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METHODS AND COMPOSITIONS FOR THE 
EXPRESSION OF BIOLOGICALLY ACTIVE 
EUKARYOTC CYTOCHROME P450S N 

BACTERIA 

The U.S. government may own certain rights in the 
present invention pursuant to NIH grant GM37942. 

BACKGROUND OF THE INVENTION 
1. Field of the Invention 
The present invention relates to the functional ex 

pression of eukaryotic cytochrome P450s in bacterial 
cells, genetic constructs for effecting such expression 
and methods employing these bacteria and/or the re 
combinant enzyme so produced, e.g., as bioreactors for 
effecting the metabolism of cytochrome P450 sub 
strates. 

2. Description of the Related Art 
The cytochrome P450 superfamily includes multiple 

molecular forms of enzymes which catalyze monoox 
ygenase reactions of a wide variety of endogenous as 
well as exogenous substrates (Lu, et al., 1980). Each 
form of these hemoproteins exhibits a unique substrate 
specificity. The cytochrome P450 superfamily of en 
zymes participate, for example, in the metabolism of 
steroids (Hall, 1980), eicosanoid, fatty acids (Kupfer, 
1980), and bile acids (Hansson and Wikvall, 1980), as 
well as exogenous substrates such as drugs, insecticides, 
and chemical carcinogens (Gelboin, 1980). Comparison 
of several forms of cytochrome P450 whose primary 
structures have so far been reported indicates that they 
are structurally related to one another and possibly 
derived from a common ancestor (Gotoh, et al., 1983). 

Microsomal cytochrome P450s are integral men 
brane hemoproteins which derive reducing equivalents 
from NADPH by means of a membrane bound flavo 
protein oxido-reductase (NADPH-cytochrome P450 
reductase). These so-called mixed-function oxidases 
activate molecular oxygen so as to insert one atom into 
a lipophilic substrate and the other atom into water 
Cytochrome P450 and P450-like enzymes are ubiqui 
tous in nature, being found in a broad range of euka 
ryotes as well as bacteria. In fact, many of the bacterial 
enzymes are similar to a certain degree to the P450 
enzymes found in mammals. For example, in certain soil 
bacteria (i.e., Pseudomonas putida), the oxygenation of 
camphor involves an enzyme termed cytochrome 
P450cAM which acts in concert With an FAD-contain 
ing flavoprotein, putida redoxin reductase and an iron 
sulfur protein putida redoxin (Katagira, et al., 1968) 
Interestingly, the bacterial electron transfer system in P. 
putida is very similar to the one functional in the mito 
chondria of higher organisms. However, the electron 
transfer system of P. putida cannot support the func 
tional transfer of electrons to either mitochondrial or 
microsomal P450s. Because of sequence similarities 
between the medically important mammalian micro 
somal P450 (Family IV) and the bacterial fatty acid 
monooxygenase from Bacillus megaterium (cytochrome 
P450BM3), a large amount of effort has been expended in 
characterizing this and other bacterial enzymes. 
While a fair amount of research has been conducted 

in characterizing bacterial cytochrome P450s, their use 
in commercial applications, such as in bioreactors, 
chemical degradation and drug synthesis, has been quite 
limited. The primary reason for this is that the number 
of specific forms of bacterial P450s that have been well 
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characterized is very small and the reactions that these 
enzymes catalyze are of limited biomedical or conner 
cial value. In contrast, a vast number of eukaryotic and 
mammalian P450s have been characterized. More in 
portantly, these enzymes catalyze reactions involved in 
drug, steroid and xenobiotic metabolism all of which 
have a direct impact on human health. This is unfortu 
nate in that bacterial expression systems offer many 
advantages over expression in yeast and mammalian 
cells in that bacterial systems may be used to produce 
proteins in large quantities, at low cost, with unparal 
leled ease. . 

In contrast to the disadvantages associated with the 
use of bacterial cytochrome P450s, the eukaryotic en 
zymes offer many advantages, including metabolism of 
drugs and other molecules of importance to human 
health. Unfortunately, present eukaryotic systems for 
the production of eukaryotic cytochrome P450s are 
hampered by several serious drawbacks including low 
rates of production, the use of expensive tissue culture 
materials and facilities as well as the requirement for 
sophisticated methodologies, and extensive destruction 
of the enzyme by the expression host or even lack of 
biological activity. 

Accordingly, there is a great need for the develop 
ment of technology which would combine the advan 
tages of bacterial expression with those of eukaryotic 
and mammalian cytochrome P450s. Although bacteria 
have demonstrated great utility in the expression of 
many prokaryotic and eukaryotic proteins, bacterial 
expression systems for cytochrome P450 have hereto 
fore been limited to the soluble bacterial forms of this 
gene superfamily (Unger, et al., 1986). Although yeast 
(Oeda, et al., 1985), COS 1 (Zuber, et al., 1986) and 
virally infected eukaryotic cells (Battula, et al., 1987; 
Asseffa, et al., 1989) have been used as hosts for the 
heterologous expression of P450 molecules, each has 
limitations to their usefulness as expression systems. 
Unfortunately, the present understanding in the art is 
that eukaryotic cytochrome P450s simply cannot be 
expressed functionally in bacteria (Collin, et al., 1988). 
Due to the existence of numerous disadvantages with 

current systems for the expression of biologically active 
cytochrome P450s, there exists a continuing need for 
the development of novel systems, particularly bacterial 
expression systems, which can be used to produce bio 
logically active cytochrome P450 enzymes. There is a 
particular need for bacterial expression systems for 
expressing biologically active eukaryotic cytochrome 
P450s which incorporate the advantages of bacterial 
expression. The development of novel technology 
which addresses one or more of these disadvantages 
would have broad research and commercial applica 
tions including steroid and prostaglandin biosynthesis, 
as bioreactors, in drug development and characteriza 
tion, and even environmental clean up. 

SUMMARY OF THE INVENTION 

The present invention addresses various of the fore 
going and other disadvantages in the art by providing 
for the first time methods and compositions for the 
expression of biologically active eukaryotic cyto 
chrome P450s in bacterial systems. Therefore, in gen 
eral, the present invention concerns stably transformed 
bacterial cells which express a biologically active eukar 
yotic cytochrome P450 enzyme, methods for the pro 
duction of biologically active cytochrome P450 en 
zymes in recombinant bacteria, methods for the metabo 



5,240,831 
3 

lism of cytochrome P450 substrates in such bacteria, 
DNA segments encoding eukaryotic cytochrome P450 
enzymes which have been modified to allow effective 
bacterial expression, as well as methods for obtaining 
bacterial expression of a biologically active eukaryotic 
cytochrome P450 enzyme. 

Accordingly, in certain embodiments, the invention 
concerns stably transformed bacterial cells which ex 
press a biologically active eukaryotic cytochrome P450 
enzyme. The eukaryotic P450 is encoded by a recombi 
nant cytochrome P450 gene, having associated expres 
sion elements capable of effecting bacterial transcrip 
tion and translation of the P450 gene. These elements 
include a bacterially compatible ribosome binding site, 
spacer region, transcription terminator, and promoter 
elements. As used herein, the term "bacterially compati 
ble' is intended to refer to genetic elements that are 
compatible with and therefore capable of functioning in 
bacteria and include generally bacterial elements, phage 
elements and the like. 
The development of the present invention rests in 

part on the inventor's discovery that most, if not all, 
eukaryotic P450 genes must be structurally modified so 
as to allow their expression in bacteria in a biologically 
active form. Most generally, this will include combining 
the eukaryotic cytochrome P450 gene with bacterial 
expression elements such as a bacterially compatible 
ribosome binding site, spacer region, transcription ter 
minator and promoter. This is because most corre 
sponding eukaryotic elements will not adequately func 
tion in bacterial hosts. One will typically desire in con 
nection with most if not all eukaryotic cytochrome 
P450s, to modify the eukaryotic structural gene to ef 
fect an improved bacterial expression capability. Modi 
fication of the codon for the second amino acid may be 
necessary to effectuate biologically active bacterial 
expression (where the second codon is defined as that 
codon which immediately follows the translation start 
codon, ATG). 

It is proposed that it may be necessary to modify the 
codon encoding the second amino acid of the eukary 
otic cytochrome P450 enzyme to reflect a codon pre 
ferred for bacterial expression. The preferred codons 
include GCT (Ala), AAA (Lys), ACC, ACT (Thr), 
TAT (Tyr), AAT, AAC (Asn), CAC, CAT (His), 
CGT, AGA, CGC (Arg), TTT (Phe), ATC, ATA, 
ATT (Ile), GTA (Val), TTG, CTT, CTC, TTA (Leu), 
GCC, GCA (Ala), GAA (Glu), AGC, and AGT (Ser). 
Of these, GCT and AAA will be particularly preferred. 
Note that certain second codons should be avoided for 
bacterial expression, including TTC (Phe), CTA, CTG 
(Leu), TCA, TCT, TCC, TCA, TCG (Ser), CCG, 
CCT, CCC, CCA (Pro), ACA, ACG (Thr), GCG 
(Ala), CAG, CAA (Gln), GAT, GAC (Asp), GAG 
(Glu), TGT, TGC (Cys), TGG (Trp), CGG, AGG 
(Arg), GGT, GGC, GGA, GGG (Gly), ATG (Met), 
GTT, GTC, GTG (Val), TAC (Tyr), and AAG (Lys). 
An additional or alternative modification which the 

inventor has found to provide benefits in accordance 
with the invention includes ensuring that the codon 
encoding the fourth and/or fifth amino acid of the eu 
karyotic cytochrome P450 (as measured from the start 
codon) comprises an AT rich codon. As used herein, 
the phrase "AT rich' codon is intended to refer to a 
codon which includes at least two As or Ts and prefera 
bly all three nucleotides of the codon should be an A or 
a T. Of course, where possible, one will desire to leave 
the same amino acid encoded at the fourth and fifth 
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4. 
position and yet select a codon for this amino acid that 
is AT rich. Thus, for example, where the fourth and 
fifth amino acids are Leu and encoded by CTC or CTG, 
one can modify these positions to incorporate and AT 
rich codon such as TTA and achieve the objective of an 
AT rich codon without changing the encoded amino 
acid. 

In other embodiments, advantages in accordance 
with the invention may be realized by ensuring that the 
first 25 codons of the cytochrome P450 gene includes 
not more than 2 rare codons. As used herein, the term 
"rare codon' is intended to refer to those codons which 
are used at a frequency of less than 10% for the amino 
acid which they encode, and include CTA, TCA, 
AGT, ACA, GGA, CCC, ATA, GGG, CGA, CGG, 
AGA, AGG. More preferably, one may desire to en 
sure that the first 25 codons of the eukaryotic cyto 
chrome P450 gene are devoid of rare codons, particu 
larly AGA (Arg) and AGG (Arg). 
An additional modification which may prove benefi 

cial is the alteration of the coding sequence in a manner 
which will act to disrupt possible unfavorable second 
ary mRNA structure within approximately 20 nucleo 
tides 5' or 3' of the ATG initiation codon. It is believed 
that the translational efficiency of bacterial mRNAs is 
dependent on the degree to which this region of single 
stranded RNA is unfolded. The greater the degree of an 
extended, open conformation in this region, as opposed 
to a folded structure stabilized by intramolecular base 
pairing, the greater the translational efficiency and sub 
sequent synthesis of the gene product. Therefore, it may 
be helpful to alter specific nucleotides in this region to 
disrupt potential secondary structure. Several mathe 
matical algorithms are available in software packages to 
predict the structure and stability of RNA's (see, e.g., 
Jaeger et al., 1989). These programs may be used to 
predict the stability of alternative mRNA sequences. 
Judicious changes in nucleotide sequence can signifi 
cantly reduce the stability of secondary structures and 
therefore provide a better template for transcription 
initiation. 
While the introduction of the foregoing modifications 

into eukaryotic cytochrome P450s may prove to be 
necessary in many instances, the inventor contemplates 
that these modifications will not always be required in 
that some eukaryotic cytochrome P450s may be ex 
pressed directly. In these instances, however, it will 
nonetheless be necessary to combine the cytochrome 
P450 with appropriate elements which are capable of 
effecting bacterial transcription and translation, includ 
ing a bacterially compatible ribosome binding site, 
spacer region, transcription terminator, and promoter. 

In terms of the promoter, it is believed that virtually 
any promoter functional in the selected bacterial host 
may be employed. However, preferred promoters in 
clude the tac, lac, lac UV5, tac, trc, APL, T7 or T3 
promoter. Of course, the APL, T7 and T3 promoters are 
derived from baoteriophage and are known to be func 
tional in bacteria such as E. coli. While conventional 
wisdom would suggest that strong promoters would be 
preferred, the present inventor has observed that this 
may not be the case for the functional expression of 
eukaryotic cytochrome P450s in bacteria. For example, 
while the T7 gene 10 promoter is one of the strongest 
promoters yet identified, its use in connection with the 
cytochrome P450 17a-hydroxylase (P450.17a) results in 
the expression in E. coli of large amounts of the enzyme, 
much of which, however, is spectrally inactive and 
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found in an insoluble form. Similar results are found 
with the use of a lac promoter, another strong pro 
moter. It is possible that subtle changes in growth me 
dia, temperature and or induction regimen may be nec 
essary for functional expression in these systems. Of 
particular interest is the possibility that hemin (a cofac 
tor of all functional p450 enzymes) may be limited in 
these cells. Thus, the addition of exogenous hemin may 
be necessary to effect functional expression in these 
systems. 
The inventor has found that the preferred promoter 

for bacterial expression is the tac promoter/ribosome 
binding site, which is available in "cassette' form (Phar 
macia 27-4883-01). The activity of this promoter is neg 
atively regulated by the production of the lac repressor 
from a cloned copy of the lac I gene. 
One will often desire to incorporate into the eukary 

otic cytochrome P450 gene an appropriate ribosome 
binding site for effectuating bacterial expression. Often, 
the ribosome binding site and promoter can be incorpo 
rated as a "cassette', defined as a contiguous, pre-fab 
ricated DNA segment which incorporates the desired 
elements and has useful restriction enzyme recognition 
sites at its two termini, allowing it to be readily inserted 
at an appropriate point within the desired cytochrome 
P450 gene by simple genetic manipulation. 
Most conveniently, one may desire to simply employ 

a promoter and ribosome binding site from a homolo 
gous system, such as the T7 promoter and its associated 
ribosome binding site (RBS), or the lac promoter and its 
associated RBS. In general, however, it is proposed that 
one may employ any effective bacterial ribosome bind 
ing site, with those RBSs from E. coli, X, T7 or T3 being 
preferred. Even more preferred ribosome binding sites 
are those from the T7 gene 10, or E. colilaca, lacz, trp 
A, trp B, trp C, trp D, trp E, trp L, trp R or trp S genes. 
A particularly preferred ribosome binding site and 
spacer region comprises the sequence 5'-AGGAGGT 
CAT-3', wherein the underlined portion comprises the 
ribosome binding site and the adjacent CAT sequence 
comprises the spacer region. (The spacer region is that 
sequence between the ribosome site and the ATG initia 
tion codon.) 
One will also typically desire to incorporate into the 

eukaryotic cytochrome P450 gene an appropriate bacte 
rial transcription terminator, which functions to termi 
nate the function of bacterial RNA polymerases, the 
enzymes responsible for transcribing DNA into RNA. 
The requirements for a functional bacterial transcrip 
tion terminator are rather simple, and are usually char 
acterized by a run of T residues preceded by a GC rich 
dyad symmetrical region. The more preferred termina 
tors are those from the TRP gene, the ribosomal termi 
nators, rrnB, or terminator sequences from the T7 
phage. In fact, the T7 terminator sequences contain 
RNase III cleavage sites with a stem-loop structure at 
the 3' ends of mRNAs which apparently slows down 
message degradation. 
While the present invention is exemplified through 

use of a 17a-hydroxylase P450 gene, it is believed that 
the techniques disclosed herein will be generally appli 
cable to all eukaryotic cytochrome P450s, many of 
which have similar structural and functional character 
istics. Thus, it is proposed that the invention will be 
generally applicable to members of the cytochrome 
P450 I, II, III, IV, VI, XIA, XB, XVII, XIX, XXI and 
XXVI family. However, for commercial applications it 
is proposed that preferred cytochrome P450 for appli 
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6 
cation in connection with the present invention will be 
the steroid hydroxylases, steroid biosynthetic enzymes 
P450 XIA1 (SCC), P450 XIB1 (11g), P450 XVIIA1 
(17a), P450 XIXA1 (aromatase) and P450 XXI (C21) 
and the xenobiotic metabolizing enzymes P450 I (P1 and 
P3), P450 II (1, LM2, mp, db1, andj), P450 III (nf) and 
P450 IV (LA). 
Moreover, although the present invention is exempli 

fied in terms of an E. coli bacterial host, there is no 
reason why other types of bacteria cannot be employed 
in place of E. coli For example, one may desire to em 
ploy a member of the gram negative family Enterobac 
teriaceae, which comprise 18 genera. The most closely 
related to E. coli are Salmonella and Shigella, and less 
closely related are the Enterobacter, Serratia, Proteus 
and Erwinia. Of these, expression of P450 in Salmo 
nella, Bacillus and Pseudomonas, may be preferred. 
A particularly surprising aspect of the present inven 

tion is the finding that recombinant bacteria have been 
found to produce a biologically active eukaryotic cyto 
chrome P450 enzyme without the need for an associated 
eukaryotic cytochrome P450 reductase. Although cyto 
chrome P450 enzymes require the presence of a reduc 
tase or associated electron transfer capability in order to 
function, it is apparently the case that the bacterial 
system set forth herein produce an electron transfer 
capability that is capable of substituting for eukaryotic 
P450 reductases. However, for certain applications it 
may be necessary to cotransform bacteria with an ap 
propriate eukaryotic or prokaryotic P450 reductase 
expression plasmid in order to achieve a maximally 
active enzyme. The inventor proposes that this reduc 
tase may most preferably be introduced on a plasmid 
together with the selected P450 enzyme gene or on a 
separate plasmid under a different antibiotic selection 
than the recombinant P450. Alternatively, the cDNA 
encoding the reductase may be integrated into the E. 
coligenome to produce a bacterial cell line which syn 
thesizes this auxiliary enzyme. Additionally, the reduc 
tase need not be of eukaryotic origin as the reductase 
moiety of cytochrome P450 BM3 (of Bacillus 
magaterium) has been shown to be capable of electron 
transfer to eukaryotic P450s. 
As noted, the present invention also concerns meth 

ods for the production of the biologically active eukary 
otic cytochrome P450 enzyme in a recombinant bacte 
rium which includes preparing a bacterial cell as dis 
cussed above and culturing the cell under conditions 
appropriate to effectuate expression of the cytochrome 
P450 enzyme in a biologically active form. 

In still further embodiments, the invention concerns a 
method for the metabolism of a cytochrome P450 sub 
strate which includes preparing a bacterial cell which 
expresses a biologically active cytochrome P450 en 
zyme as discussed above, wherein the expressed enzyme 
is selected to be capable of metabolizing the substrate, 
and subjecting the substrate so produced under condi 
tions which will allow the substrate to be metabolized. 
Of course, the cytochrome P450 enzyme gene is se 
lected such that the encoded enzyme will function to 
metabolize the particular substrate. While one may 
desire to at least partially purify the enzyme from the 
bacterium prior to subjecting the substrate to the en 
zyme, it is proposed that one may simply employ the 
recombinant bacteria directly, in that P450 substrates 
are typically hydrophobic compounds and would be 
expected to diffuse across biological membranes of in 
tact bacteria to encounter the enzyme. Alternatively, 



5,240,831 
7 

one may desire to first partially purify the enzyme, for 
example, by simply isolating bacterial membrane frac 
tions which include the enzyme. This is achieved most 
readily by breakage of the recombinant bacteria by 
enzymatic, mechanical or sonic disruption and then 
isolating the bacterial membranes via differential cen 
trifugation. 

In still further embodiments, the invention concerns a 
method for obtaining bacterial expression of a biologi 
cally active eukaryotic cytochrome P450 enzyme. This 
includes first obtaining a DNA segment which com 
prises a selected eukaryotic cytochrome P450 enzyme 
gene, and modifying the segment so as to operatively 
combine the gene with the bacterially compatible ribo 
some binding site, spacer region, transcription termina 
tor and promoter to form a bacterial expression unit. 
Next, bacteria are transformed with the bacterial ex 
pression unit to form transformant colonies. Then a 
transformant colony which expresses the gene in a bio 
logically active fashion is selected and cultured under 
conditions to effect expression of the eukaryotic cyto 
chrome P450 enzyme. The inventor proposes that a 
particularly advantageous method for achieving expres 
sion is to form the promoter, ribosome binding site, 
spacer region, as well as the various genetic modifica 
tions discussed above for effecting improved bacterial 
expression, into a single bacterial expression plasmid 
which can be universally employed with any of the 
eukaryotic cytochrome P450 genes. It is envisioned that 
such a plasmid will be universally applicable and will 
comprise the bacterial control elements in combination 
with the first 10 or so codons modified for bacterial 
expression, followed by restriction enzyme site(s) 
which will allow one to splice this amino terminal cod 
ing region into the cDNA of the P450 one wishes to 
express. Using standard techniques one of these restric 
tion sites will be introduced into the P450 cDNA at or 
near the 10th codon. One may then clone this cDNA 
into the expression plasmid such that the elements nec 
essary for efficient bacterial expression (i.e. promoters, 
rbs, spacer region and the modified amino terminal 
codons) are placed in front of the P450 cDNA. Thus, a 
hybrid P450 is created in which the native 5' codons of 
any eukaryotic P450 are effectively replaced by modi 
fied codons which have a demonstrated ability to pro 
mote bacterial expression. 
BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 Restriction map of the pCWmod 17 plasmid 

employed in the preparation of recombinant bacteria 
which express P45017 (ATCC accession number 
68511, deposited Jan. 9, 1991. 
FIGS. 2A and B Nucleotide and amino acid sequen 

ces at the 5'-ends of native (nati 7) and modified 
(mod 17) P45017 cDNAs and their expression in E. coli 
FIG. 2(A) shows the nucleotide changes (indicated in 
bold letters) that were introduced through the use of 
PCR mutagenesis of plasmid pCD17a-2. FIG.2(B) is an 
immunoblot analysis of bacterially expressed 17a hy 
droxylase. Lane 1, 9.4 ug of bovine adrenocortical mi 
crosomes; lane 2, 50 ug of total cell protein (TCP) 
JM109 (pCWnat17) +IPTG; lane 3, 50g TCPJM109 
(pCWmod17) -IPTG; lane 4, 50 g TCP JM109 
(pCWmod 17) --IPTG; lane 5, a mixture of samples 
shown in lanes 6 and 7; lanes 6 and 7, the 225,000 xg 
supernatant and pellet fractions from a 200 ul culture of 
JM109 (pCWmod 17) +IPTG, respectively. 
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FIGS. 3A and B Reduced CO-difference spectrum 

(A) and substrate binding spectra (B) of P45017a in in 
tact E. coli cells. A representative baseline tracing re 
corded from 350 to 510 nm is shown. Also shown are 
spectra obtained when aliquots of steroids and ethanol 
were added until bacterially expressed P45017a was 
spectrally saturated. 
FIG. 4 Steroid metabolism by bacterially expressed 

bovine 17a-hydroxylase in intact E. coli. Initial sub 
strates were pregnenolone, 17a-hydroxypregnenolone, 
and progesterone. 
DETAILED DESCRIPTION OF PREFERRED 

EMBODIMENTS 

The present inventor has developed a bacterial ex 
pression system for producing mammalian cytochrome 
P450s in an enzymatically active form. Generally speak 
ing, this has been achieved through the modification of 
a eukaryotic cytochrome P450 gene to incorporate 
bacterial expression elements including a bacterially 
compatible ribosome binding site, spacer region, tran 
scription terminator and promotor. Additionally, as 
discussed in general terms above, the inventor has de 
termined that one may find it necessary to modify the 
coding sequence of the eukaryotic P450 gene to render 
the amino terminal coding region acceptable for bacte 
rial expression. 
While the present invention is exemplified through 

the use of a cDNA gene for bovine 17a-hydroxylase 
(P45017), it is proposed that the techniques and modifi 
cations disclosed herein will be applicable to eukaryotic 
cytochrome P450s in general. Furthermore, although 
the invention is exemplified through the use of an E. coli 
host, it is proposed that the invention will be generally 
applicable to other bacterial hosts, particularly those 
related to E. coli, and their uses not excluded. Surpris 
ingly, it has been found that the bacterial host used to 
exemplify the invention contains an electron transport 
system that can substitute for the mammalian micro 
somal NADPH-cytochrome 450 reductase in support 
ing the 17a-hydroxylase and 17, 20-lyase activities of 
P45017. Thus, it is proposed that one may often be able 
to employ such hosts without the need for adding ex 
trinsic reductase or incorporating a separate mammalian 
reductase gene into the bacterial host. 
An important aspect of the present invention is the 

use of a bacterial ribosome binding site, spacer region 
and terminator. Suitable elements in this regard are well 
known in the art and they may be combined with the 
selected cytochrome P450 gene in appropriate fashion 
through the application of well known techniques. 
Although there are hundreds of E. coli promoter 

sequences, only a handful of these are typically em 
ployed in bacterial expression systems. These tend to be 
strong promoters that are highly regulated. The most 
commonly employed, and those generally preferred for 
use in the present invention, are the trp, lac (or hybrids 
of these such as the lac UV5 tac and tre promoters), 
APL, as well as promoters found in the genes of other E. 
coli Viruses such as T7 or T3. The tac promoter has 
proved to be particularly beneficial. If one does not 
desire to employ the tac promoter, it is believed that 
other promoters may be substituted, with the lacz, T7 
and APL being preferred. However, the present inven 
tion is by no means limited to these embodiments and 
one may refer to publications such as Hawley et al., 
1983, and Hoopes et al., 1987 for other useful promot 
es. 
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promoters are the best promoters, the inventor's studies 
have indicated that this may not hold true for the func 
tional expression of a eukaryotic cytochrome P450 such 
as P4507. The reason for this is that when the modi 
fied 17a cDNA is placed into an expression vector 
containing a promoter, ribosome binding site and spacer 
region of gene 10 from T7 virus, it was expressed in E. 
coli in large amounts but most of the protein was spec 
trally inactive and found in a relatively insoluble form in 
the cells. Interestingly, the T7 promoter is one of the 
strongest promoters yet identified and the RBS and 
spacer region are most certainly very efficient in trans 
lation initiation and elongation. However, similar re 
sults are observed with a clone containing a lac pro 
moter along with the RBS and spacer region of gene 10 
upstream of the modified cDNA 17a sequence. While 
the reason for this is unclear, the inventor's working 
hypothesis in this regard is that eukaryotic P450s need 
to be synthesized slowly in a highly regulated manner 
such that the cells are given time to metabolically adapt 
to the production of this foreign protein. 
The use of a bacterially compatible ribosome binding 

site also appears to play an important role in the prac 
tice of this invention. Generally speaking, it is believed 
that most known ribosome binding sites, and their asso 
ciated spacer regions, may be employed to some advan 
tage in connection with this invention. Numerous such 
RBS are known (Gren, 1984). The Gren article, in fact, 
discloses a large number of ribosome binding sites and 
their associated spacer regions which have been se 
quenced from RNA phage, DNA phage and E. coli 
genes. While it is believed that virtually any of these 

ribosome binding sites may find utility in connection 
with the present invention, it is believed that the partic 
ularly preferred ribosome binding sites will be those 
from DNA phage, the T7 phage, as well as various E. 
coli genes. Of these, those that are particularly preferred 
are the RBS and spacer from the T7 gene 10, E. colilac 
a, lac z, trp A, trp B, trp C, trp D, trp E, trp L, trp R, 
and trp S. For the optimization of RBS structure, one 
may wish to refer to DeBoer et al., 1990. 
The upstream region of the inventor's most preferred 

embodiment, the pCW plasmid (discussed in more detail 
below), is 5'-ATCGATGCTTAGGAGGTCATATG 
3', wherein the first underlined portion is the RBS and 
the second is the initiation codon (ATG). The rbs here 
is seven nucleotides and is combined with a rather short 
spacer of three nucleotides (CAT). Thus, the RBS is 
longer than necessary while the spacer is suboptinally 
short, at least this is what one would expect based on 
what is known about most RBS/spacer combinations. 
The use of a bacterial transcription terminator is also 

an important aspect of the invention. In general, it is 
believed that one may employ virtually any bacterial 
terminator sequence. A useful listing of terminatorse 
quences which the inventor believes one may use in 
connection with the present invention can be found in 
Rosenberg et al., 1979. Generally speaking, simple bac 
terial terminators are characterized by a series of thymi 
dine residues at the 3' end of the gene, preceded by a 
GC-rich region of dyad symmetry in the DNA. Some 
terminators have a run of adenines (preceding the GC 
rich region) that can apparently provide a symmetric 
counterpart to the uridine-encoding region, and should 
thus function in both directions. This has been demon 
strated for rho indepedant terminators and for the rrnB 
operon. 
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Terminators seem to be important in the stability of 

plasmids carrying strong promoters. The terminators 
which are most frequently used in expression vectors 
are the trp or the ribosomal terminators, rrnB. Termina 
tor sequences from T7 phage have also been used fre 
quently in expression vectors since they contain RNase 
III cleavage sites which leave a stem-loop structure at 
the 3' ends of mRNAs that apparently slows down the 
degradation of these messages in E. coli (Danayotatos et 
al., 1985). 
An important aspect of the invention concerns the 

modification of the eukaryotic cytochrome P450 en 
zyme gene to insure a nucleotide sequence that favors 
expression in a bacterial host. A principal focus of these 
modifications is the codon which codes for the second 
amino acid of the enzyme, measured from the initiation 
codon, ATG. Studies undertaken by others have den 
onstrated that the second codon can influence the ex 
pression efficiency of the lac Z structural gene, and 
found that certain codons are preferred over others 
where an enhanced efficiency is desired (see Looman et 
al., 1987). Surprisingly, the present inventor has found 
that the second codon, at least in the context of eukary 
otic cytochrome P450 expression, plays a role in the 
generation of biologically active eukaryotic P450 en 
zymes as well. For example, when the second codon of 
P45017a is modified to incorporate a codon highly pre 
ferred for bacterial expression, in combination with 
additional modifications discussed below, a biologically 
active enzyme is produced. However, when the second 
codon of P45017 is left unchanged in its natural state 
(TGG), and additional modifications are not made, no 
detectable biologically active enzyme is produced. 
The inventor proposes that one will desire to modify 

the second codon of a selected cytochrome P450 en 
zyme gene so as to incorporate a codon preferred for 
bacterial expression. Exemplary preferred codons in 
clude GCT (Ala), AAA (Lys), ACC, ACT (Thr), TAT 
(Tyr), AAT, AAC (Asn), CAC, CAT (His), CGT, 
AGA, CGC (Arg), TTT (Phe), ATC, ATA, ATT (Ile), 
GTA (Val), TTG, CTT, CTC, TTA (Leu), GCC, 
GCA (Ala), GAA (Glu), AGC, AGT (Ser). Of these, 
the GCT codon is particularly preferred. Of course, 
where possible, one will desire to modify the second 
codon so as to maintain the same primary amino acid 
structure of the resultant expressed enzyme. This will 
be possible, however, only where the second amino 
acid is Phe, Leu, Ile, Val, Thr, Ala, Arg, Asn, Glu, His, 
Lys, Ser, or Tyr, in that no preferred codons exist for 
the remaining amino acids (Met, Pro, Gln, Asp, Cys, 
Gly, Trp). 

Just as some codons are to be preferred at the second 
position, certain codons are to be avoided. For example, 
the inventor has prepared a construct which comprised 
the native P45017 sequence, except that the second 
codon was changed, to GGG (Gly), placed down 
stream from the strong tre promoter. This construct 
failed to produce any immunodetectable protein. Thus, 
GGG is to be avoided. It is believed that other codons 
which should be avoided include TTC (Phe), CTA, 
CTG (Leu), TCA, TCT, TCC, TCA, TCG (Ser), 
CCG, CCT, CCC, CCA (Pro), ACA, ACG (Thr), 
GCG (Ala), CAG, CAA (Gln), GAT, GAC (Asp), 
GAG (Glu), TGT, TGC (Cys), TGG (Trp), CGG, 
AGG (Arg), GGT, GGC, GGA, GGG (Gly), ATG 
(Met), GTT, GTC, GTG (Val), TAC (Tyr), and AAG 
(Lys). 
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A second consideration which appears to be impor 
tant in the modification of P450 genes to effect biologi 
cally active bacterial expression is the nucleotide se 
quence between nucleotides 10 and 15 (i.e., codons 4 
and 5). It has been proposed by Stormo, et al. 1982 that 
it is important to maintain an AT richness in this region 
where one desires to promote bacterial expression. 
Thus, in modifying eukaryotic P450 enzymes for bacte 
rial expression, one will desire to introduce codons 
which have at least two A or T residues, and preferably 
three such residues. These modifications will preferably 
result in "silent" mutations which will not change the 
resultant amino acid structure of the enzyme. Of course, 
certain amino acids are encoded only by codons which, 
at most, have only one A or T residue (e.g., Gly, Ala, or 
Pro). Where the fourth or fifth amino acid of the se 
lected P450 enzyme is one of these, it may be necessary 
to modify the primary amino acid sequence in order to 
introduce an appropriate codon sequence at these posi 
tions. 
An additional modification which may prove benefi 

cial is the introduction of homology sequences which 
will promote transcription initiation and or elongation 
in E. coli. These considerations are based on the finding 
by Peterson et al., 1988, that the vast majority of E. coli 
mRNAs (greater than 98%) contain at least three con 
secutive nucleotides from the sequence 5' 
TCA AACTCTTCAATTT 3' within the first 21 nucle 
otides following the ATG initiation codon. It will be 
noted that the modified codons of P45017 described 
herein contain several of these nucleotides in the pre 
scribed location. Namely, the sequence CTCT is found 
within codons two (GCT) and three (CTG) while the 
triplet TTT is found reiterated in codons seven and 
eight (GTTTTT). Such sequences are thought to be 
involved in base pairing with the 5' terminus of bacterial 
15S ribosomal RNA, which is an important step in effi 
cient transcription initiation and or elongation in E. coli. 
Such sequences are preferably introduced into eukary 
otic P450 cDNA sequences if they do not already con 
tain them. 

Additionally, it is proposed that the presence of rare 
codons, especially AGA and AGG coding for Arg, 
within the first 25 codons will be deleterious to efficient 
expression (Chen et al., 1990). Additional rare codons 
which one might seek to avoid include CTA, TCA, 
AGT, ACA, GGA, CCC, ATA, GGG, CGA, CGG, 
AGA, and AGG. 
Another matter of potential focus concerns the sec 

ond amino acid. Others have found that the size of the 
side chain of the second amino acid determines whether 
the N-terminal Met residue will be removed (Hirtel et 
al., 1989; Dalobge et al., 1990). This becomes important 
in light of studies by Bachmair et al., 1988, which dem 
onstrate that the N-terminal amino acid of a protein 
determines its rate of degradation in the cell. If the 
native second amino acid leads to N-terminal Met pro 
cessing and the next exposed amino acid gives rise to a 
protein with a short half-life, one will desire to alter this 
residue to prevent such an occurrence. Thus, one may 
consider ensuring that the second amino acid is Ser, 
Ala, Thr, or Val. 

It is proposed that virtually any bacterial expression 
vector which is adapted for the particular bacterial host 
that is selected can be employed in the practice of the 
present invention. Of course, it may be necessary to 
modify the expression vector to take into account the 
considerations discussed above in terms of not only the 
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appropriate ribosomal binding site, spacer region and 
effective promoter, but also the various modifications 
for effecting improved bacterial expression. Neverthe 
less, it is proposed that virtually any appropriate bacte 
rial expression plasmid may be employed where de 
sired, at least as a starting point. These may include but 
are not limited to pBR322, paSI, puC7-19, pKK 
(223-3, 233-2, 177-3, 240-11), pfrc99A-C, pIDR540, 
pDR720, pFL-lambda, pKC30, pSK(+/-), Pin-iii, 
pCZ198, pTTQ8,9,18,19 and 181, pGEMEX-1 and 2, 
pET1-5, p17-3-7 and the like. 
A preferred plasmid for use in connection with the 

present invention is designated pCW, which has a re- . 
striction map as shown in FIG. 1. The pCW plasmid 
which was employed in connection with certain aspects 
of this invention is a derivative of the plasmid disclosed 
in Muchmore et al., 1989. Synthesis of cloned cDNAs is 
driven from two copies of a tac promoter/ribosome 
binding site cassette (Pharmacia 27-4883-01). The activ 
ity of this promoter is negatively regulated by the pro 
duction of the lac repressor from a cloned copy of the 
lac I gene present in this plasmid. (The pCW vector has 
very tight regulation of expression, since this vector 
contains the lac I9 gene, which may be an important 
factor for expressing eukaryotic P450s in E. coli). Upon 
addition of IPTG to the cells, repressions relieved and 
synthesis proceeds from the tac promoters through the 
inserted cDNA and stops at a downstream transcription 
terminator. 
While information provided to the inventor by the 

developer of this plasmid indicated that the DNA se 
quence between the last tac promoter and the ATG 
codon of the cloned DNA (i.e., the "spacer region') is 
derived from the T4 lysozyme gene, a preliminary 
search of the lysozyme gene failed to uncover the pres 
ence of this sequence. Furthermore, this spacer also 
contains an ATG codon which may also initiate protein 
synthesis due to its proximity to ribosome binding sites 
in the tac promoter cassette. Therefore, in that the pre 
cise structure of this clone is not clear, the inventor has 
deposited samples of the clone which contain the modi 
fied P45017 gene discussed in the examples below with 
the ATCC on Jan. 9, 1991, as deposit number 6851 1, 
deposited Jan. 9, 1991, under the provisions of the Bu 
dapest Treaty. 

In order to use this plasmid for the expression of 
other P450 genes, an Nde 1 (CATATG) restriction 
enzyme site is preferably introduced at the ATG initia 
tion codon of the P450 cDNA in question if one does 
not naturally occur there. In addition, other sequence 
alterations (described in detail herein) may also need to 
be introduced into the 5'-coding sequence of the P450 
cDNA. A unique restriction enzyme cloning site down 
stream of the P450 coding sequence is preferably em 
ployed to clone the P450 DNA fragment into the plas 
mid expression vector. A Hind III site (AAGCTT) is 
preferred since this is the site found in the present plas 
mid. (However, other unique restriciton sites may be 
rendered compatible to this Hind III site through stan 
dard molecular biology techniques). These alterations 
are most easily accomplished by the synthesis of oligo 
nucleotides containing the desired sequence changes 
and the subsequent introduction of these mutations into 
the P450 gene by standard PCR mutagenesis techniques 
(Higuchi et al., 1988). To introduce the alternative P450 
coding sequence into the expression vector, the plasmid 
DNA would thus be digested with the appropriate en 
zymes, in this case Nde 1 and Hind III. The vector 
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DNA fragment is isolated from the P45017 insert frag 
ment and mixed with the approximately digested alter 
native P450 cDNA sequence in the presence of T4 
DNA ligase. The vector now carrying the alternative 
P450 cDNA sequence is introduced into E. coli by stan 
dard techniques and used to produce the P450 enzyme 
according to the methods described herein. 
Of course, where bacteria other than E. coli are em 

ployed, one will desire to use a plasmid that is specifi 
cally adapted for use in the selected host. Representa 
tive shuttle vectors that replicate in E. coli and B. subtilis 
are the pHV series plasmids and derivatives of pVB110. 
Representatives of tretomyces plasmids are the high 
copy number plasmids pIJ, pFJ and their derivatives. 
While the present invention is exemplified in terms of an 
E. coli host, it is believed that virtually any bacterial 
host that is amenable to cloning an expression of foreign 
genes may be employed in connection with this inven 
tion. A number of exemplary hosts other than E. coli are 
known in the art to be useful for this purpose and in 
clude Bacillus, Streptomyces, and Pseudomonas. The 
inventor proposes that one will desire to employ a mem 
ber of the gram negative family Enterobacteriaceae, 
which is the family of which E. coli is a member. It is 
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proposed that many members of the other 18 genera of 25 
the family Enterobacteriaceae will be suitable expres 
sion host. The most closely related E. coli are Salmo 
nella and Shigglia, which are also found in the intestinal 
tracts of vertebrates. 

Enterobacter, Serratia, Proteus and Erwinia are less 
closely related genera. Of all these bacteria, expression 
of P450 in Salmonella may have commercial value since 
this is the host organism for the Ames test which is used 
to evaluate the carcinogenic activity of chemicals. Ex 
pression of drug metabolizing P450s in Salmonella 
could allow for carcinogen activation in vivo as op 
posed to preincubation of the chemical with a liver 
extract which is presently necessary to detect com 
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pounds which must first be metabolized before they 
become mutagenic. Other bacteria that might express 
eukaryotic P450s are those which synthesize bacterial 
forms of these enzymes. P450s have been identified in 
Bacillus and Pseudomonas. These are by no means the 
only bacteria which contain P450 but rather the only 
ones in which P450s have been well characterized. 
One should also consider the fact that eukaryotic 

P450s are not self sufficient enzymes in that they require 
oxygen and a reductase enzyme which transfers elec 
trons from NADPH to the P450. Thus, potential ex 
pression hosts can not be anaerobes but must be aerobes 
or facultative anaerobes. The bacteria must be able to 
grow in the presence of O2. Secondly, the host organ 
ism must have a protein capable of transferring elec 
trons to the P450 enzyme. From the inventor's data it 
appears that E. coli contains such a protein. One might 
reasonably conclude that other bacteria (especially 
those bacteria closely related to E. coli) also contain an 
identical or similar protein. Even if a given bacteria 
lacks such a reductase it is possible to coexpress this 
protein along with the desired P450. 
With the foregoing considerations in mind, the inven 

tor proposes that the present invention will be generally 
applicable to all eukaryotic cytochrome P450s. A large 
number of eukaryotic cytochrome P450s have been 
cloned and their cDNA sequences published and there 
fore generally available to the art. The following table, 
Table 1, was generated from the article of Nebert et al., 
1989, and sets forth all of the known P450 families, 
representative members of each family, and references 
which describe the particular P450 genes. One may 
wish to refer to the original Nebert et al. publication for 
the particular reference citations, which has been left 
off of the Table 1 which follows. It will be appreciated 
that Table 1 also includes many of the known bacterial 
P450s, including those from C tropicalis, Ps.putiya, and 
B. megaterium. 

TABLE 1 

P450 Genes and Their Products 
Protein Trivial Species 

Family Locus Symbol Name Name and Source References 

CYP1A1 Al Rat D Sogawa et al. (1984) 
R Yabusaki et al. (1984) 
D Hines et al. (1985) 

P Mouse R Kinnura, S. et al. (1984b) 
R Kimura, S, et al. (1987b) 

P Human R Jaiswal et al. (1985a) 
D Jaiswal et al. (1985b) 
R Quattrochi et al. (1985) 
D Kawajiri et al. (1986) 

form 6 Rabbit R Okino et al. (1985) 
R Kagawa et al. (1987) 

IA Trout RD Heilmann et al., (1988) 
CYP1A2 A2 d Rat R Kawajiri et al. (1984) 

D Sogawa et al. (1985) 
P Haniu et al. (1986) 

Ps Mouse R Kimura, S. et al. (1984a) 
R Kimura, S. et al. (1984b) 

P Mouse R Kimura and Nebert (1986) 
P3 Human R Jaiswal et al. (1986) 

R Jaiswal et al. (1987) 
form 4 Human R Quattrochi et al. (1985) 

RD Quattrochi et al. (1986) 
LM4 Rabbit P Fujita et al. (1984) 

R Okino et al. (1985) 
P Ozols (1986) 
R Kagawa et al. (1987) 

IA CYP2A IIAl al Rat R Nagata et al. (1987) 
CYP2A2 IA2 a2 Rat R Matsunaga et al. (1988) 
CYP2A3 IIA3 a3 Rat R Kimura, S. et al. (1989) 

Sc. Mouse R Squires and Negishi (1988) 
P450(1) Human R Phillips et al. (1985a) 



5,240,831 
15 16 

TABLE 1-continued 
P450 Genes and Their Products 

A3 Human R Yamano, S. et al. 
B CYP2B1 IIB b Rat R Fujii-Kuriyama et al. (1982) 

R Gotoh et al. (1983) 
P Yuan et al. (1983) 
R Phillips et al. (1983) 
R Affolter and Anderson (1984) 

Species and 
Family Locus symbol Protein name Trivial name Source Reference 

CYP2B2 B2 C Rat R Fujii-Kuriyama et al. (1982) 
D Mizukami et al. (1983) 
P Yuan et al. (1983) 
R Phillips et al. (1983) 
R Affolter and Anderson (1984) 

CYP2B3 IIB3 B3 Rat R Labbé et al. (1988) 
CYP2B4 IIB4 LM2 Rabbit P Heinemann and Ozois (1983) 

P Tarr et al. (1983) 
p54 R Komori et al. (1988) 
BO R Gasser et al. (1988) 
P-450, bl5 R Komori et al. (1988) 
Bl R Gasser et al. (1988) 
b46 R Komori et al. (1988) 

CYP2B4P (pseudogene) Rabbit D Zaphiropoulos et al. (1986) 
CYP2B5 IB5 b52 Rabbit R Komori et al. (1988) 

B2 R Gasser et al. (1988) 
HP1 R Komori et al. (1988) 

CYP2B6 IB6 LM2 Human R Miles et al. (1988) 
CYP2B7 IB7 Human R Yamano, S. et al. 
CYP2B8 IB8 Human R Yamano, S. et al. 
CYP2B9 IIB9 pf26 Mouse R Noshiro et al. (1988) 
CYP2B10 IB10 pf3/46 Mouse R Noshiro et al. (1988) 

C CYP2C1 IC1 PBc1 Rabbit R Leighton et al. (1984) 
CYP2C2 C2 PBc2, K Rabbit R Leighton et al. (1984) 

D Govind et al. (1986) 
PHP2 R Imai et al. (1988) 

CYP2C3 IIC3 PBc3 Rabbit R Leighton et al. (1984) 
3b P Ozols et al. (1985) 

CYP2C4 IIC4 1-88 Rabbit R Johnson et al. (1987) 
PBc4 R Zhao et al. (1987) 

CYP2C5 IC5 form 1 Rabbit R Tukey et al. (1985) 
CYP2C6 IIC6 PB Rat R Gonzalez et al. (1986a) 

pTF2 R Friedberg et al. (1986) 
R Kinnura, H. et al. (1988) 

CYP2C6P (pseudogene) Rat R Kimura, H. et al. (1986) 
CYP2C7 IC7 f Rat R Gonzalez et al. (1986a) 

pTF1 R Friedberg et al. (1986) 
CYP2C8 IIC8 form 1 Human R Okino et al. (1987) 

IC2 R Kimura, S. et al. (1987a) 
mp-12, mp-20 Human R Ged et al. (1988) 

CYP2C9 C9 IIC Hunan R Kimura, S. et al. (1987a) 
R Yasumori et al. (1987) 
R Meehan et al. (1988a) 

mp-4 R Ged et al. (1988) 
CYP2C10 C10 mp Human R Umbehauer et al. (1987) 

mp-8 Human R Get et al. (1988) 
CYP2C1) IC h, M-1, 6d Rat R Yoshioka et al. (1987) 

D Morishima et al. (1987) 
R Zaphiropoulos et al. (1988) 

CYP2C12 C2 i, 158 Rat R Zaphiropoulos et al. (1988) 
CYP2C13 C3 Rat R McClellan-Green et al. (1988) 
CYP2C14 C4 pHP3 Rabbit R Imai (1987) 
CYP2C15 C15 b32-3 Rabbit R Imai et al. (1987) 
CYP2D D1 db1 Rat R Gonzalez et al. (1987) 

CMF2 Rat R Ishida et al. (1988b) 
CYP2D2 ID2 db2 Rat R Gonzalez et al. (1987) 

CMF2 Rat R Ishida et al. (1988b) 
CYP2D3 D3 db3 Rat R Matsunaga, E. et al. 
CYP2D4 D4 db4 Rat R Matsunaga, E. et al. 

CMF3 Rat R Ishida et al. (1988b) 
CYP2D5 D5 db5 Rat R Matsunaga, E. et al. 

CMFlb Rat R Ishida et al. (1988b) 
CYP2D6 d6 db Human R Gonzalez et al. (1988b) 

R Gonzalez et al. (1988c) 
CYP2D7 IID7 Human D Kimura, S. et al. 
CYP2D8 ID8 Hunan D Kimura, S. et al. 
CYP2D9 ID9 16a Mouse R Wong et al. (1987) 
CYP2DO D10 cb Mouse R Ichikawa et al. (1989) w 

IEE CYP2E IE1 j Human R Song et al. (1986) 
D Umeno et al. (1988a) 

Rat R Song et al. (1986) 
D Umeno et al. (1988b) 
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TABLE 1-continued 
P450 Genes and Their Products 

3a Rabbit R Khani et al. (1987) - 
R Imai et al. (1988) 
d Khani et al. (1988) 

CYP2E2 IE2 IIE2 Rabbit D Khani et al. (1988) 
F CYP2F1 IF Human R Nhamburo et al. 
G CYP2G1 G1 of Rat R Nef et al. (1989) 
H CYP2H1 IIH PB15 Chicken R Hobbs et al. (1986) 
IIA CYP3A1 IIIA1 penl Rat R Gonzalez et al. (1985) 

CYP3A2 IIIA2 pen2 Rat R Gonzalez et al. (1986b) 
CYP3A3 IIIA3 HLp Human R Molowa et al. (1986) 
CYP3A4 IIIA4 nf-25 Human R Beauneet al. (1986) 

penl R Gonzalez et al. (1988a) 
infl-10 R Bork et al. (1989) 

CYP3A5 IIAS pen3 Human R Aoyama, T. et al. 
CYP3A6 IIA6 3c - Rabbit R Dalet et al. (1988) 

EVA CYP4A1 IVA) LAci) 1 Rat R Hardwicket al. (1987) 
CYP4A2 VA2 LAci) 2 Rat R Kimura, S. et al. 
CYP4A3 VA3 LAci) 3 Rat D Kumara, S. et al. 
CYP4A4 VA4 p-2 Rabbit R Matsubara et al. (1987) 
CYP4A5 EVA5 LAci) Rabbit R Johnson, E. F. et al. 
CYP4A6 EVA6 LAo 2 Rabbit R Johnson, E. F. et al. 
CYP4A7 VA7 LAci) 3 Rabbit R Johnson, E. F. et al. 

VB CYP4B IVB Lung P450 Human R Nhamburo et al. 
form 5 -- Rat R R. Gasser and R. M. Philpot 
form 5 Rabbit R R. Gasser and R. M. Philpot 

VIA CYP6A1 VIA House fly R Feyereisen, R. et al. (1989) 
XIA CYP1A XIA SCC Human R Chung et al. (1986b) 

D Morohashi et al. (1987a) 
Cow R Morohashi et al. (1984) 

P Chashchin et al. (1986) 
XB CYP11B1 XIB1 11g Cow R Chua et al. (1987) 

R Morohashi et al. (1987b) 
XVII CYP17 XVIIA 7. Cow R Zuber et al. (1986) 

Hunan R Chung et al. (1987) 
D Picado-Leonard and Miller 

(1987) 
R Bradshaw et al. (1987) 
D Kagimoto et al. (1988) 

Pig R Chung et al. (1987) 
Rat R Nishihara et al. (1988) 

R Namiki et al. (1988) 
Chicken R Ono et al. (1988) 

XIX CYP19 XIXA arom Human R Simpson et al. (1987) 
R Chen, S. et al. (1988) 
R Corbinet al. (1988) 

Chicken R McPhaul et al. (1988) 
XXI CYP2A1 XXEA1 c21A Mouse C Chaplin et al. (1986) 

c2l Cow D Chung et al. (1986a) 
R John et al. (1986) 
R Yoshioka et al. (1986) 

c21. Pig P Haniu et al. (1987) 
CYP2AP (pseudogene c21A) Human D Higashi et al. (1986) 

D White et al. (1986) 
CYP2A2 XXIA2 c21B Human D Higashi et al. (1986) 

D White et al. (1986) 
R Matteson et al. (1987) 

CYP21A2P (pseudogene c2lB) Mouse D Chaplin et al. (1986) 
XXV CYP26 XXVIAl 26-ohp Rabbit R Anderson, S. et al. 

CYP51 P450L 14DM S. cerevisiae D Kalb et al. (1987) 
C. tropicalis D Chen, C. et al. (1988) 

CYP52 P450L alk C. tropicalis D Sanglard and Loper (1989) 
CYPO P450CI can Ps putida P Haniu et al. (1982) 

D Unger et al. (1986) 
CYPO2 P450CE BM-3 B. megaterium D Ruettinger, R. T. et al. 

ad, DNA; R, CDNA derived from RNA; P, protein sequence. 

A surprising aspect of the present invention is the 
finding that, at least in the case of E. coli, the host bacte 
rial organism produces an electron-donating capability 
that can substitute for mammalian cytochrome P450 
reductase function. However, it may be the case that for 
certain P450s or certain bacterial expression hosts, one 
will desire to co-express a mammalian P450 reductase 
or other compatible reductase molecule. This would be 
achieved by cloning the cDNA for the reductase into an 
expression plasmid carrying an antibiotic resistance 
marker distinct from that carried by the pCWmod17 
plasmid so that both expression plasmids may replicate 

60 

65 

in the same E. coli cell. Rat liver NADPH-cytochrome 
P450 reductase has been expressed previously in E. coli 
(Porter et al., 1987). The reductase coding sequence will 
be placed downstream of an appropriate E. coli promo 
ter(s), ribosome binding site and spacer region in the 
plasmid expression vector using standard molecular 
cloning techniques. 

It is proposed that the reductase molecule need not be 
of eukaryotic origin. For example, the as yet unidenti 
fied endogenous E. coli reductase or the reductase moi 
ety of P450 BM-3 (of Bacillus megaterium) may also 
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serve as electron donors for the bacterially expressed 
eukaryotic P450. Furthermore, the cloned reductase 
expression unit need not be on a separate plasmid dis 
tinct from the pCWmod 17 plasmid. A suitable location 
may be found on the pCWmod 17 plasmid where the 
reductase expression unit may be appropriately placed 
such that both the P450 and reductase cDNAs will 
reside on the same plasmid. Alternatively, the reductase 
expression unit can be incorporated into the E. coli 
chromosome via phage mediated transduction or lysog 
eny. 
The inventor also believes that the growth conditions 

of the E. coli are of paramount importance for active 
and high level bacterial expression of cytochrome P450 
enzymes. For example, growth of cells in standard 
Luria Broth gives a very low yield of expressed protein. 
Moreover, growth of cells in Luria Broth or TB media 
at the standard optimal growth temperature of 37 C. 
yields significant levels of expressed enzyme, but the 
cells show no characteristic absorption at 450 nm when 
in the reduced and carbon monoxide bound state (indi 
cating that the enzyme is produced but is in an inactive 
state). Additionally, different bacterial strains show 
marked differences in their ability to produce the en 
zyme. Thus, it seems clear that factors other than the 
expression plasmid and the cDNA are important in the 
production of active enzyme in large quantities. 
The following Examples are included to demonstrate 

preferred modes for the practice of the present inven 
tion. Those of skill in the art will appreciate, in light of 
the present disclosure and their general familiarity with 
associated technical methodologies, that modifications 
and variations may be employed without departing 
from the spirit and scope of the invention. 

EXAMPLE I 

Expression of Biologically Active Cytochrome 
P45017 in E. coli 

In the present Example, the cDNA encoding bovine 
7a. -hydroxylase (P45017) was employed to demon 

strate the utility of E. coli as an expression system for 
eukaryotic P450s. This microsomal P450 catalyzes the 
regio- and stereospecific 17a-hydroxylation of the C21 
steroids pregnenolone and progesterone in the pathway 
leading to the production of cortisol in the adrenal 
cortex of most mammalian species. P45017 also con 
verts these 17a-hydroxylated products to the C19 
androgen precursors of sex hormones via the 17,20 
lyase reaction in the gonads of all species of mammals. 
P45017a (product of the CYP17 gene (Nebert et al., 
1989)) is a typical representative of the large number of 
microsomal P450 enzymes and it is expected that the 
techniques employed in connection with the bacterial 
expression of this specific P450 will be generally appli 
cable. 

In order to express this P450 in bacteria, the cDNA 
for the coding region of bovine P45017 (Zuber et al., 
1986) was cloned into the E. coli expression vector 
pCW, a derivative of pHSe5 (Muchmore et al., 1989), 
containing two tac promoter cassettes (Pharmacia 
#27-4883-01) upstream of Nde 1 (CATATG) restric 
tion enzyme cloning site coincident with the initiation 
ATG codon. This vector also contained a strong trp A 
transcription terminator sequence and the Iac I4 gene 
encoding the lac repressor molecule which prevents 
transcription from the tac promoters prior to addition of 
the inducer IPTG. Upon transformation of this expres 
sion plasmid containing the native codons of P45017. 
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20 
into the E. coli strain JM109, no immunoreactive P450 
protein was produced following derepression of the tac 
promoters. 

Examination of the amino terminal coding sequence 
of P45017, based on the reports by others that this region 
may play an important role in expression levels in E. 
coli, led to the introduction of modifications into the 
cDNA by PCR mutagenesis as indicated in FIG. 2A in 
an attempt to optimize parameters for the bacterial 
expression. Specifically, the native second codon was 
changed from TGG (Trp) to GCT (Ala) a preferred 
second codon for expression of Iac Z (Looman et al., 
1987), and codons 4 and 5 were changed to TTA (silent 
mutations) since this region of E. coli mRNAs has been 
shown to be rich in A and U nucleotides (Stormo et al., 
1982). Also the last nucleotide of codons 6 and 7 were 
changed to A and T respectively (silent mutations) to 
minimize secondary structure formation in the messen 
ger RNA (Scharder et al., 1989). 
The nucleotide changes (indicated in bold letters in 

FIG. 2A) were introduced by means of PCR mutagen 
esis (Higuchi et al., 1988), amplifying the sequences 
between the ATG initiator codon and a unique EcoRI 
restriction site of the plasmid pCD17a-2 (Zuber et al., 
1986). Following sequencing of the amplification prod 
ucts, the expression plasmids were constructed by the 
simultaneous ligation of Ndel/HindIII cleaved pCW 
vector DNA with a 1257 bp EcoRI fragment contain 
ing the native or modified cDNA PCR fragments en 
coding amino acids 1-91. The final pCW expression 
plasmids (pCWnat17 and pCWmod 17) were subjected 
to diagnostic restriction enzyme analysis prior to trans 
formation into E. coli. 
Immunoblot analysis (FIG. 2B) indicated that these 

alterations had a profound effect on expression of 
P45017 in E. coli and that this expression was efficiently 
repressed in the absence of IPTG. Fractionation of 
transformed E. coli into membranes and cytosol (Os 
borne et al., 1974) established that the expressed 
P45017 was associated with the membranes, JM109 
cells harboring the P45017 expression plasmids were 
grown to an OD550=0.4-0.8 in TB broth containing 
50-100 g/ml ampicillin at 37° C. (FIG. 2B). Where 
indicated, induction of the tac promoters was initiated 
by 1 mM IPTG. The cells were shifted to 28 C. and 
gently shaken for 48 hrs, pelleted, washed once in 
MOPS buffer (50 mM MOPS pH=7.5, 100 mM KCI, 
1 mM EDTA, limM DTT) and resuspended in the same 
buffer (1/20 volume of the original culture). Lysozyme 
was added to a final concentration of 0.2 mg/ml and the 
cells were incubated on ice for 30 min. PMSF, leupeptin 
and aprotinin were added to final concentrations of 1 
mM, 0.1 g/ml and 0.04 U/ml respectively, and the 
resulting sheroplasts were lysed by sonication in a salt 
ice bath. Unbroken cells and debris were pelleted at 
1,200 xg for 10 min. MgCl2 (6 mM) was added to the 
supernatant which was centrifuged at 225,000 xg for 30 
minutes at 4' C. The resultant membrane pellet was 
resuspended in MOPS buffer containing 6 mM MgCl2 
by gentle homogenization and recentrifuged at 225,000 
xg as before. Following centrifugation this washed 
membrane pellet was resuspended in MOPS buffer. 
TCP was prepared by boiling cells in 62.5 mM Tris-HCl 
(pH = 6.8) containing 2% SDS. Samples were fraction 
ated on 8% SDS-polyacrylamide gels and transferred to 
nitrocellulose membranes for immunoblot analysis 
(Zuber et al., 1985). 



5,240,831 
21 

Not only was the P4507 protein expressed in E. coli 
, this protein was found to have the spectral characteris 
tics of functional P45017 (FIG. 3A). The reduced CO 
difference spectrum obtained in intact E. coli showed 
the characteristic 450 nm absorbance maximum of all 
cytochromes P450 (Omura et al., 1962). In these studies, 
200 ml of JM109 harboring pCWmod 17 were cultured 
and induced as described above for the FIG. 2 studies. 
Cells were washed and resuspended in 10ml MOPS 
buffer. A 0.5 ml aliquot of concentrated cells was di 
luted with 5.5 ml of MOPS buffer containing 10mM 
glucose and divided equally between two cuvettes. 
Several grains of sodium dithionite were added to each 
cuvette and the baseline reduced difference spectrum 
was recorded in an Anninco DW-2A spectrophotome 
ter. Carbon monoxide was then bubbled through the 
sample cuvette and the reduced-CO bound difference 
spectrum was recorded. 
As shown in FIG. 3B, binding of substrates was also 

observed by detection of substrate-induced difference 
spectra (Narasimhulu et al., 1965) in intact bacteria 
following addition of the C21 steroids pregnenolone, 
progesterone, 17a-hydroxyregnenolone or 17a-hydrox 
yprogesterone. The C19 steroid product of the 17,20 
lyase reaction, dehydroepiandrosterone, showed much 
less binding while another C19 steroid, androstenedione 
which is not a product of bovine 17,20-lyase, showed no 
binding. The functional role of the binding of C2 ste 
roids to the expressed P45017 was determined by incu 
bation of transformed E. coli with radiolabeled sub 
strates and HPLC analysis of substrates and products. 

For the studies shown in FIG. 3B, substrate binding 
spectra were obtained by adding steroid to the indicated 
final concentration: (preg) pregnenolone 22 uM, (17OH 
preg) 17a-hydroxypregnenolone 40 uM, (DHEA) 
dihydroepiandrosterone 46 uM, (AD) androstenedione 
46.M. A volume of washed cells containing 1.6nmoles 
p45017 was diluted to 6 ml with MOPS buffer and 
divided into the sample and reference cuvettes of an 
Aminco DW-2A spectrophotometer. A baseline tracing 
was recorded from 350 to 510 nm (representative 
shown). Steroid was added in 10 ul aliquots (1-2 mg/ml 
in ethanol) to the sample with an equal volume of etha 
nol added to the reference. Additional aliquots of ste 
roids and ethanol were added until the bacterially ex 
pressed P4507 was spectrally saturated (spectra 
shown). 

FIG. 4 demonstrates steroid metabolism by bacteri 
ally expressed bovine 17a-hydroxylase in intact E. coli. 
The initial substrates employed were pregnenolone, 
17a-hydroxypregnenolone, and progesterone. For 
these studies, E. coli were grown and induced as de 
scribed for the FIG. 2 studies. Cells were pelleted, 
washed once in MOPS buffer and resuspended in the 
same buffer at 1/20 volume of the original bacterial 
culture. A volume of concentrated cells corresponding 
to 3.7-4.2 nmoles P45017 was diluted to 5 ml MOPS 
buffer containing 10 mM glucose, 2.5 LM steroid and 
100,000 cpm/ml of H-labeled radioactive steroid. Sam 
ples were incubated at 28°C. with gentle shaking. Ali 
quots (0.5 ml) were removed at 0, 0.5, 1, 2, 4, 6 and 8 
hours after steroid addition. Following extraction of 
cells and culture media steroids were analyzed by 
HPLC as previously described (Estabrook et al., 1988). 
Addition of glucose was not required for metabolism, 
no significant levels of additional steroid products were 
observed and ketoconazole, a P450 specific inhibitor 
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(Loose et al., 1983), was found to inhibit 17a-hydroxy 
lase activity. 
The enzymatic profile (FIG. 4) of the expressed 

P45017 in bacteria was the same as observed in other 
heterologous systems, COS 1. cells (Estabrook et al, 
1988) and yeast (Sakaki et al., 1988). Briefly, pregneno 
lone and progesterone were readily converted to their 
17a-hydroxylated products and 17a-hydroxyprogester 
one was not converted to androstenedione. Further 
more, when pregnenolone was added as substrate it is 
first converted almost entirely to 17a-hydroxypreg 
menolone before 17,20-lyase metabolism occurs. A simi 
lar pattern of metabolism is also observed upon expres 
sion in COS 1 cells (Estabrook et al., 1988). Conse 
quently bovine P45017 expressed in E. coli was indistin 
guishable from that expressed in monkey kidney cells or 
yeast. 

Surprisingly, E. coli were capable of supporting the 
enzymatic activities of P45017 (FIG. 4) without added 
cytochrome P450 reductase. The flavoprotein, 
NADPH-cytochrome P450 reductase, is a ubiquitous 
enzyme in eukaryotic cells which is generally required 
to support the activity of microsomal P450s. Further 
more P450 reductase from one species is able to support 
the activity of P450s from other species However, the 
presence of this enzyme in E. coli has not been detected 
immunologically (Porter et al., 1987). A unique form of 
cytochrome P450 in B. megaterium (P450BM3) is found 
to be a fusion protein between the P450 and a flavopro 
tein which resembles the eukaryotic P450 reductase in 
primary sequence, by binding both FAD and FMN and 
by utilizing NADPH as a source of reducing equiva 
lents (18, 19). Also, NADPH-sulfite reductase in S. 
timurun and E. coli is a bacterial flavoprotein reported 
to have properties similar to P450 reductase (Ostrowski 
et al., 1989). Perhaps sulfite reductase or another E. coli 
flavoprotein is able to transfer electrons to P450.17 
localized in the bacterial cell membranes to support 
these hydroxylation reactions. The present inventor has 
observed in vitro that 17a-hydroxylase activity can 
only be reconstituted by mixing membranes and the 
soluble fraction from transformed E. coli, and is not 
present in either fraction alone. 
These results establish for the first time that a eukary 

otic P450 can be expressed in bacteria such as E. coli in 
a functional form and that strain JM109 is able to sup 
port all the known activities of bovine P45017 leading 
to metabolic profiles indistinguishable from those ob 
served in eukaryotic cells. Consequently, by altering 
sequences within the first seven codons of the bovine 
P45017 cDNA to optimize for expression in E. coli, a 
bacterial expression system has been obtained. 

EXAMPLE II 

Preferred Growth Conditions 

The following have shown to be optimal conditions 
for the production of P45017 in E. coli 
The starting material is a colony of E. coli strain JM 

109 transformed with the plasmid pCWmod17 grown 
overnight at 37° C. on an LB (Luria Broth) plate (10g 
Bacto-Tryptone; 5 ug Bacto-Yeast Extract; 5ug NaCl; 
15 ug Bacto-Agar per liter of H2O) containing 50 
ug/ml amplicillin. A single isolated colony is streaked 
out on a fresh LB Amp plate and grown overnight at 
37 C. A single isolated colony from this plate is placed 
in several ml of LB Amp media (same as above minus 
Bacto-agar) and grown with vigorous shaking until the 
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culture media reaches an OD600 of 0.3. Sterile glycerol centrations are deleterious to the stability of 17a 
is added to this culture for a final concentration of 20%. hydroxylase in eukaryotic cells. 
These cells are frozen at -70' C. in 1 ml aliquots and 
will serve as inoculum for future experiments. EXAMPLE III 
The standard expression protocol is as follows. Three 5 Expression of Other Cytochrome P450s in E. coli 

to five ml of LB AMp media is seeded with several 
microfilters of thawd innoculmin. This culture is grown 
overnight with vigorous shaking at 37 C. This interme 
diate culture is diluted 1/200 into TB media (24 g/1 
Bacto-Yeast Extract; 12 g/1 Bacto Tryptone; 0.4%. 10 
Glycerol; 17 mM KH2PO4; 72 mM K2HPO4 (Phos 
phate added after autoclaving from a 10 fold concen 
trated stock) containing 50 g/ml ampicillin. Typically 
a 500 ml Erlenmeyer flask will contain 50 to 200 ml of 
media. This innoculated culture is then incubated at 37' 5 
C. with vigorous shaking until the OD600 of the media is 
0.4 to 0.8. At this time the culture is removed and al 
lowed to cool to below 30° C. At this point IPTG (iso 
propyl-43-ID-thiogalactopyranoside) is added from a 100 
mM stock for a final concentration of I mM. The cul- 20 
ture is then transferred to a 30° C. incubator and gently 

The expression of bovine mitochondrial cholesterol 
side chain cleavage (SCC) enzyme as well as human 
liver microsomal P450 IIIA4 nifedipine oxidase has 
now also been expressed in E. coli. 
For expression of SCC, the ptRC 99A vector con 

taining a trc promoter and lac ribosome binding site and 
spacer region was utilized. This protein is synthesized in 
eukaryotes in a precursor from which undergoes post 
translational proteolytic cleavage of the first 39 amino 
acid residues to form the mature enzyme. An attempt 
was made to produce both of these forms in E. coli. The 
nucleotide and amino terminal amino acid sequences of 
these constructs are set forth below. (bold lettering 
indicates alteration of the native sequences numbers 
refer to the amino acid sequences of the precursor pro 
tein) 

precursor: 
ATG GTA GCA AGG GGG CTT CCC CTG CGC TCA GCC CTG GTC AAA GCC TGC CCA CCC ATC 
Met Val Ala Arg Gly Leu Pro Leu Arg Ser Ala Leu Val Lys Ala Cys Pro Pro Ile 

3 4. 5 6 7 8 9 O 2 13 14 15 6 17 18 19 

are: 

ATG GTC TCC ACA AAG ACC CCT COC CCC TAC AGT GAG ATC CCC TCC CCT GGT GAC ATT 
Met Val Ser Thr Lys Thr Pro Arg Pro Tyr Ser Glu Ile Pro Ser Pro Gly Asp Asn 

4. 42 43 44 45 46 47 48 49 50 S. 52 S3 54 55 S6 57 

shaken for 48 to 60 hours at which point the level of 
P450 production is maximal. 
Although these conditions have proved adequate to 

produce bovine 17a-hydroxylase in E. coli several pos 
sible adjuvants may lead to improvements in the overall 
yield. These include but are not limited to the follow 
ing. Addition of metal salts (Fe,Na, Mg, Mn, Mo etc.), 40 
amino acids, glucose and vitamins to the culture media 
may lead to improved yields especially since strain JM 
109 may be impaired in its ability to synthesize the 
amino acid proline and the vitamin thiamine when 
grown under the conditions listed above. Another type 45 
EEE s may E.ove the Pig confirmed but it appears that the endogenous E. coli 

O in bacteria are heme or heme precursors (gluta- reductase described earlier can not transfer electrons to 
mate oraminolevulinic acid). Since P450s are hemo mitochondriapasos.The amount of scc.produced by 
proteins the synthesis of heme in bacteria may become the pTRC vector is less that the amount of 17a 
limited if large amounts of P450 are being synthesized in so hydroxylase produced by the pCW vector. Further 
the cell Thus, addition of these compounds may count sidies are in progress to introduce the sco DNAs into 
“E, add additional aliquots the pCW vector with the 5' nucleotide changes to be 

s ial ion of 17a of IPTG to the media during the growth of the culture portant for the bacterial expression of 17a-hydroxy 
to insure a proper amount of this inducing agent 55 A. attempt was also made to express a human liver 
throughout the long incubation period. Finally, the microsoma P450 IIIA4 (Beauneet al., 1986). Thena. 
control of pH and dissolved oxygen in the culture can tive amino terminal amino acid sequence and corre 
have a dramatic affect on cell viability and yield of sponding nucleotide sequence is listed below: 

When these sequences were introduced into the 
35 pTRC vector, only the mature sequence produced im 

munoreactive protein as detected in subcellular frac 
tions of these cells. Furthermore, this protein is local 
ized in E. coli membranes, and exhibits a typical reduced 
CO difference spectra and substrate binding spectra. 
Initial studies indicated that when the bacterially ex 
pressed protein is combined in vitro with the electron 
transport components of bovine adrenal mitochondria 
full enzymatic activity is seen. However, other studies 
indicate that the SCC enzyme is not active in E. coli 
without exogenous reductase. This result needs to be 

ATG GCT CTC ATC CCA GAC TG GCC ATG GAA ACC TGG CT CTC CTG GCT GTC AGC CTG 
Met Ala Leu le Pro Asp Leu Ala Met Glu Thr Trp Leu Leu Leu Ala Val Ser Leu 

recombinant protein. These parameters are most easily 
controlled in chemostat culture although the use of 65. In these studies, an emphasis was placed on the con 
alternative buffering agents may suffice to control pH in servation of the native amino acid sequence and the 
batch culture. Oxygen tension may be an important pCW vector was used throughout. In the initial studies 
parameter since others have reported that high O2 con- the following nucleotide sequences were introduced: 
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ATG GCT #Th ATT CCG GAT CTG GCT ATG GAA ACC TGG CTT CTC CTG GCT GTC AGC CTG 
Met Ala Ile Pro ASP Leu Ala Met Glu Thr Trp Leu-Leu Leu-Ala-Val-Ser Leu 

with variable third codons of TTC, TTT, CTT and expressing these enzymes in E. coli. The deletion of 
CTC for a total of four distinct sequences. When these codons corresponding to amino acid residues between 
modified cDNAs were introduced into the pCW vector the initiation Met and the hydrophobic signal sequences 
and transformed into E. collino P450 reduced CO differ- may be necessary in some cases. Studies are in progress 
ence spectra was observed. It was then noticed that the to express aromatase and C21 hydroxylase P450s using 
IIIA4 protein contained several amino acid residues 10 these guidelines. Aromatase enzyme contains the above 
between the N terminal Met residue and its hydropho- mentioned extra peptide sequences while C21 does not. 
bic signal peptide (the region underlined above). In While the compositions and methods of this invention 
most P450s this hydrophobic region follows immedi- have been described in terms of preferred embodiments, 
ately after the first Met residue. Therefore, the follow- it will be apparent to those of skill in the art that varia 
ing construction was made which contained the first tions may be applied to the compositions, methods, and 
nine codons of the modified 17a-hydroxylase cDNA in the steps or in the sequence of steps of the methods 
attached at the 21st codon of IIIA4 i.e., (caps IIIA4, described herein without departing from the concept, 
lower case 17aOH) spirit and scope of the invention. More specifically, it 

atg gct ctg tta tta gca gtt ttt ctg. GTG CTC CTC TAT CTA TAT GGA ACC CAT TCA 
met ala lieu leu leu ala val phe leu Val Leu Leu Tyr Leu Tyr Gly His Ser 

When this cDNA in plasmid pCW was introduced will apparent that certain agents which are both chemi 
into E. colia characteristic P450 CO difference spectra cally and physiologically related may be substituted for 
was observed in these cells indicating high level pro-' the agents described herein while the same or similar 
duction of active nifedipine oxidase P450 enzyme. results would be achieved. All sets of similar substitutes 
From these data it appears that the substitution of the and modifications apparent to those skilled in the art in 

first 10 or so codons of the modified 17a-hydroxylase light of the present disclosure are deemed to be within 
cDNA sequence for the corresponding codons of an- the spirit, scope, and concept of the invention as defined 
other P450 cDNA may be the most efficient method of by the appended claims. 

SEQUENCE LISTING 

( . ) GENERAL INFORMATION: 

( i i i ) NUMBER OF SEQUENCES: 16 

( 2) INFORMATION FOR SEQID NO:1: 

i ) SEQUENCE CHARACERSICS: 
(A) LENGTH: 57 base pairs 
(B) TYPE: nucleic acid 
( C ) STRANDEDNESS: unknown 
( D.) TOPOLOGY: unknown 

( x ) FEATURE: 
(A) NAME/KEY: CDS 
(B) LOCATION: 1.57 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:1: 

AG GTA GCA AGG GGG CTT C C C CTG CGC T CA GCC CTG GTC AAA GCC TGC 4 8 
Me t Val Al a A rig Gil y Le u Pro Le u Arg Ser A la L. eu Val Lys A a Cys 

5 0 1 S 

CCA C C C ATC - 57 
Pro Pro e 

( 2) INFORMATION FOR SEQID NO:2: 

( i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 19 amino acids 
(B) TYPE: anino acid 
(d) TOPOLOGY: linear 

( i i ) MOLECULE TYPE: protein 

( x i ). SEQUENCE DESCRIPTION: SEQ ID NO:2: 

Met V a l A la Arg G y Le u Pro Le u A rig Ser Al a Le u V a l l y S A a Cys 
s 1 0 5 



27 

P to Pro e 

( 2) INFORMATION FOR SEQID NO:3: 

( i ) SEQUENCE CHARACTERISTICS: 
(A) LENGTH:57 base pairs 
(B) TYPE: nucleic acid 
(C)STRANDEDNESS: unknown 
(d) TOPOLOGY: unknown 

( i x ) FEATURE; 
(A) NAME/KEY: CDS 
(B) LOCATION: 1.57 

( x i ). SEQUENCE DESCRIPTION: SEQED NO:3: 

AG GT C T C C A CA AAG AC C C C C GC 
Met V a l Ser Thr Lys Thr Pro Arg 

5 

GG T GAC AA 
Gly. A s p As in 

( 2) INFORMATION FOR SEQED NO:4: 

( i ). SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 19 amino acids 
(B) TYPE: amino acid 
(d) TOPOLOGY: linear 

( i i ) MOLECULE TYPE: protein 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:4: 

Met V a l Ser Thr Lys Thr Pro Arg 
5 

G y A s p As n 

( 2) INFORMATION FOR SEQID NO:5: 

( i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 57 base pairs 
(B) TYPE: nucleic acid 
( C ), STRANDEDNESS: unknown 
(D) TOPOLOGY: unknown 

( i x ) FEATURE: 
(A) NAME/KEY: CDS 
(B) LOCATION: 1.57 

( x i ) SEQUENCE DESCRIPTION: SEQID NO:5: 

ATG GC T C C A C C CA GAC TCG GCC 
Met A a le u e Pro A s p leu A 1 a 

5 

GT C AGC CTG 
Wa Ser Le u 

( 2) INFORMATION FOR SEQED NO:6: 

( i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 19 amino acids 
(B) TYPE: amino acid 
(D) TOPOLOGY: linear 

( i i ) MOLECULETYPE: protein 

( x i ). SEQUENCE DESCRIPTION: SEQED NO:6: 

Me t Al a Le u l l e Pro A s p Le u A a 
s 

Wa Ser Le u 

( 2) INFORMATION FOR SEQID NO:7: 

5,240,831 
28 

-continued 

CCC TAC AGT GAG AT C C C C T C C C C 
Pro Ty r S er G 1 u I e Pro Ser P ro 

1 O 5 

Pro Ty r Ser G 1 u e Pro Ser P ro 
0 5 

A T G GAA Acc TGG cTT cTc cTG GCT 
Met G 1 u Thir Trip L. eu Le u L. eu A 1 a 

0 1 S 

Met G 1 u Thir Trip Le u Le u le u A 1 a 
0. 5 

4, 8 

57 

4 8 

57 
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( i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 57 base pairs 
(BYPE: nucleic acid 
(C)STRANDEDNESS: unknown 
(d) TOPOLOGY: unknown 

( i x ) FEATURE; 
(A) NAME/KEY: CDS 
(B) LOCATION: 1.57 

( x i ) SEQUENCE DESCRIPTION: SEQID NO:7; 

AG GC TTC ATT CCG GAT CTG GC 
Met A a Ph e I le Pro A s p L. eu. A a 

s 

GC AGC cc 
Wal Ser Le u 

( 2) INFORMATION FOR SEQID NO:8: 

( i ) SEQUENCE CHARACTERISTICS: 
(A) ENGTH: 19 amino acids 
( B )YPE: amino acid 
(d) TOPOLOGY: linear 

( i i ) MOLECULETYPE: protein 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:8: 

Me t A 1 a Phe e Pro A s p - e u A a 
5 

Wal Ser L. eu 

( 2) INFORMATION FOR SEQ ID NO:9: 

( i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 57 base pairs 
(B) TYPE: nucleic acid 
(C). STRANEDNESS: unknown 
(d) TOPOLOGY: unknown 

( i x ) FEATURE: 
(A) NAME/KEY: CDS 
(B) LOCATION: 1.57 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:9: 

ATG GCT TTT ATT CCG GA CTG GCT 
Met A a Ph e I e Pro A s p Le u A 1 a 

5 

GT C As C CTG 
Wa Ser Le u 

( 2) INFORMATION FOR SEQ ID NO:10: 

( i) SEQUENCE CHARACERISTICS: 
(A) LENGH: 19 amino acids 
(B) TYPE: amino acid 
(D) TOPOLOGY: linear 

( i i MOLECULE TYPE: protein 

( xi ) SEQUENCE DESCRIPTION: SEQ ID NO:10: 

Met A 1 a Phe e Pro A s p L. eu. A 1 a 
5 

Wa Ser e u 

( 2) INFORMATION FOR SEQID NO:11: 

( i SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 57 base pairs 
(B) TYPE: nucleic acid 

5,240,831 
30 

-continued 

ATG GAA. A C C G G CT C C CTG GC 
Met G 1 u Thir Trp Le u Le u Le u A 1 a 

1 O 5 

Met G u Thir T r p i e u i e u Le u A 1 a 
0 5 

ATG GAA ACC TG C T C C CG GCT 
Met G u Thir Trip Le u Le u eu A a 

O 5 

Met G 1 u Thr r p Le u Le u Le u A 1 a 
O 5 

4 8 

5 

4, 8 
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-continued 
(C)STRANDEDNESS: unknown 
(d) TOPOLOGY: unknown 

( i x ) FEATURE; 
(A) NAME/KEY: CDS 
(B). LOCATION: 1.57 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:11: 

ATG GC CTT ATT CCG GAT CTG GCT ATG GAA ACC TGG CTT CTC CTG GCT 
Met A a Le u I e Pro A s p Le u A la Met G 1 u Thir Trip Le u Le u Le u A 1 a 

5 10 5 

GTC AGC CTG 
Val Ser Le u 

( 2) INFORMATION FOR SEQID No:12: 

( i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 19 amino acids 
(B) TYPE:amino acid 
(d) TOPOLOGY: linear 

( i i ) MOLECULETYPE: protein 

( x i ) SEQUENCE DESCRIPTION: SEQ ID No:12: 

Met A a Le u I e Pro A s p Le u A a Met G 1 u Thir T r p Le u Le u le u A 1 a 
5 0 5 

Wa Ser Le u 

( 2) INFORMATION FOR SEQED NO:13: 

( i ) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 57 base pairs 
(B) TYPE: nucleic acid 
(C) STRANDEDNESS: unknown 
(d) TOPOLOGY: unknown 

( i x ) FEATURE: 
(A) NAME/KEY: CDS 
(B) LOCATION: 1.57 

( x i ) SEQUENCE DESCRIPTION: SEQID NO:13: 

A T G G CT CTC AT T C C G GAT CTG GCT. At G GAA ACC To G CTT C T C CTG G CT 
Me t Al a Le u e Pro A s p Le u A a Met G i u Thir Trip Le u Le u Le u A 1 a 

5 0 s 

GT C A GC CTG 
V a Ser Le u 

(2) INFORMATION FOR SEQ ID NO:14: 

( i) SEQUENCE CHARACTERISTICS: 
( A LENGTH: 19 amino acids 
(B) TYPE:amino acid 
(D) TOPOLOGY: linear 

( ji) MOLECULETYPE: protein 

( x i ) SEQUENCE DESCRIPTION: SEQID NO:14: 

Met A 1 a le u I le Pro A s p L. eu A a Met G i u Thr T r p Le u Le u Le u A 1 a 
5 0. 15 

Wa Ser Le u 

( 2) INFORMATION FOR SEQID NO:15: 

( i ) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 57 base pairs 
(B) TYPE: nucleic acid 
(C)STRANDEDNESS: unknown 
(D) TOPOLOGY: unknown 

( i x ) FEATURE; 

48 

57 

4 8 

5 7 
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-continued 
(A) NAME/KEY: CDS 
(B) LOCATION: 1.57 

( x i ) SEQUENCE DESCRIPTION: SEQID No:15: 

A TG GCT. CT G T TA TTA GCA GT T TTT CTG G T G CT C C T C TAT cTA TAT GGA 
Le u Val 

0 
Me t A a leu Le u Le u A 1 a 

5 
Wa Phe 

A C C CAT TCA 
Th T H is Ser 

( 2) INFORMATION FOR SEQ ID NO:16: 

( i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 19 amino acids 
(B) TYPE: amino acid 
(d) TOPOLOGY: linear 

( i i ) MOLECULE TYPE: protein 

( x i ). SEQUENCE DESCRIPTION: SEQ ID No:16: 

Met A a Le u Le u eu A a Val 
5 

Phe 

h r H is Ser 

What is claimed is: 
1. A stably transformed bacterial cell of the family 

Enterobacteriaceae which expresses a biologically ac 
tive cytochrome P450 enzyme, said transformant com 
prising a DNA segment consisting essentially of a cyto 
chrome P450 expression construct maintaining host 
compatible transcriptional and translational regulatory 
DNA sequence elements in operable linkage with a 
eukaryotic cytochrome P450 coding region, said ex 
pression construct comprising a transcription promoter, 
ribosome binding site, spacer region and transcription 
terminator. 

2. The bacterial cell of claim 1, wherein the cyto 
chrome P450 enzyme is a member of the cytochrome 
P450 I, II, III, IV, VI, XIA, XB, XVII, XIX, XXI or 
XXVI family. 

3. The bacterial cell of claim 2, wherein the cyto 
chrome P450 enzyme comprises a steroid, fatty acid, 
prostaglandin, leukotriene, lipid, vitamin, or xenobiotic 
metabolizing-enzyme. 

4. The bacterial cell of claim 3, wherein the cyto 
chrome P450 enzyme is 17a-hydroxylase. 

5. The bacterial cell of claim 1, wherein the cyto 
chrome P450 gene is encoded on a plasmid. 

6. The bacterial cell of claim 1 wherein the promoter 
comprises a tac, lac, lac UV5 tac, trc, APL, T7 or T3 
promoter. 

7. The bacterial cell of claim 1, wherein the ribosome 
binding site comprises an E. coli, A, T7 or T3 ribosome 
binding site. 

8. The bacterial cell of claim 7, wherein the ribosome 
binding site comprises a T7 gene 10, or E. colilaca, lac 
z, trp A, trp B, trp C, trp D, trp E, trp L, trp R, or trp 
S ribosome binding site. 

9. The bacterial cell of claim 1, wherein the ribosome 
binding site and spacer region comprise 5'- 
AGGAGGTCAT-3'. 

10. The bacterial cell of claim 1, wherein the termina 
tor comprises a trp, rrnB, or T7 terminator. 

11. The bacterial cell of claim 1, wherein the termina 
tor comprises an RNase III cleavage site. 

Le u Wa 
0 

30 

35 

45 

50 

55 

60 

4 8 

Le u Le u Ty r Le u Tyr 
ls 

G y 

57 

Le u L. eu Ty r 
5 

Ty r Le u Gly 

12. The bacterial cell of claim 10, wherein the bacte 
rial cell is E. coli 

13. The bacterial cell of claim 1, wherein the cyto 
chrome P450 gene comprises a modification to effect 
improved bacterial expression. 

14. The bacterial cell of claim 13, wherein the cyto 
chrome P450 gene comprises a modification in the 
codon for the second amino acid. 

15. The bacterial cell of claim or 5, wherein the 
codon encoding the second amino acid of the cyto 
chrome P450 enzyme comprises GCT, AAA, ACC, 
ACT, TAT, AAT, AAC, CAC, CAT, CGT, AGA, 
CGC, TTT, ATC, ATA, ATT, GTA, TTG, CTT, 
CTC, TTA, GCC, GCA, GAA, AGC, or AGT. 

16. The bacterial cell of claim 15, wherein the codon 
encoding the second amino acid of the cytochrome 
P450 enzyme is GCT. 

17. The bacterial cell of claim 1 or 14, wherein the 
codon encoding the fourth or fifth amino acid of said 
cytochrome P450 enzyme comprises an AT rich codon. 

18. The bacterial cell of claim 1 or 14, wherein the 
first 25 codons of said cytochrome P450 gene comprises 
not more than two rare codons. 

19. The bacterial cell of claim 18, wherein the first 25 
codons of said cytochrome P450 gene are devoid of rare 
codons. 

20. The bacterial cell of claim 19, wherein the first 25 
codons of said cytochrome P450 gene are devoid of the 
codons AGA and AGG. 

21. The bacterial cell of claim 1, devoid of a eukary 
otic cytochrome P450 reductase. 

22. The bacterial cell of claim 1, further comprising a 
eukaryotic cytochrome P450 reductase. 

23. A method for the production of a biologically 
active cytochrome P450 enzyme in a recombinant bac 

65 

terium comprising preparing a bacterial cell in accor 
dance with anyone of claims 1 through 23 and culturing 
said cell under condition appropriate to effect expres 
sion of the cytochrome P450 enzyme. 

24. The method of claim 23, further comprising col 
lecting the cytochrome P450 enzyme so produced. 
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25. A method for the metabolism of a cytochrome 
P450 substrate comprising preparing a bacterial cell 
which expresses a biologically active cytochrome P450 
enzyme in accordance with any one of claims 1 through 
23, wherein said expressed enzyme is one that is capable 
of metabolizing said substrate, and subjecting said sub 
strate to the enzyme so produced under conditions ef. 
fective to metabolize said substrate. 

26. The method of claim 25, wherein said enzyme is at 
least partially purified from said bacterium prior to 
subjecting the substrate to the enzyme. 

27. The method of claim 25, wherein said cytochrome 
P450 substrate is subjected to bacterial membrane frac 
tions which comprise the enzyme. 

28. The method of claim 25 wherein said substrate is 
a steroid. 

29. An isolated DNA segment consisting essentially 
of a cytochrome P450 expression construct maintaining 
host-compatible transcriptional and translational regu 
latory DNA sequence elements in operable linkage with 
a eukaryotic cytochrone P450 coding region, said ex 
pression construct comprising a transcription promoter, 
ribosome binding site, spacer region and transcription 
terminator. 

30. The DNA segment of claim 30, wherein the cyto 
chrome P450 enzyme is a member of the cytochrone 
P450 I, II, III, IV, VI, XIA, XIB, XVII, XIX, XXI or 
XXVI family. 

31. The DNA segment of claim 30, wherein the cyto 
chrome P450 enzyme comprises a steroid, fatty acid, 
lipid, prostaglandin, leukotriene, vitamin, or xenobiotic 
metabolizing enzyme. m 

32. The DNA segment of claim 32, wherein the cyto 
chrome P450 enzyme is a 17a-hydroxylase. 

33. The DNA segment of claim 29, further defined as 
a plasmid. 

34. The DNA segment of claim 30, wherein the pro 
moter comprises a tac, lac, lac UV5 tac, trc, APL, TT or 
T3 promoter. 

35. The DNA segment of claim 29, wherein the ribo 
some binding site comprises an E. coli, A, T7 or T3 
ribosome binding site. 

36. The DNA segment of claim 35, wherein the ribo 
some binding site comprises a T7 gene 10, or E. colilac 
a, lac Z, trp A, trp B, trp C, trp D, trp E, trp L, trp R, 
or trp S ribosome binding site. 

37. The DNA segment of claim 29, wherein the ribo 
some binding site and spacer region comprise 5'- 
AGGAGGTCAT. 3'. 
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38. The DNA segment of claim 29, wherein the ter 

minator comprises a trp, rrnB, or T7 terminator. 
39. The DNA segment of claim 29, wherein the ter 

minator comprises an RNase III cleavage site. 
40. The DNA segment of claim 29, wherein the cyto 

chrome P450 gene comprises a modification in the 
codon for the second amino acid. 

41. The DNA segment of claim 40, wherein the 
codon encoding the second amino acid of the cyto 
chrome P450 enzyme comprises GCT, AAA, ACC, 
ACT, TAT, AAT, AAC, CAC, CAT, CGT, AGA, 
CGC, TTT, ATC, ATA, ATT, GTA, TTG, CTT, 
CTC, TTA, GCC, GCA, GAA, AGC, or AGT. 

42. The DNA segment of claim 41, wherein the 
codon encoding the second amino acid of the cyto 
chrome P450 enzyme is GCT. 

43. The DNA segment of claim 29, wherein the 
codon encoding the fourth or fifth amino acid of said 
cytochrome P450 enzyme comprises an AT rich codon. 

44. The DNA segment of claim 29, wherein the first 
25 codons of said cytochrome P450 gene comprises not 
more than two rare codons. 

45. The DNA segment of claim 44, wherein the first 
25 codons of said cytochrome P450 gene are devoid of 
rare codons. 

46. The DNA segment of claim 29, wherein the first 
25 codons of said cytochrome P450 gene are devoid of 
the codons AGA and AGG. 

47. The DNA segment of claim 29, further compris 
ing a cytochrome P450 reductase. 

48. A method for obtaining bacterial expression of a 
biologically active eukaryotic cytochrome P450 en 
zyme comprising the steps of: 

(a) obtaining a DNA segment which comprises a 
selected eukaryotic cytochrome P450 enzyme 
gene; 

(b) modifying the segment so as to operatively com 
bine the gene with a bacterially compatible ribo 
some binding site, spacer region, transcription ter 
minator and promoter to form a bacterial expres 
sion unit; 

(c) transforming bacteria with said bacterial expres 
sion unit forming transformant colonies; and 

(d) selecting a transformant colony which expresses 
said gene in a biologically active manner; and 

(e) culturing said selected transformant under condi 
tions effective to express said eukaryotic cyto 
chrome P450 enzyme. 

49. The method of claim 49, wherein said segment is 
modified by combining said gene with a bacterial ex 
pression cassette. 
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