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Human cytochromes P450 (CYP) 2A6 and 2E1 are of great interest because of their important
roles in the oxidation of numerous drugs and carcinogens. Bacterial expression systems,
especially Escherichia coli cells, have been widely used for the production of various CYP
enzymes in order to obtain high yield of proteins. The expression methods usually employ
longer culture time (30-72 h) at lower temperature (usually under 30°C). Expression levels of
CYPs 2A6 and 2E1 at 37°C were compared to those at 28°C, which is a usual temperature
used in most bacterial expression systems for human CYP expression. Within 18 h the expres-
sion levels of CYPs 2A6 and 2E1 reached up to 360 and 560 nmol per liter culture at 37°C,
respectively, which are compatible with those of 36 h culture at 28°C. The activities of CYPs
expressed at 37°C were also comparable to those expressed at 28°C. The present over-
expression system can be useful for rapid production of large amounts of active human CYPs

2A6 and 2E1 in E. coli.
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INTRODUCTION

Cytochromes P450 (CYP or P450) are the major en-
zymes involved in the oxidation of xenobiotic chemicals
and endogenous substrates (Wrighton and Stevens, 1992},
and multiple forms of CYPs are present in mammals
(Guengerich, 1995). Human CYPs 2A6 (Yamazaki et al.,
1992; Yun et al,, 1991) and 2E1 (Yamazaki et al,, 1992;
Guengerich et al., 1991) participate in the metabolism of a
variety of compounds including the activation of potentially
carcinogenic aryl and heterocyclic amines. These CYPs
are also of considerable interest due to their relevance in
progression of cancer (Fujieda et al., 2004; Tsukino et al.,
2002; Oyama et al., 1997).

Human CYP2A6 is a major member of the hepatic
family of enzymes, that metabolizes pharmaceutical agents
suich as coumarin, methoxyflurane, halothane, losigamone,
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letrozole, valproic acid, disulfiram, and fadrozole, and acti-
vates some procarcinogens such as 4-methylnitrosoamino-
1-(3-pyridyl)-1-butanone  and  N-nitrosodiethylamine
(Oscarson, 2001). Especially, CYP2A6 is a major metabolic
enzyme of nicotine and is suggested to be related to
smoking behavior (Tricker, 2003).

CYP2E1 is a toxicologically relevant enzyme because
of its unique ability to convert numerous substrates in the
environment to cytotoxins (Lieber, 1997). CYP2E1 is
involved in the activation of a wide variety of xenobiotics,
including a number of protoxins and procarcinogens. More
than 70 organic compounds such as alcohols, ketones,
dialkyl-nitrosamines, ethylcarbamate, halogenated solvents
or anesthetics (enflurane, halothane) are known to be
metabolized by CYP2E1 to toxic materials (Guengerich,
1995; Lieber, 1997). CYP2E1 is mainly a hepatic enzyme,
but it is also present in other tissues including lung,
kidney, nasal mucosa, lymphocytes, and bone marrow
(Raucy et al., 1997; Roberts et al., 1994).

Recombinant human CYP enzymes have been proven
to be useful for drug metabolism research and thereby
many heterologous expression systems have been devel-
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oped for several human CYPs (Guengerich and Parikh,
1997).

Expression of mammalian CYPs in Escherichia coli has
proven to be a valuable means to characterize these en-
zymes and has also been widely used for the production
of various CYP enzymes in order to obtain high vield of
proteins. Moreover, to achieve maximal catalytic activity
as well as protein expression, various strategies are
employed such as co-expression of CYP with NADPH-
P450 reductase (lwata et al, 1998), N-terminal modifi-
cation (Pritchard et al.,, 1997), and use of fusion proteins
(Parikh and Guengerich, 1997). It has also been reported
that the expression of CYP3A7 was elevated by the
presence of molecular chaperone GroEL, known to assist
the correct folding of proteins in E. coli (Inoue et al., 2000).
Recently, we have shown that human molecular chap-
erones, Hsp40 and Hsp70 can be used for rapid production
of large amounts of active human CYPs 1A2 and 3A4 in E.
coli (Ahn et al., 2004a, 2004b; Ahn and Yun, 2004).

In the present study, we have examined the effect of
temperature on the expression of human CYPs 2A6 and
2E1. It was observed that the culture at 37°C with shorter
culture time (18 h) can achieve a satisfactory production
level of the CYPs 2A6 and 2E1 with compatible catalytic
activities, when compared to the culture at the lower
temperature (28°C) with long culture time (36-48 h).

MATERIALS AND METHODS

Materials

Glucose-6-phosphate, glucose-6-phosphate dehydro-
genase, coumarin, chlorzoxazone, and NADP* were ob-
tained from Sigma Chemical Co. (St. Louis, MO). Recom-
binant rat NADPH-P450 reductase was expressed in E.
coli and was purified as described (Hanna et al., 1998).

Expression of recombinant CYPs 2A6 and 2E1
and preparation of membranes

The cDNA for human CYPs 2A6 and 2E1 with N-
terminal modification (Soucek, 1999; Gillam et al., 1994),
were kindly provided by Professor F. Peter Guengerich
(Vanderbilt University, Nashviile, TN, USA).

E. coli DH5aF'IQ cells were transformed with the
expression plasmid. Transformed cells were grown in
Terrific Broth (TB) containing 0.2% bactopeptone (w/v).
TB was supplemented with 100 ug ampicillin/mL, 1.0 mM
thiamine, trace elements (Sandhu et al, 1993), 50 uM
FeCls;, 1.0 mM MgCl,, and 2.5 mM (NH,),SO,. When the
optical density of the culture at 600 nm was approximately
0.4~0.5, protein expression was induced by adding 1.0
mM isopropyl-p-D-thiogalactopyranoside (IPTG) and 1.5
mM §-aminolevulinic acid (3-ALA). At every 3 or 6 h, a
portion of culture was sampled and expression level of
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CYP was quantitated by Fe**-CO versus Fe? difference
spectra (Omura and Sato, 1964). Expression was allowed
to proceed for 24 h at 37°C and for 54 h at 28°C,
respectively. Bacterial membrane fractions were prepared
as described previously (Dong et al., 1996).

Enzymatic assay

Whole cells and membrane fractions were analyzed for
expressed CYP levels by Fe**-CO versus Fe?* difference
spectroscopy in a Shimadzu UV-1650 PC spectrophoto-
meter as per the reported procedure (Omura and Sato,
1964). Briefly, the reaction mixture comprised of 100 mM
Tris-Cl, pH 7.4, containing 20% glycerol (v/v), 10 mM
CHAPS (3-[(3-chloamidopropyl)dimethyl-ammonio]-1-pro-
panesulfonate), and 1.0 mM Na-EDTA. The cataiytic acti-
vities of CYPs 2A6 and 2E1 were measured in membrane
fractions. Activities of coumarin 7-hydroxylation and chlo-
rzoxazone 6-hydroxylation were determined for CYP2A6
(Yun et al, 1991) and CYP2E1 (Peter et al, 1990), re-
spectively, as described. The activity assay was performed
in 100 mM potassium phosphate buffer (pH 7.4). The
reaction volume was 500 pL. Membrane fraction (0.40 uM
CYP1A2) and NADPH-cytochrome P450 reductase (2.0
uM) were mixed in the presence of coumarin (20 uM) or
chlorzoxazone (200 pM) as substrate. The reaction was
started by the addition of NADPH-generating system. In
the case of coumarin 7-hydroxylation assay, after incubat-
ing the sample at 37°C for 10 min, the reaction was
terminated by the addition of 60 ml of 15% (w/v) aqueous
CCI;COOH and 1.0 mL of CH,Cl,. Aliquots (0.5 mL) of the
organic extracts were then added to 3 mL of 30 mM
sodium borate buffer (pH 9.0). After vortex mixing and
centrifugation, the supernatants were analyzed fluorome-
trically (A, of 358 nm and A, of 458 nm) and the readings
were compared with those of 7-hydroxycoumarin standards
(Yun et al., 1991). For the chlorzoxazone 6-hydroxylation
assay, after incubating the sample at 37°C for 10 min, the
reaction was terminated by adding 50 ulL of 43% (w/v)
H;PO, and 1.5 mL of CH,Cl,. After vortex mixing and
centrifugation, the organic extracts were collected and
desiccated under N, stream. The residues were analyzed
by HPLC, as described (Peter et al., 1990).

Other methods

Protein concentrations were estimated by following bi-
cinchoninic acid procedure according to the manufac-
turer’s directions (Pierce, Rockford, IL). Rabbit anti-human
CYP2A6 or CYP2E1 was used as primary antibody in the
immunoblotting experiments. The specificity and properties
of similar preparations have been reported elsewhere
(Yun et al., 1991; Yamazaki et al, 1996). The antiserum
was adsorbed with E. coli proteins before use to remove
any background staining.
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RESULTS AND DISCUSSION

Several strategies for the expression of recombinant
human CYPs in bacteria have been developed and are
widely used (Guengerich and Parikh, 1997; lwata et al.,
1998). Since human recombinant CYP17 was expressed
in E. coli at 28°C (Barnes et al, 1991), expression of
recombinant CYPs have been performed at lower tem-
perature, usually lower than 30°C. However, we found
that expression of human recombinant CYPs 1A2 (Ahn et
al., 2004a, 2004b) and 3A4 (Ahn and Yun, 2004) could
produce active CYPs within shorter culture time. We could
observe the CO-spectrum within 3 h culture time at 37°C
for the both enzymes. In the present study, we have
examined the effect of temperature on the expression of
human CYPs 2A6 and 2E1.

The induction time-dependent expression levels of
recombinant CYPs 2A6 and 2E1 in E. coli cells were mea-
sured at 37°C and compared to those cultured at 28°C
(Fig. 1 and 2). The production of CYPs 2A6 and 2E1 was
elevated with increasing induction time and maximal yield
was obtained at around 18 h, as indicated by Fe*-CO
versus Fe?* difference spectra of whole E. coli cells. Ex-
pression levels of CYPs 2A6 and 2E1 at 37°C were com-
pared at those at 28°C, which was the usual temperature
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Fig. 1. Induction time-dependent expression level of recombinant
human CYPs 2A6 and 2E1. The Fe*-CO versus Fe?* difference spectra
with increasing induction time show increased expression of CYPs 2A6
(A) and 2E1 (B) at 37°C in whole E. coli cells. Each spectrum was
obtained after incubation of 3 (1), 6 (2), 12 (3), and 18 (4) h. Error bars
represent + S.D with three independent determinations.

used in the present system. The expression levels of CYPs
2A6 and 2E1 at 37°C reached up to 360 and 560 nmol
(liter culture)™, respectively, within 18 h, which are compat-
ible with those of 36 h culture at 28°C. (Fig. 2 and Table I).

However, further incubation decreased the level of CYP
production. The expressions of CYPs 2A6 and 2E1 were
also confirmed by western blot analysis (Fig. 3). These
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Fig. 2. Effect of temperature on the expression levels of recombinant human CYPs 2A6 and 2E1. Induction time-dependent expression levels of
CYPs 2A6 (A and B) and 2E1 (C and D) were measured at 37 (A and C) and 28°C (B and D), respectively, at the indicated culture time. Error bars
represent + S.D with three independent determinations.
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Table I. Expression yield of recombinant human CYPs 2A6 and 2E1
expressed in E. colf

Expression level

Culture

CYP i Whole cells  Membranes Membrane CYP
temperalure  ‘nmolfiter  (nmolliiter content
culture) culture)  (nmol/mg protein)
CYP2A6 37°C 327+ 7 155+ 14 0.61+0.05
CYP2A6 28°C 260 = 10 87+ 5 0.37 £ 0.02
CYP2ET1 37°C 560+ 5 223+ 43 0.84 £ 0.17
CYP2E1 28°C 731+ 12 332+ 54 145+ 0.24

®Expression was carried out at 37°C for 18 h or 28°C for 36 h in E. coli
DH5aF'IQ in the presence of 1.0 mM IPTG and 1.5 mM &-ALA.
®Results are expressed as means + SD, with three independent experi-
ments.

CYP2A6 CYP2E1

3 6 9 12 3 6 9 12 Time()

Fig. 3. Immunoblot analysis of expression of CYPs 2A6 and 2E1 in
whole E. coli cells as induction over time. The blot was probed with
rabbit anti-human CYP2A6 or CYP2E1 primary antbody and HRP-
linked rat anti-rabbit IgG secondary antibody.

Table IL. Activities of recombinant human CYPs 2A6 and 2E1 ex-
pressed at 37°C or 28°C in E. col?

Activity (nmol product formed/min/mg protein)

CYP Culture .
temperature Coumarin Chlorozoxazone 6-
7-hydroxylation hydroxylation
CYP2A6 37°C 22+03 not determined
CYP2A6 28°C 2.0+02 not determined
CYP2E1 37°C not determined 23+£03
CYP2E1 28°C not determined 2802

®Activity was determined with bacterial membranes and represented in
nmol product formed/min/mg protein.

®Results are expressed as means = SD, with three independent experi-
ments.

results indicate that active holoenzyme of recombinant
human CYPs 2A6 and 2E1 can be expressed in E. coll.

We assayed the catalytic activities of CYPs 2A6 and
2E1 in membrane fractions and the results are summarized
in Table ll. The activities of CYPs expressed at 37°C were
comparable to those of CYPs expressed at 28°C. This
result indicates that expression of CYPs at 37°C can be
applicable to obtain functional recombinant human CYPs
2A6 and 2E1 in E. coli.

CONCLUSION

We report here the successful expression system for
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the production of recombinant human CYPs 2A6 and 2E1
in E. coli at 37°C. Production levels of active CYPs 2A6
and 2E1 at 37°C were comparable to those expressed at
28°C. The present system is very rapid when compared
with other reported bacterial expression methods, which
usually employ long culture time (48~72 h) and lower tem-
perature (usually under 30°C) for the expression of proteins.
The catalytic activities of CYPs 2A6 and 2E1 produced at
37°C were also compatible to those expressed at 28°C.

Taken together, it can be suggested that effective over-
expression system for each recombinant human CYP
should be investigated for rapid and large production by
studying several parameters, such as culture temperature
(as in this work), molecular chaperones (Inoue et al.,
2000; Ahn et al., 2004b; Ahn and Yun, 2004), modification
of N-terminal sequences (Barnes et al, 1991), use of
signal sequences (Pritchard et al, 1997), and possibly
proper host cells for expression. In conclusion, several
recombinant human CYPs including CYP1A2 (Ahn et al.,
2004a, 2004b), CYP3A4 (Ahn and Yun, 2004), CYP2A6
(this work), and CYP2E1 (this work) can be expressed in
E. coli cells at 37°C, rather than lower temperature (<30
°C), for rapid production of functional CYP enzymes.

ABBREVIATIONS

CYP or P450, cytochrome P450; E. coli, Escherichia
col; IPTG, isopropyl-B-D-thiogalactopyranoside; 3-ALA, 6-
aminolevulinic acid

ACKNOWLEDGEMENTS

This study was supported by Chonnam National Univer-
sity in program, 2004 (to C.-H. Y.). We wish to thank Prof.
F. P. Guengerich (Vanderbilt University, Nashville, TN,
USA) for providing the expression vectors for CYPs 2A6
and 2E1.

REFERENCES

Ahn, T, Yang, S., and Yun, C. H., Enhanced expression of
human cytochrome P450 1A2 by co-expression with human
molecular chaperone Hsp70. Toxicol. Letft, 153, 267-272
(2004a).

Ahn, T, Yang, S., and Yun, C. H., High-level expression of
human cytochrome P450 1A2 by co-expression with human
molecular chaperone HDJ-1(Hsp40). Protein Expr. Purif., 36,
48-52 (2004b).

Ahn, T. and Yun, C. H., High-level expression of human cyto-
chrome P450 3A4 by co-expression with human molecular cha-
perone HDJ-1 (Hsp40). Arch. Pharm. Res., 27, 319-323 (2004).

Barnes, H. J., Arlotto, M. P., and Waterman, M. R., Expression
and enzymatic activity of recombinant cytochrome P450 17



Temperature Effect on Human P450 Expression in Bacteria

alpha-hydroxylase in Escherichia coli. Proc. Natl. Acad. Sci.
U.S.A,, 88, 5597-5601 (1991).

Dong, M. S., Yamazaki, H., Guo, Z., and Guengerich, F. P,
Recombinant human cytochrome P450 1A2 and an A-
terminal-truncated form: construction, purification, aggrega-
tion properties, and interactions with flavodoxin, ferredoxin,
and NADPH-cytochrome P450 reductase. Arch. Biochem.
Biophys., 327, 11-19 (1996).

Fujieda, M., Yamazaki, H., Saito, T., Kiyotani, K., Gyamfi, M. A_,
Sakurai, M., Dosaka-Akita, H., Sawamura, Y., Yokota, J.,
Kunitoh, H., and Kamataki, T., Evaluation of CYP2A6 genetic
polymorphisms as determinants of smoking behavior and
tobacco-related lung cancer risk in male Japanese smokers.
Carcinogenesis, (2004) (Aug. 12, web edition).

Gillam, E. M., Guo, Z., and Guengerich, F. P., Expression of
modified human cytochrome P450 2E1 in Escherichia coli,
purification, and spectral and catalytic properties. Arch.
Biochem. Biophys., 312, 59-66 (1994).

Guengerich, F. P. and Parikh, A., Expression of drug-metaboliz-
ing enzymes. Curr. Opin. Biotechnol., 8, 623-628 (1997).

Guengerich, F. P, Human cytochrome P450 enzymes. In
Cytochrome P450, 2nd ed., P. R. Ortiz de Montelano, ed
(New York: Plenum), pp. 473-535 (1995).

Guengerich, F. P, Kim, D. H., and lwasaki, M., Role of human
cytochrome P-450 IIE1 in the oxidation of many low
molecular weight cancer suspects. Chem. Res. Toxicol., 4,
168-179 (1991).

Hanna, I. H., Teiber, J. F., Kokones, K. L., and Hollenberg, P. F.,
Role of the alanine at position 363 of cytochrome P450 2B2
in influencing the NADPH- and hydroperoxide-supported
activities. Arch. Biochem. Biophys., 350, 324-332 (1998).

Inoue, E., Takahashi, Y., Imai, Y., and Kamataki, T., Develop-
ment of bacterial expression system with high yield of
CYP3A7, a human fetus-specific form of cytochrome P450.
Biochem. Biophys. Res. Commun., 269, 623-627 (2000).

lwata, H., Fujita, K., Kushida, H., Suzuki, A., Konno, Y.,
Nakamura, K., Fujino, A., and Kamataki, T., High catalytic
activity of human cytochrome P450 co-expressed with
human NADPH-cytochrome P450 reductase in Escherichia
coli. Biochem. Pharmacol., 55, 1315-1325 (1998).

Lieber, C. 8., Cytochrome P-4502E1: its physiological and
pathological role. Physiol. Rev., 77, 517-544 (1997).

Omura, T. and Sato, R., The Carbon Monoxide-Binding Pigment
of Liver Microsomes. 1. Evidence for Its Hemoprotein Nature.
J. Biol. Chem., 239, 2370-2378 (1964).

Oscarson, M., Genetic polymorphisms in the cytochrome P450
2A6 (CYP2A6) gene: implications for interindividual differences
in nicotine metabolism. Drug Metab. Dispos., 29, 91-95 (2001).

Oyama, T., Kawamoto, T., Mizoue, T., Sugio, K., Kodama, Y.,
Mitsudomi, T., and Yasumoto, K., Cytochrome P450 2E1
polymorphism as a risk factor for lung cancer: in relation to
p53 gene mutation. Anticancer Res., 17, 583-587 (1997).

Parikh, A. and Guengerich, F. P., Expression, purification, and

437

characterization of a catalytically active human cytochrome
P450 1A2:rat NADPH-cytochrome P450 reductase fusion
protein. Protein Expr. Purif., 9, 346-354 (1997).

Peter, R., Bocker, R., Beaune, P. H., lwasaki, M., Guengerich, F.
P, and Yang, C. S., Hydroxylation of chlorzoxazone as a
specific probe for human liver cytochrome P-450llE1. Chem.
Res. Toxicol., 3, 566-573 (1990).

Pritchard, M. P., Ossetian, R., Li, D. N., Henderson, C. J.,,
Burchell, B., Wolf, C. R., and Friedberg, T., A general strategy
for the expression of recombinant human cytochrome P450s
in Escherichia coli using bacterial signal peptides: expression
of CYP3A4, CYP2A6, and CYP2E1. Arch. Biochem.
Biophys., 345, 342-354 (1997).

Raucy, J. L., Schultz, E. D., Wester, M. R., Arora, S., Johnston,
D. E., Omdahl, J. L., and Carpenter, S. P., Human lymphocyte
cytochrome P450 2E1, a putative marker for alcohol-
mediated changes in hepatic chlorzoxazone activity. Drug
Metab. Dispos., 25, 1429-1435 (1997).

Roberts, B. J., Shoaf, S. E., Jeong, K. S., and Song, B. J., In-
duction of CYP2E1 in liver, kidney, brain and intestine during
chronic ethanol administration and withdrawal: evidence that
CYP2E1 possesses a rapid phase half-life of 6 hours or less.
Biochem. Biophys. Res. Commun., 205, 1064-1071 (1994).

Sandhu, P, Baba, T, and Guengerich, F. P., Expression of
modified cytochrome P450 2C10 (2C9) in Escherichia coli,
purification, and reconstitution of catalytic activity. Arch.
Biochem. Biophys., 306, 443-450 (1993).

Soucek, P., Expression of cytochrome P450 2A6 in Escherichia
coli: purification, spectral and catalytic characterization, and
preparation of polyclonal antibodies. Arch. Biochem.
Biophys., 370, 190-200 (1999).

Tricker, A. R., Nicotine metabolism, human drug metabolism
polymorphisms, and smoking behaviour. Toxicology, 183,
151-173 (2003).

Tsukino, H., Kuroda, Y., Qiu, D., Nakao, H., Imai, H., and Katoh,
T., Effects of cytochrome P450 (CYP) 2A6 gene deletion and
CYP2E1 genotypes on gastric adenocarcinoma. Int. J.
Cancer, 100, 425-428 (2002).

Wrighton, S. A. and Stevens, J. C., The human hepatic
cytochromes P450 involved in drug metabolism. Crit. Rev.
Toxicol., 22, 1-21 (1992).

Yamazaki, H., Inoue, K., Mimura, M., Oda, Y., Guengerich, F. P,
and Shimada, T., 7-Ethoxycoumarin O-deethylation catalyzed
by cytochromes P450 1A2 and 2E1 in human liver
microsomes. Biochem. Pharmacol., 51, 313-319 (1996).

Yamazaki, H., Inui, Y., Yun, C. H., Guengerich, F. P, and
Shimada, T., Cytochrome P450 2E1 and 2A6 enzymes as
major catalysts for metabolic activation of A-nitrosodialky-
lamines and tobacco-related nitrosamines in human liver
microsomes. Carcinogenesis, 13, 1789-1794 (1992).

Yun, C. H., Shimada, T., and Guengerich, F. P., Purification and
characterization of human liver microsomal cytochrome P-
450 2A6. Mol. Pharmacol., 40, 679-685 (1991).



