1989; Gotoh & Fujii-Kuriyama, 1989; Kronbach & 
Johnson, 1991) as shown in Figure 6. The change in P450mh 
of Val-117 to Ala decreased the coumarin hydroxylase activity 
3-fold, and the converse change in P45Ol5, conferred coumarin 
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FIGURE 6: Partial sequence comparison of cytochromes P450 in which 
changes in amino acid residues equivalent to residue 11 3 of P450IIC5 
affect the catalytic activity of the enzyme. The alignment of the critical 
residue is shown by the vertical line together with the corresponding 
position in the sequence. The segment shown corresponds to that 
exchanged between P450IIC5 and P450IIC1 in C1-hvC5. P450IIC4 
and IIC5 are from Kronbach and Johnson (1991), P450, and P45OIk, 
are from Lindberg and Negishi (1989), and P450IIB1 and 
P450IIB1-1,2 are taken from Aoyama et al. (1989). 

7-hydroxylase activity at a level 25% of that in P45OWh 
(Lindberg & Negishi, 1989). This difference which occurs 
naturally between allelic forms of P450mh (Negishi et al., 1990) 
is likely to underlie, in part, phenotypic differences of coumarin 
hydroxylation in the mouse (Miles et al., 1990; Wood & 
Taylor, 1979; Wood, 1979). An Ile-114 to Phe change, in 
combination with the Leu-58 to Phe mutation in P450IIB1, 
changed the ratio between 16a and 16p metabolites of tes- 
tosterone by about 50-fold (Aoyama et al., 1989). This sug- 
gests that this residue may in general be a critical residue for 
substrate recognition and that P450IIC5 shares the three- 
dimensional organization of P4501IC1, P450IIC4, P450IIB1, 
P45OCoh, and P45OI5,. 

Although this single mutation conferred progesterone 21- 
hydroxylase activity to P450IIC1, alterations of adjacent 
residues to correspond to those of P450IIC5 were necessary 
in order to confer the full activity and apparent K, of 
P450IIC5 to P450IICl. This segment which contains critical 
residue 1 13 is a highly variable region among P450s in sub- 
family IIC. Such high variability in primary structure could 
indicate that this part of the protein is mostly localized on the 
surface of the enzyme where genetic variation can occur 
without interfering with the folding of the protein. Experi- 
mental evidence for this hypothesis is provided by two findings. 
First, antibodies derived against peptides corresponding to 
amino acids 108-1 15 and 121-131 of P450IIB1 recognize the 
microsomal protein as judged by immunoelectron microscopy 
and enzyme-linked immunosorbent assays (De Lemos- 
Chiarandini et al., 1987). Second, residues Ser-115 and 
Lys- 1 18 of P450IIC5 are part of the epitope of a monoclonal 
antibody directed against this protein (Kronbach & Johnson, 
1991). The alignment with P450cam and comparison with 
the X-ray structure indicated that this region of the mam- 
malian cytochromes P450 corresponds to a substrate-con- 
tacting loop of the bacterial protein (Poulos et al., 1987). This 
loop contains three contact residues, Phe-87, Phe-98, and 
Tyr-96. The last residue, Tyr-96, orients the substrate for 
regiospecific hydroxylation through hydrogen bonding (Atkins 
& Sligar, 1988). This flexible loop is also thought to control 
the access of the substrate to its binding site in P450cam 
(Poulos et al., 1986). Amino acids 95-123 may encode a 
similar domain in the eukaryotic cytochromes P450 which 
could accommodate large sequence variation and simultane- 
ously contribute to differences of substrate specificity exhibited 
by P450 enzymes. 

When residues 95-123 of P450IIC1 were replaced by those 
from P450IIC5, the resultant chimeric enzyme showed enzyme 
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kinetic parameters for progesterone 2 1 -hydroxylation similar 
to those of the wild-type P450IIC5. There are 14 differences 
between P4501IC1 and P450IIC5 in this region from amino 
acids 95 to 123 (Figure 3). The importance of each of the 
changed amino acids has not yet been tested; however, the 
changes of G117A and R119T in addition to V113A in 
P450IIC1 did not increase the activity of the 21-hydroxylase. 
Thus, we do not know how many of the 13 differences are 
required in addition to the V113A to obtain the kinetic 
properties of P450IICl-hvC5. One or more of these differ- 
ences could confer 21-hydroxylase activity to P4501IC1 in the 
absence of the V113A change. P450IIC4 exhibits a low af- 
finity 21-hydroxylase activity with a valine at residue 11 3 
(Kronbach et al., 1989), and it has been observed that changes 
in any one of three amino acids conferred low but detectable 
coumarin 7-hydroxylase activity to P45OI5, (Lindberg & 
Negishi, 1989). It is possible, therefore, that other critical 
amino acids could be defined by changes at positions other than 
113 that might confer 21-hydroxylase activity to P45OIIC1. 

It is clear, however, that the segment 95-123 is not the only 
determinant of substrate and product specificity in these en- 
zymes. The lack of estradiol 2-hydroxylase activity of 
P450IICl-hvC5 indicates that different parts of the primary 
structure of P450IIC5 determine the catalytic activity toward 
estradiol. Other regions in the primary structures of P450s 
have been implicated in substrate binding (Uno et al., 1990; 
Uno & Imai, 1989; Imai et al., 1989; Kronbach et al., 1990). 
In addition to a change at residue 117, single amino acid 
changes at residues 209 or 365 could confer coumarin hy- 
droxylase activity to P45OI5, (Lindberg & Negishi, 1989). 
Moreover, we have shown that the 128 amino-terminal residues 
of P450IIC5 can confer progesterone 21-hydroxylase activity 
to P450IIC1 but a similar chimera in which the same 128 
amino acids had been fused to P450IIC2 did not catalyze 
progesterone 21-hydroxylation (Kronbach et al., 1990). We 
have localized this difference to the 28 carboxy-terminal amino 
acids in P450IIC1 and P450IIC2 (Kronbach, Kemper, and 
Johnson, unpublished results). 

The successful construction of an efficient enzyme by the 
exchange of a highly variable domain of P450IIC1 with that 
of P450IIC5, amino acids 93-125, suggests that this region 
of the cytochrome P450 can accommodate great sequence 
variability without disrupting the proper folding of the enzyme. 
In support of this, Uno and Imai (1989) demonstrated that 
inclusion of this segment, codons 89-125, of P450IIC2 in 
chimeras with P4501IC14 was required to produce an active 
laurate (w- 1) hydroxylase although additional segments of 
P450IIC2 were also required. This suggests that this highly 
variable region of the family I1 cytochromes P450 is one of 
the structural elements by which the P450 enzymes have de- 
rived their multisubstrate specificity through genetic variation. 
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