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Structural Domains of the Protein™*
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ABSTRACT: ¢cDNA clones to rat liver NADPH—cytochrome P-450 oxidoreductase were used to isolate genomic
clones from a Wistar—Furth inbred rat genomic DNA library. Fifteen exons containing the coding region
and 3’-nontranslated segment of the P-450 reductase gene were identified, spanning 20 kilobases of DNA
contained in 3 A-Charon 35 clones. The organization of this single copy gene reveals a general correspondence
between exons and structural domains of the protein, with the segment responsible for anchoring the reductase
to the microsomal membrane and several segments involved in FMN, FAD, and NADPH binding encoded

by discrete exons.

NADPH—cytochrome P-450 oxidoreductase is a 78 225-
dalton flavoprotein associated with the endoplasmic reticulum
of most eukaryotic cells (Williams & Kamin, 1962; Phillips
& Langdon, 1962). The protein is responsible for electron
transfer from NADPH to the cytochromes P-450 (Lu et al.,
1969) and is unusual in that it contains 1 mol each of FAD
and FMN (lIyanagi & Mason, 1973). We previously reported
the amino acid sequence of rat liver P-450 reductase as de-
termined from overlapping cloned cDNAs (Porter & Kasper,
1985) and have reported a structural characterization of the
enzyme based on a computer-assisted comparison of the amino
acid sequence to several other flavoproteins of defined structure
(Porter & Kasper, 1986). Residues 77-228 are homologous
with the bacterial flavodoxins, indicating that this portion of
the reductase is likely to bind FMN; studies utilizing site-
directed mutagenesis of several residues in this region have
provided strong support for this hypothesis (Shen et al., 1989).
Several segments in the carboxy-terminal region show con-
siderable similarity to two FAD-containing proteins, ferre-
doxin-NADP* reductase and NADH-cytochrome b5 reduc-
tase, suggesting that this portion of the reductase binds FAD.
Comparison of these proteins to glutathione reductase, a fla-
voprotein whose three-dimensional structure is known, has
allowed tentative identification of FAD- and cofactor-binding
segments in these proteins. The similarity between P-450
reductase and these FAD-binding proteins, coupled with the
homology of the amino-terminal domain with the bacterial
flavodoxins, suggests that the reductase arose through a fusion
of the ancestral genes for these two sets of flavoproteins. To
further evaluate this hypothesis, we have cloned and charac-
terized the rat P-450 reductase gene. Analysis of the exon
organization reveals a general correspondence between exons
and proposed functional or structural domains, and supports
the postulate that P-450 reductase evolved from a fusion of
two different flavoprotein genes.

EXPERIMENTAL PROCEDURES
Construction and Screening of the Genomic DNA Library.
Nuclei were isolated from male Wistar—Furth rat liver
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(Kasper, 1974), lysed with sodium dodecyl sulfate, and high
molecular weight DNA was prepared according to the method
of Blin and Stafford (1976). The DNA was partially digested
with Sau3a restriction enzyme, and fragments between 18 and
22 kilobases (kb)! were isolated by sucrose density centrifu-
gation (Maniatis et al., 1982). DNA was ligated into the
BamHI site of A-bacteriophage Charon 35 (Loenen &
Blattner, 1983), and phage were propagated in Escherichia
coli strain K802. The library was screened with P-450 re-
ductase cDNA clones pOR-7 and pOR-8 (Porter & Kasper,
1985) that had been radiolabeled by nick-translation, positive
plaques were isolated, and phage DNA was prepared by
large-scale liquid culture followed by density gradient cen-
trifugation (Maniatis et al., 1982). Genomic DNA inserts
were mapped by restriction digestion, and fragments obtained
by BamHI and HindlIII digestion were subcloned into pSP64
or pSP65 plasmids (Promega, Madison, WI) for further
characterization.

DNA Hybridization. DNA from selected A clones, and
genomic DNA prepared as described above, was digested with
the indicated restriction enzymes and separated by electro-
phoresis on 0.8% agarose gels. The gels were stained with
ethidium bromide and photographed, and the DNA was
partially hydrolyzed and then denatured prior to transfer by
capillary blotting to nitrocellulose membranes (Schleicher &
Schuell) (Maniatis et al., 1982). Hybridization was carried
out as described (Maniatis et al., 1982) at 65 °C with a
near-full-length reductase cDNA labeled by nick-translation
with 32P (pORFL; Porter et al., 1987). The filters were washed
3 times in 3X SSC/0.5% SDS (1X SSCis 0.15 M NaCl1/0.015
M sodium citrate) prior to autoradiographic exposure.

DNA Sequence Determination. Plasmid subclones con-
taining exonic sequence, as determined by hybridization to the
reductase cDNAs, were sequenced by using the dideoxy-
nucleotide chain-terminating procedure (Sanger et al., 1977).
Approximately 15 ug of each plasmid was linearized with
BamHI or HindIII and then digested with 1.8 units of Bal31
exonuclease (Bethesda Research Laboratories) at 20 °C,
withdrawing 1-ug aliquots at various time points. The ends
of the exonuclease-treated DNA were made flush with Klenow
fragment of DNA polymerase, and the insert was then released
by digestion with BamHI or HindIII and ligated into M13.
Transformants were checked for shortened insert on a 0.8%

! Abbreviations: kb, kilobase(s); bp, base pair(s); SDS, sodium do-
decyl sulfate.
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FIGURE 1: Hybridization analysis of reductase clones AOR18 and
AORI135, and comparison to genomic DNA. AOR clones 18 and 15
were digested with BamHI and Hindlll and fractionated by gel
electrophoresis, and the gel was stained with ethidium bromide (A).
The gel was transferred to nitrocellulose and hybridized with pORFL,
and the resulting autoradiographic image is shown (B). Male
Wistar-Furth genomic DNA was digested with BamHI and HindIII,
fractionated by electrophoresis, transferred to nitrocellulose, and
hybridized with a near-full-length reductase cDNA, pORFL (Porter
et al., 1987). The resulting autoradiographic image is shown (C).
The positions of kilobase size markers (HindIlI-digested A DNA) are
shown on the left for (A) and (B), and on the right for (C).
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FIGURE 2: Restriction map and location of exons in the cytochrome
P-450 reductase gene. The A clone inserts are positioned above the
exon map. Closed boxes represent coding sequence; open portions
are nontranslated. The indicated restriction sites are as follows: X,
Xbal; B, BamH1; H, Hindlll; Xh, Xhol.

agarose gel, and single-stranded template was prepared from
selected clones. DNA was polymerized by using the Klenow
fragment (Lyphozyme, Bethesda Research Laboratories) in
the presence of [¥*S]JdATP (New England Nuclear) and
fractionated on 6% linear and buffer gradient gels (Biggin et
al., 1983). The sequence was determined 2-3 times from both
strands.

RESULTS

Three A-Charon 35 recombinants that hybridized to the
P-450 reductase cDNAs were isolated from the inbred Wis-
tar-Furth library and characterized by restriction mapping
and hybridization analysis.2 As shown in Figure 1, digestion
of clones 15 and 18 with BamHI and HindIIl yielded 10
prominent (nonvector) fragments, with sizes ranging from 6.6
to 1.6 kb, which lead to the restriction map presented in Figure
2. Hybridization with a near-full-length reductase cDNA
identified a 6.6-kb fragment containing exon 2, a broad region

2 An earlier report from this laboratory (Gonzalez & Kasper, 1983)
had identified the 5’ end of the reductase gene by differential hybrid-
ization to cDNA synthesized from reductase-immunoenriched RNA and
to the reductase clone pOR-7, by S, nuclease mapping, and by transla-
tional arrest of P-450 reductase synthesis in vitro by a putative reductase
gene 5’ DNA segment. Present studies have revealed that the cap site
identified in this segment of DNA probably represents the 5" end of a
second, unidentified gene lying approximately 4 kb 3’ to the reductase
gene. The translational arrest of reductase synthesis by this DNA was
artifactual (P. McQuiddy and C. B. Kasper, unpublished results).
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Table I: Exon and Intron Positions and Lengths

position of first length Jengthe
exon bp aa® bp aa intron (bp)
2 1 1 192 60 2 11900
3 193 61 49 16 3 1300
4 242 77 129 43 4 710
5 N 120 150 50 5 412
6 521 170 125 42 6 91
7 646 212 9 30 7 398
8 736 242 99 33 8 777
9 835 275 117 39 9 88
10 952 314 119 39 10 1000
11 1071 353 182 61 11 103
12 1253 414 150 50 12 102
13 1403 464 271 90 13 79
14 1674 554 146 49 14 89
15 1820 603 86 29 15 126
16 1906 632 502 47

9The lengths of introns 2, 3, and 10 were estimated by restriction
analysis. ®aa, amino acid; codons split by introns are assigned to the
exon containing two of the three nucleotides.

between 2.2 and 2.4 kb containing exons 4-7 and 11-16, and
an intensely labeled group of fragments at approximately 1.8
kb, containing exons 3 and 8-10. Exon 1 was not detected,
since this nontranslated segment is not contained in the cDNA
probe. These bands correspond perfectly with the pattern
obtained upon hybridization of identically digested Wistar—
Furth rat genomic DNA (Figure 1C), demonstrating that the
reductase clones accurately reflect the native organization of
the gene and that it is present in a single copy. Intron—exon
junctions were determined by DNA sequence analysis of se-
lected subclones, with comparison to the reductase cDNA
sequence. The 3 reductase clones encompass 32 kb of DNA,
with the coding portion of the gene divided into 15 exons (exons
2-16) spanning 20 kb of DNA (Figure 2). The majority of
the coding sequence is clustered at the 3’ end of the gene within
8 kb of DNA (exons 3-16). Exon 2 contains the start codon
and 13 nucleotides of untranslated sequence; it is preceded by
a 3¥'-splice recognition site and at least 5 kb of intronic se-
quence.}

The positions of the introns with regard to the mature
mRNA sequence are shown in Figure 3. Exon lengths, shown
in Table I, range from 49 bp (exon 3) to 502 bp (exon 16),
the latter of which includes the complete 3’-nontranslated
segment. There are five nucleotide differences between the
Wistar—Furth gene and the Sprague Dawley cDNA (Porter
& Kasper, 1985). Of the two differences that occur in the
coding sequence, at positions 584 and 777, only the latter
results in an amino acid replacement (Val to Ala). A three
base pair deletion is present in the 3’-nontranslated region at
position 2158. Resequencing of the cDNAs across these
positions demonstrated that these are bona fide differences and
not the result of sequencing errors.

Intron lengths are also shown in Table I, and range from
79 bp (intron 13) to 11.9 kb (intron 2). Interestingly, introns
6,9, 13, and 14 approach the minimal length (78 bp) thought
to be consistent with efficient and accurate splicing (Wieringa
et al.,, 1984; Upholt & Sandell, 1986). All junctional sequences
conform to the GT-AG rule (Breathnach & Chambon, 1981).

DIScusSION

As an integral component of the microsomal (but not mi-
tochondrial) cytochrome P-450 system, NADPH-cytochrome

3 Characterization of the promoter region and first exon of the re-
ductase gene will be reported separately.
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{ TTGTATCACCAACATGGGGGACTCTCACGAAGACACCAGTGCCACCATGCCTGAGECCGTGGCTGAAGAAGTGTCTCTATTCAGCACGACGGACATGGTTCTGTTTTCTCTCATCGTG
G D s H

Porter et al.

118

E D T S A T MPE AV A E E V § L F S T T DMV L F s L I V 35
GGGGTCCTGACCTACTGGTTCATCTTTAGAAAGAAGAAAGAAGAGATACCGGAGTTCAGCAAGATCCAAACAAC | GGCCCCACCCGTCAAAGAGAGCAGCTTCGTGGAAAAGATGAAG 235
G vV L T Y W F I F R K K XK € E I P E F 8 K I Q@ T T A P P V K E 8 8§ F V E K M K 74
AAAACG 1 GGAAGGAACATTATCGTATTCTATGGCTCCCAGACGGGAACCGC TGAGGAGTTTGCCAACCGGCTGTCCAAGGATGCCCACCGCTACGGGATGCGGGGCATGTCCGCAGAC 352
T G R NI I VF Y G S Q@ T GTAETEFANWRTUL S K DAHRY GMRGM S A D 113
CCTGAAGAGTATGACTTG | GCCGACCTGAGCAGCCTGCCTGAGATCGACAAGTCCCTGGTAGTCTTCTGCATGGCCACATACGGAGAGGGCGACCCCACGGACAATGCGCAGGACTTC 469
P E E Y D L DL $ s L P E I DK S L V VY F CMATVYGEGUDU®PTDNAOQQTDF 152
TATGACTGGCTGCAGGAGACTGACGTGGACCTCACTGGGGTCAAGTTTGCT | GTATTTGGTCTTGGGAACAAGACCTATGAGCACTTCAATGCCATGGGCAAGTATGTGGACCAGCGG 586
Y D w Lt @ E T DV DL T G V K F A vV F G L GN K T Y EHF N A M G K Y V D Q@R 181
CTGGAGCAGCTTGGCGCCCAGCGCATCTTTGAGTTGEGGCCTTGETGATGATGACGGGAA | CTTGGAAGAGGATTTCATCACGTGGAGGGAGCAGTTCTGGCCAGCTGTGTGCGAGTTC 703
L E Q@ L G A QPRI F E L G L GDUDUDGN L E ED F I T WRE Q F WP AV C E F 230
C
TTTGGGGTAGAAGCCACTGGGGAGGAGTCGAG | CATTCGCCAGTATGAGCTCGTGGTCCACGAAGACATGGACGTAGCCAAGGTGTACACGGGTGAGATGGGCCGTCTGAAGAGCTAC 820
F G v E A T G E E § S 1 R @ Y E L VvV vV H EDMDV A KV Y T G E MG R L K 8 Y 269
A
GAGAACCAGAAACC 1 CCCCTTCGATGCTAAGAATCCATTCCTGGCTGCTGTCACCGCCAACCGGAAGCTGAACCAAGGCACTGAGCGGCATCTAATGCACCTGGAGTTGGACATCTCA 937
E Q K P F D AKNUWPTF L A AVY T ANURIKILNGQGTEWRMHILMHLELDTI S 308
GACTCCAAGATCAG ] GTATGAATCTGGAGATCACGTGGCTGTGTACCCAGCCAATGACTCAGCCCTGGTCAACCAGATTGGGGAGATCCTGGGAGCTGACCTGGATGTCATCATGTCT 1054
D s K I E S G D H VYV A Y Y P A ND S A L V N QI GETILGADIULDV I M S 347
CTAAACAATCTCGATG | AGGAGTCAAACAAGAAGCATCCGTTCCCCTGCCCCACCACCTACCGCACGGCCCTCACCTACTACCTGGACATCACTAACCCGCCACGCACCAATGTGCTC IARA
L N N L D €E S N K K HPF P C®PTT Y RTALTY Y L DI TNPPRTNVL 386
TACGAACTGGCACAGTACGCCTCAGAGCCCTCGGAGCAGGAGCACCTGCACAAGATGGCGTCATCCTCAGGCGAGGGCAAG | GAGCTGTACCTGAGCTGGGTGGTGGAAGCCCGGAGG 1288
Yy E L A Q Y A S E P 8 E Q@ E H L HKMAS S S G E G K E L Y L 8 W VvV V E A R R 425
CACATCCTAGCCATCCTCCAAGACTACCCATCACTGCGGCCACCCATCGACCACCTGTGTGAGCTGCTGCCACGCCTGCAGGCCCGATACTACTCCATTGCCTCATCCTCCAAG | GTC 1405
H I L A I L @ DY P S LRU®PUPIDMHILTCZEILILZPRILUQARYY S I A S S S K v 464
CACCCCAACTCCGTGCACATCTGTGCCGTGGCCGTGGAGTACGAAGCGAAGTCTGGCCGAGTGAACAAGGGGGTGGCCACTAGCTGGCTTCGGGCCAAGGAACCAGCAGGCGAGAATGGE 1525
H P N S V H I C A V A V E Y E A K S GR VY N K GV A T S W L R A K E P A G E NG 504
GGCCGCGCCCTGGTACCCATGTTCGTGCGCAAATCTCAGTTCCGCTTGCCTTTCAAGTCCACCACACCTGTCATCATGGTGGGCCCCGGCACTGGGATTGCCCCTTTCATGGGCTTCATC 1645
G R AL VP MF V RK S Q@ F R LPF K ST TPV I MV GPGTGTI AUPTFMGTFI 544
CAGGAACGAGCTTGGCTTCGAGAGCAAG | GCAAGGAGGTGGGAGAGACGCTGCTATACTATGGCTGCCGGCGCTCGGATGAGGACTATCTGTACCGTGAAGAGCTAGCCCGCTTCCAC 1762
Q E R A W L R E Q K E Vv G E T L L Y Y G CRR S DEDY L Y RETEL AR F H 583
AAGGACGGTGCCCTCACGCAGCTTAATGTGGCCTTTTCCCGGGAGCAGGCCCACAAG | GTCTATGTCCAGCACCTTCTGAAGAGAGACAGGGAACACCTGTGGAAGCTGATCCACGAG 1879
K DG A L T QL N VY A F S RE QA H K vV Y V. Q@ H L L XK R DR EH L W K L I HE 622
GGCGGTGCCCACATCTATGTGTGCGG ] GGATGCTCGAAATATGGCCAAAGATGTGCAAAACACATTCTATGACATTGTGGCTGAGTTCGGGCCCATGGAGCACACCCAGGCTGTGGAC 1996
G G A H I Y v C D N M A KDV QN T F Y D1 V A EF GPMEMHTQaAV D 661
TATGTTAAGAAGCTGATGACCAAGGGCCGCTACTCACTAGATGTGTGGAGCTAGGAGCTACCACCCTCCCACCCCTCGCTCCCTGTAATCACCTAACTTCTGCCGACCTCCACCTCTGGT 21186
Y vV K X L M T K G R Y 8§ L D V W s x 678
CcTC
GGTTCCTGCCTGGCCTGGACACAGGGAGGCCCAGGGACTGA--~-CTCCTGGCCTGAGTGGTGCCCTCCTGGGCCCCTAGGCAGAGCCCGGTCCATTGTATCAGGCAGCCCAGCCCCAGGG 2233
CACATGGCAAGAGGGACTGGACCCACCTTTGGGTGATGGGTGCCTTAGGTCCTCTGCAqCTGTACAGAAGGGGCTCTTCTCTCCACAGAGCTGGGGTGCAGCCCCCACACGTGATTTTGA 2353
ATGAGTGTAAATAATTTTAAATAACCTGGCCCTTGGAATAAAGTTGTTTTCAGT r-ATTTGCCTGGTTTGCTTGTGTTTATATGGGGTCAATCTTAGGATCTGCTTCAATTAGACAAGA 2470
CACCCACCCCAGACCGGTGCCAAGAGTCGATGTCTTG 2507

FIGURE 3: Exonic sequence and amino acid translation of the P-450 reductase gene. Intron positions are indicated (numbered 1-15) with
100 nucleotides of the 3’-flanking region of the gene also shown. The two nucleotide differences in the Sprague Dawley cDNA (positions 584
and 777) and the three-nucleotide insertion (position 2158) in the 3’-nontranslated segment are shown above the gene sequence.

P-450 reductase is present in many, if not all, tissues. Re-
ductase expression differs, however, from that of the cyto-
chromes P-450 in several important aspects. It is expressed
at a lower level than P-450, with a ratio of reductase to P-450
of approximately 1:10 or less in most tissues (Masters & Okita,
1980). Reductase is largely refractory to induction by agents
which elevate P-450 levels; a maximal increase of 2—-3-fold was
found after treatment of rats with either phenobarbital or
dexamethasone, both potent inducers of cytochrome P-450
(Hardwick et al., 1983; Simmons et al., 1987). In marked
contrast to the cytochromes P-450, most studies have indicated
that only a single form of the reductase existed. The present
studies confirm that supposition. A single set of overlapping
genomic clones was isolated from a Wistar—Furth inbred rat
genomic library by hybridization to reductase cDNAs, and
these clones were shown to correspond perfectly with the re-

striction—hybridization pattern of rat genomic DNA. This
result, combined with an earlier study from this laboratory
revealing the presence of a single hybridizing band in genomic
DNA from a wide variety of species (Simmons et al., 1985),
demonstrates that P-450 reductase is encoded by a single-copy
gene and this singular enzyme must therefore be capable of
interacting with the multiple cytochromes P-450 found in each
organism. Hence, those structural features of cytochrome
P-450 responsible for its highly specific recognition by the
reductase must be preserved in the many diverse P-450 iso-
forms. The mechanism of this interaction is currently an active
area of investigation.

The hypothesis that genes have been assembled from discrete
exons coding for small functional domains (Gilbert, 1978) has
gained considerable support in recent years. One implication
of this hypothesis, that the positions of introns within a pro-
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FIGURE 4: Correlation of the structural domains of cytochrome P-450 reductase with the exonic organization of the gene. The open boxes
indicate the exons, with the closed boxes on the lower line indicating the proposed functional or structural segments. The amino acid positions

of these segments are indicated at the top of the figure.

tein-coding sequence should correspond to structural and
functional divisions of the protein, has been borne out in many
instances (Craik et al., 1980; Tonegawa, 1983; Stone et al.,
1985; Sudhof et al., 1985; Marchionni & Gilbert, 1986), al-
though examples of genes with intron positions that do not
correlate with domain divisions have also been documented
(Benyajati et al., 1981; Venta et al., 1985). Although the
three-dimensional structure of cytochrome P-450 reductase
is not yet known, we recently reported a structural charac-
terization of the protein based on computer-assisted comparison
of the amino acid sequence to other flavoproteins, including
flavodoxin and glutathione reductase, for which three-di-
mensional structures have been determined. This study re-
vealed that the FMN domain of cytochrome P-450 reductase
appears to be structurally similar to flavodoxin, while the FAD
and NADPH domains share structural elements with gluta-
thione reductase, and more so with ferredoxin~-NADP?* re-
ductase and NADH-cytochrome b5 reductase (Porter &
Kasper, 1986). Recently reported studies utilizing site-directed
mutagenesis and bacterial expression of the reductase have
provided strong support for the assignment of FMN binding
to the flavodoxin-like domain (Shen et al., 1989). Here we
compare the exon organization of the reductase gene with the
proposed structural features of the reductase protein; this
relationship is represented schematically in Figure 4. We also
note several significant similarities between the cytochrome
P-450 reductase gene organization and that of the recently
reported cytochrome bs reductase gene (Tomatsu et al., 1989).

The first translated exon (exon 2) encodes the first 60 amino
acids of the hydrophobic amino-terminal region and contains
the sequence responsible for anchoring P-450 reductase to the
endoplasmic reticulum and nuclear envelope. The uniquely
sensitive trypsin site, between Lys-56 and Ile-57, is the tra-
ditional site of demarcation between the membrane-binding
segment and the catalytic portion of the reductase; thus, the
intron—-exon junction interrupting codon 60 corresponds closely
to the physical boundary between these two structural domains.

The third exon of the reductase gene is the smallest (49 bp),
encoding amino acids 61-76, which appear to serve as a bridge
between the membrane-binding segment and the FMN domain
of the enzyme. The FMN domain is divided into three exons,
the first of which (exon 4) encodes the FMN phosphate-
binding residues, amino acids 8495, while exons 5 and 6 each
encode a tyrosine (Tyr-140 and Tyr-178) involved in shielding
and stabilizing the FMN isoalloxazine ring. Mutagenesis
studies involving these tyrosyl residues have established their
essential role in FMN binding (Shen et al., 1989). Recent
studies also indicate that acidic residues between positions 200
and 220 (exons 6 and 7) may be involved in cytochrome P-450

and cytochrome c interactions (Nisimoto, 1986; Shen and
Kasper, unpublished results).

Exons 7 and 8 together encode a 37 amino acid segment
that joins the FMN and FAD domains of the reductase. This
segment, which we have postulated arose when the ancestral
genes coding for the precursor FMN- and FAD-containing
proteins fused (Porter & Kasper, 1986), extends approximately
from residue 229 to residue 266; exon 7 begins just before this,
at position 212, and exon 8 ends just after it, at position 274,

The subsequent FAD domain of cytochrome P-450 reduc-
tase extends for 60 residues before being interrupted by a 120
amino acid segment which appears unrelated to other flavo-
proteins (Porter & Kasper, 1986). The initial 60 amino acid
segment (residues 267-326) bears strong similarity to the
amino-terminal regions of ferredoxin—-NADP* reductase and
cytochrome bs reductase, and contains those residues likely
to interact with the pyrophosphoryl portion of the FAD
molecule. This segment is largely encoded by exon 9, which
includes residues 293-296, the amino acids proposed to directly
interact with the pyrophosphate group. This segment is also
encoded by a discrete exon in the cytochrome b, reductase gene
(Tomatsu et al., 1989), with the position of the third intron
of this gene corresponding closely to the position of intron 9
of P-450 reductase.

Exons 10-12 encode the 120 amino acid “insertion” in the
cytochrome P-450 reductase sequence, relative to the ferre-
doxin-NADP* reductase and cytochrome b5 reductase se-
quences; we have proposed that this segment, from residues
327 to 446, may be involved in orienting the FMN and FAD
domains so as to facilitate electron transfer between the two
flavins. A second segment of the FAD domain (residues
447-479) follows this insertion, but is split between exons 12
and 13. A similar observation is also made for the cytochrome
bs reductase gene, in which an intron divides this segment.
Exon 13 also encodes the beginning of the NADPH domain
of the reductase, including the predicted NADPH pyro-
phosphate binding residues, positioned by sequence alignment
near position 488. The remaining 125 amino acids of the
NADPH domain are encoded by exons 14-16, with the pos-
ition of intron 14 differing by only one amino acid from the
position of intron 8 of bs reductase (Tomatsu et al., 1989).
Introns 14 and 15 are also associated with gaps in the sequence
alignment of this region (Porter & Kasper, 1986).

Traut (1988), in examining the correlation of exons with
protein structural or functional units for a variety of genes,
concluded that this relationship reflects an ancestral corre-
spondence between exons and structure—function modules in
proteins. It is evident from the present analysis that there is
also a general correspondence between exons and structural
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domains of P-450 reductase; in particular, the membrane-
binding segment and the subsequent connecting segment are
encoded by discrete exons (2 and 3), as is the proposed
phosphate-binding segment of the FMN domain (exon 4), the
segment joining the FMN and FAD domains (exons 7 and
8), and the pyrophosphate-binding residues of the FAD domain
(exon 9). Similarly, Chang et al. (1988) found that the first
exon of the human adrenodoxin gene encoded the signal
peptide for this protein, and Shih et al. (1988) demonstrated
a correspondence between exons and structural units of the
NAD*-binding domain of glyceraldehyde-3-phosphate de-
hydrogenases. In contrast, the second FAD-binding segment
of P-450 reductase is split by the junction of exons 12 and 13.
This correlation is similar to that seen with other genes, where
some, but not all, intron—exon junctions correspond to func-
tional boundaries within the protein (Traut, 1988).

It has been proposed that loss of introns may be a common
occurrence in evolution and that ancestral genes may have been
assembled from multiple exons encoding small structural units
(Naora & Deacon, 1982; Gilbert, 1985). An analysis of fi-
brinogen genes indicated that a selective loss of introns had
occurred for these genes and that the ancestral gene must have
been composed of numerous small exons encoding perhaps
20-30 amino acids each (Crabtree et al., 1985). Intron loss
was also strongly indicated in the evolution of glycer-
aldehyde-3-phosphate dehydrogenase genes (Shih et al., 1988),
and also appears likely with cytochrome P-450 genes (Nebert
et al., 1988). Thus, a loss of introns at some positions in the
reductase gene may explain the lack of correspondence between
some domain boundaries and intron positions. It is worth
noting that the reductase is evidently an ancient protein, as
a highly similar reductase has been found in a species of
Bacillus as part of a cytochrome P-450 (Ruettinger et al.,
1989), and in Escherichia coli and Salmonella typhimurium
as a component of sulfite reductase (Ostrowski et al., 1989).
An examination of the reductase gene in other organisms, as
well as an examination of other flavoprotein genes, and in
particular the ferredoxin~NADP* reductase gene, should re-
veal additional features of the ancestral flavoprotein genes from
which this group of proteins has evolved.
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