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Abstract Mammalian cytochrome P450 enzymes are of
special interest as biocatalysts for fine chemical and
drug metabolite synthesis. In this study, the potential of
different recombinant microorganisms expressing rat and
human cyplal genes is evaluated for such applications.
The maximum specific activity for 7-ethoxyresorufin
O-deethylation and gene expression levels were used as
parameters to judge biocatalyst performance. Under com-
parable conditions, E. coli is shown to be superior over the
use of S. cerevisiae and P. putida as hosts for biocatalysis.
Of all tested E. coli strains, E. coli DH50 and E. coli JIM101
harboring rat CYP1A1 showed the highest activities (0.43
and 042 U gcpw, respectively). Detection of active
CYPIALI in cell-free E. coli extracts was found to be dif-
ficult and only for E. coli DH5a., expression levels could be
determined (41 nmol galyw). The presented results show
that efficient expression of mammalian cyplal genes in
recombinant microorganisms is troublesome and host-
dependent and that enhancing expression levels is crucial
in order to obtain more efficient biocatalysts. Specific
activities currently obtained are not sufficient yet for fine
chemical production, but are sufficient for preparative-
scale drug metabolite synthesis.
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Introduction

Mammalian cytochrome P450 monooxygenases (CYPs)
are of exceptional interest for the synthesis of fine chemi-
cals, pharmaceuticals, and drug metabolites. The main
reasons are the ability to selectively oxyfunctionalize un-
activated C-H bonds, their prominent role in drug metab-
olism and degradation of xenobiotics, and the wide range
of relatively large molecules that they accept as substrates
[3, 17, 41]. Numerous systems for the heterologous
expression of mammalian cyp genes have been developed
[18, 76]. Recombinant microorganisms serve as an alter-
native source of enzymes next to microsomes derived from
laboratory test animals and human organs. Additionally,
they have great potential as catalysts for chemical bio-
synthesis. For such applications, whole microbial cells are
often favored over the use of purified enzymes. As bio-
catalysts, whole cells are self-renewable and provide a
stable environment for the oxygenase of interest. Mem-
brane-bound CYPs are difficult to purify and are almost
always dependent on additional proteins for electron
transfer. In vitro reconstitution of such multicomponent
systems requires additional purification of these proteins
and may result in inefficient assembly. In contrast, the
genes for such auxiliary redox partners can be co-expressed
in whole cells, directly yielding a fully active catalyst [47].
Finally, living cells regenerate required reduced nicotin-
amide co-factors via cell metabolism, which circumvents
the need for separate addition of expensive co-factors or
co-factor regeneration systems [14, 33, 73].

In most cases, Escherichia coli strains are used as hosts
for the expression of mammalian cyp genes. Advantages of
E. coli include the ease of cultivation and manipulation,
well-understood genetics, and low production costs.
However, in order to achieve significant CYP production,
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Table 1 Different heterologous

expression systems for cyplal Origin of cyplal gene Host organism CYP reductase Tested in this study References
in microorganisms Human E. coli Co-expressed Yes [47]
Human E. coli Fused to CYP No [10]
Rat E. coli Co-expressed Yes [64]
Rat S. cerevisiae Co-expressed Yes [37]
Rat S. cerevisiae Fused to CYP Yes [55]
Human Y. lipolytica Co-expressed No [40]

alteration of the original gene sequence (e.g., N-terminal
modifications [2, 47]) or a fusion of the gene to an inner-
membrane targeting sequence [50] is usually required, as
well as the addition of expensive d-aminolevulinic acid
(ALA) to ensure heme incorporation [22]. Alternatively,
yeast strains such as Saccharomyces cerevisiae, Schizo-
saccharomyces pombe, Yarrowia lipolytica, and Pichia
pastoris are used [3, 8, 31, 40]. These hosts do not require
gene sequence modifications or ALA addition. Moreover,
they constitute a eukaryotic background and possess organ-
elles. These features can be beneficial for the expression of
genes that encode membrane-bound, eukaryotic enzymes
[49]. The use of Pseudomonas strains can also be of interest.
Specific activities for limonene hydroxylation in whole
cells of P. putida, harboring bacterial CYP153A6 were
30-fold higher than reported activities for the same enzyme
in E. coli, without the need to supplement ALA to the
medium [69]. Additionally, some Pseudomonas strains are
solvent-tolerant, which might be a useful feature when toxic
compounds are involved in the bioconversion of interest
[23, 51].

Besides different choices for the host strain, strategies
reported to enhance expression of mammalian cyp genes in
microorganisms include directed evolution, chaperone co-
expression, gene fusions, and codon optimization [28].
These different strategies yielded an overwhelming amount
of different expression systems. For the selection of a
suitable catalyst for application in biotechnological pro-
cesses, it often remains unclear which system can be
considered optimal. An evaluation of different CYP-based
catalysts, based on literature data, is challenging because
experiments are often carried out under different condi-
tions, with different reaction substrates, and by different
laboratories [53, 54]. Furthermore, inconsistent data pre-
sentation, e.g., differences in investigated parameters and
units in which measured values are given, often compli-
cates a meaningful comparison of reported data.

CYP1A1 (P4501A1, P450MC, P450c) is a prominent
enzyme in mammalian metabolism and involved in the
activation of environmental pollutants such as polycyclic
aromatic hydrocarbons (PAHs) and heterocyclic aromatic
amines/amides (HAAs), which can result in carcinogenesis
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[34]. Furthermore, CYP1A1 is an important enzyme for
drug metabolite screening and synthesis. An efficient
CYP1Al-based catalyst is of interest for synthetic appli-
cations (e.g., production of metabolic intermediates) as
well as for bioremediation (e.g., degradation of pollutants)
[47, 60, 64]. In literature, at least six different whole-cell
expression systems have been described for cyplal genes,
which may be considered for such applications (Table 1).

In the present study, the performance (in terms of
achievable activity and gene expression level) of different
microbial strains (E. coli, S. cerevisiae, and P. putida)
harboring rat or human CYP1A1l was evaluated with the
aim to determine the optimal system and its characteristics
for biocatalytic applications. The gene for the auxiliary
CYP-reductase (CPR) was either co-expressed with or
fused to the cyplal gene.

Materials and methods
Chemicals

Unless stated otherwise, all chemicals were purchased from
Sigma-Aldrich (Munich, Germany) or Carl-Roth (Kar-
Isruhe, Germany) with the highest purity available. All
chemicals were used without further purification.

Microbial strains and plasmids and related cultivation
and transformation methods

The strains and plasmids used in this study are listed in
Table 2. E. coli strains were grown on Luria—Bertani (LB)
medium [58], Terrific Broth (TB) [58] or M9* mineral
medium [46] with either 0.5% (w/v) glucose or glycerol as
growth substrate. Mineral media were supplemented with
1 mM thiamine and 100 ug ml~' ampicillin (for pCW
vectors) or 50 pg ml~' gentamicin (for pCom8 vectors).
P. putida was grown on E2 medium [32] with 0.5% (w/v)
citrate as growth substrate and 50 pg ml~' gentamicin.
S. cerevisiae was grown on yeast extract-peptone-dextrose
(YPD) medium [58] or Verduyn mineral medium [71] with
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Table 2 List of strains and plasmids used in this study

Strain or plasmid Remarks References

E. coli DH5a supE44 AlacU169 (D80 lacZAMI15) hsdR17 recAl endAl gyrA96 thi-1 relAl [20]

E. coli IM101 supE thi A(lac-proAB) F’[traD36 proAB™ lacl? lacZAM15] [36]

E. coli E609 Hfrc pps [75]

E. coli E609L Ipp:Tnl0 derivative of E. coli E609, Tc" [38, 75]

P. putida KT2440 P. putida mt-2 cured of the TOL plasmid [1]

S. cerevisiae BY4741 MATa, his3AI, leu2AO, metl15A0, ura3AO [6]

S. cerevisiae AH22 a leu2, his4, canl cir™ [24]

pCWori+ pHSe5 derivative with cheW chemotaxis gene, double fac promoter, trpA terminator, [2]
phage M13 ori, lacl?, Amp"

pCWh1Al pCWori+ containing a N-terminally modified human CYP1A1 gene and the [47]
full-length human CPR gene, does not contain cheW gene, Amp"

pCWrlAl pCWori+ containing a N-terminally truncated rat CYP1A1 gene and a slightly [64]
modified human CPR gene (Gly2Ala), does not contain cheW gene, Amp"

pCom8 Broad-host-range expression vector, alk promoter, oriT, alkS regulator gene, Gm" [65]

pComS8rlAl pComS8 containing a N-terminally truncated rat CYP1A1 gene and a slightly This study
modified human CPR gene (Gly2Ala), Gm"

pAMR2 pPAAHS derivative containing the rat CYP1A1 gene (ADH promoter/ [37]
terminator) and a yeast CPR gene (yeast reductase promoter/terminator),
carries gene for leucine selection

pAFCRI1 PAAHS derivative containing the rat CYP1A1 gene linked to a yeast CPR [55]

gene by an Arg-Ala linker (ADH promoter/terminator), carries gene

for leucine selection

1% (w/v) glucose as growth substrate. Verduyn medium
was supplemented with histidine for S. cerevisiae AH22 or
uracil, histidine, and methionine for S. cerevisiae BY4741
(20 mg 17" of each amino acid). All strains were incubated
in screw-capped, baffled Erlenmeyer flasks in horizontal
shakers at 30°C. Cell densities were monitored by mea-
suring the optical density at 450 nm (ODysg), using a
spectrophotometer (Libra S11, Biochrom Ltd., Cambridge,
U.K.). The correlation factor between ODyso and cell dry
weight (CDW) concentration was determined as described
elsewhere [5] whereby 1 ODys( unit corresponds to 0.166,
0.152, and 0.223 gepw 17! for E. coli, S. cerevisiae, and
P. putida, respectively. Plasmids were introduced into
E. coli by heat-shock transformation, into P. putida by
electroporation (2,500 V, Equibio EasyjecT Prima, Kent,
UK), and into S. cerevisiae by lithium acetate transfor-
mation. All transformation methods were performed as
described [58].

Molecular biology techniques

For the construction of the bicistronic plasmid
pCom8r1Al, the genes for truncated rat CYP1Al and
human CPR were isolated from pCWrlAl by PCR [58]
using Phusion high-fidelity polymerase (Finnzymes Oy,

Espoo, Finland) and the following primers (Eurofins MWG
Operon, Ebersberg, Germany): 5'-CCGGAATTCCATAT
GGCTACAAGAACATG-3' (forward) and 5-CGCGG
ATCCCTAGCTCCACACGTCCAG-3’ (reverse). The
underlined sequences represent EcoRI (forward primer) and
BamHI (reverse primer) restriction sites. The resulting PCR
product (3,558 bp), encoding the genes for rat CYP1A1 and
human CPR as two separate open reading frames, and
pCom8 were digested with EcoRI/BamHI (Fermentas
GmbH, St. Leon-Rot, Germany), purified (PeqGOLD Mi-
crospin Cycle-Pure Kit, Peqlab Biotechnologie GmbH, Er-
langen, Germany) and ligated (T4-ligase, Fermentas GmbH,
St. Leon-Rot, Germany) according to the supplier’s recom-
mendations. The product was introduced into E. coli DH5«
and after overnight growth on LB-agar plates containing
gentamicin, the desired plasmid was isolated from obtained
transformants. The correct insertion of the genes was veri-
fied by digestion with different restriction enzymes and PCR
amplification of the insert.

Ethoxyresorufin O-deethylation (EROD)
with resting cells

Bacteria and yeast strains were grown on mineral media to
an ODysg of 0.5. Then, cells were induced by the addition

@ Springer



278

J Ind Microbiol Biotechnol (2012) 39:275-287

of 1 mM isopropyl f-D-1-thiogalactopyranoside (IPTG)
(E. coli containing pCW vectors) or 0.1% (v/v) octane (E.
coli and P. putida containing pComS8 vectors). Genes
encoded on vectors for yeast are constitutively expressed.
For cultures with E. coli strains, 0.5 mM ALA was added
upon induction of the cells. During growth, cells were
sampled from the shake flasks and centrifuged (10 min,
4,600 x g, 4°C). The pellet was resuspended in 100 mM
Tris—HCI buffer (pH 7.8) to a biomass concentration of
2 gcpw 171, Of this cell stock, 10 pl were added to 170 pl
Tris-buffer (100 mM, pH 7.8) in a well of a black 96-well
microtiter plate (Nunc, Roskilde, Denmark). After adding
10 pl of a 20% (w/v) glucose stock, EROD was started by
adding 5 uM 7-ethoxyresorufin from a 0.1 mM stock
in dimethyl sulfoxide. Fluorescence, resulting from res-
orufin formation by CYPIAl (Aex = 530 nm, Aey =
585 nm) [54] was followed in a microtiter plate reader
(Infinite M200, Tecan, Mainnedorf, Switzerland) for
30 min. The output signal of the microtiter plate reader was
correlated to product formation using a calibration curve
based on commercially available resorufin (Sigma—Aldrich).
The initial specific activity (given in U gchw, with
1 U = 1 umol formed product min~") was determined for
the time interval in which product formation was linear. All
specific activities reported in this study were determined in
triplicate.

CO-difference spectra

Active CYP1AL1 in cell-free extracts was quantified by CO-
difference spectra. Induced cells were harvested by cen-
trifugation (10 min, 4,600 x g, 4°C) and resuspended in
100 mM potassium phosphate buffer (pH 7.4, 5% (w/v)
glycerol, 1 mM dithiothreitol) to obtain a suspension with a
biomass concentration of 15 gcpw 17!, Cells were dis-
rupted by three passages through a pre-cooled French press
(5.5 MPa, SLM-Aminco, Rochester, NY, USA). Whole
cells and cell debris were removed from the extracts by
centrifugation (5 min, 17,000 x g, 4°C). Then, 0.5 ml of
cell-free extract was mixed with 0.5 ml of a 20 mM
sodium dithionite solution and a baseline was recorded
with a UV-visible spectrophotometer (Varian Type CARY
300, Palo Alto, CA, USA). Subsequently, the sample was
gassed with carbon monoxide (Linde AG, Munich, Ger-
many) for 30 s and a CO-difference spectrum was recorded
between 400 and 600 nm. The CYP concentration was
calculated using a value of 91 mM~" cm™' for the molar
extinction increment between 450 and 490 nm (active
CYP) and a value of 110 mM ' ecm™! for the molar
extinction increment between 420 and 490 nm (inactive
CYP and/or non-P450 cytochromes) [43]. Alternative
methods to disrupt cells such as sonification, lysozyme

@ Springer

treatment, and glass bead disruption resulted in lower
EROQOD activities and were therefore not considered for the
determination of cyp expression levels.

Results

Specific CYP1A1 activity of resting E. coli IM101
grown on different media

In this study, the biocatalytic performance of different
microorganisms expressing human or rat cyplal genes is
investigated. The low catalytic activities of recombinant
microorganisms harboring mammalian CYPs are often
regarded as a major factor limiting the implementation of
such systems in biotechnological processes [28]. Therefore,
the specific activity was chosen as the main parameter to
evaluate biocatalyst performance.

EROD was used as a model reaction, as very low product
concentrations can be detected fluorometrically (detection
limit: ~ 10 nM). Reported turnover numbers for CYP1A1-
catalyzed EROD range from 0.8 to 44.8 nmol min~"
nmol ™! [10, 26, 47, 68] and are comparable to values
reported for other CYPlAl-catalyzed reactions using
substrates, such as benzo[a]pyrene (from 0.97 to 1.40
nmol min~! nmol_l), phenacetin (from 0.2 to 36.9 nmol
min~! nmol_l), 2,3,7-trichloro-dibenzo-p-dioxin (27.5 nmol
min~! nmol_l), and theophylline (3.5 nmol min~! nmol_l)
[10,47, 64, 68]. EROD, therefore, can be considered a suitable
model reaction.

In order to adequately evaluate the performance of the
different biocatalysts, they were tested under comparable
reaction conditions. In this regard, the selection of a suit-
able medium is important. In many studies, complex media
(e.g., TB medium) are used as standard medium. However,
for bioprocesses, mineral media are favored over complex
media as they are generally cheaper, comprise more
defined reaction conditions, and simplify downstream
processing [77]. Moreover, auxotrophy selection markers
present on the yeast expression vectors for cyplal genes
require the use of mineral media. Hence, the use of mineral
media for E. coli strains was investigated in order to
increase the comparability of activities measured for yeast
and bacterial strains.

The specific activity of E. coli JM101 harboring rat
CYPIA1 and human CPR grown in mineral media was
compared to the activities obtained using complex TB
medium. For this purpose, the specific activity of resting
cells of E. coli IM101 (pCWrlA1) was measured at regular
time intervals during growth on different media (Fig. 1).
IPTG-induced E. coli JM101 (pCWrlAl) grown on
TB medium reached a maximum specific activity of



J Ind Microbiol Biotechnol (2012) 39:275-287

@ OGSt
o ) o
7-ethoxyresorufin
NADPH
02
H,0
EtOH + NAPD*
N
/@ \:@
HO o} (¢}
resorufin

(c)

05 - " + glucose 25 &
" S
T % 3
S 04 /o_o/ ~o-0-0-_ L20 &
2 o ~o 8
2 03 - L15 3
2 §o_o0-0 g
- / -
o “ =
© 0.2 1 o ./:/ L10 g.
- /S 3
‘S o «* 3.
g 01 A / o r05 @
7} % /./ =}

P> S =

00—+ 00

-2 0 2 4 6 8 10 12 14

time [h]

Fig. 1 Ethoxyresorufin O-deethylation using CYP1A1 (a). Specific
activity and growth behavior of E. coli JIM101 (pCWrlAl) growing
on different media: TB complex medium (b), M9* mineral medium
with 0.5% (w/v) glucose as carbon source (¢), M9* mineral medium
with 0.5% (w/v) glycerol as carbon source (d). Closed symbols show

0.36 £ 0.04 U gE]IDW. Uninduced cells also showed signifi-
cant activity towards ethoxyresorufin (maximum 0.07 U
galyw) (Fig. 1b). This indicates leaky expression from the tac
promoter present on pCW vectors when complex TB medium
is used for growth. Cells growing on M9* mineral medium
with glucose as carbon source reached higher activities than
TB-grown cells (up to 0.42 £ 0.04 U ga])w). Moreover, the
tac promoter was tightly regulated and no activity was detected
for uninduced cells (Fig. Ic). Long induction times are
required to reach the maximum specific activity, especially in
case of glucose-grown cells (>10 h). When glycerol was used
as alternative growth substrate, maximum specific activities
(027 £001 U0 gal)W) were already reached after 4 h of
induction (Fig. 1d) and remained stable for at least 24 h (data
not shown).

In conclusion, the use of mineral M9* medium with
glucose allowed similar specific activities as the use of
complex TB medium. Catabolite repression of the tac
promoter by glucose can be prevented by using glycerol as
an alternative growth substrate. However, this also results
in lower maximal activities. As E. coli containing rat
CYPIA1 showed the highest activity when grown in
mineral M9* medium with glucose as carbon source, this
medium was used for further investigations.
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growth (circles) and specific activity (squares) of induced cells
(induction at t = 0 h). Open symbols show growth (circles) and
specific activity (squares) of non-induced cells. For details see the
“Materials and methods” section

Catalytic activity of rat and human CYP1Al
in different E. coli strains

For expression of mammalian cyp genes in bacteria, E. coli
DH5« is used as standard host [10, 26, 47, 59, 64, 70].
However, for technical applications, the use of genetically
less modified and faster-growing strains, such as E. coli
JM101, is often preferred [7, 45].

Mammalian CYPs are typically involved in the func-
tionalization of complex substrates with relatively high
molecular weight (>200 g mol_l) [28]. Especially for such
compounds, substrate mass transfer across the cell mem-
branes can limit the bioconversion when using whole-cell
catalysts [14]. To alleviate this limitation, the use of E. coli
strains with enhanced outer membrane permeability, e.g.,
E. coli E609L, may be helpful [38, 39].

Taking the above-mentioned aspects into account, the
catalytic activity of human and rat CYP1A1 was tested in
different E. coli strains (Fig. 2). In all cases, the pCW
expression vector was used for the co-expression of a
truncated rat cylal gene together with a gene for human
CPR (pCWrlAl) [64] or a modified (Leu2Ala) human
cyplal gene together with a gene for human CPR
(pCWh1Al) [47]. For both plasmids, E. coli DH5a, E. coli
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Fig. 2 a Maximum specific
activities of different E. coli
(light gray) and S. cerevisiae
(dark gray) strains harboring rat
CYP1A1. b Maximum specific
activities of different E. coli
strains harboring human
CYPIAL. All E. coli strains
carry plasmid pCWrlAl (a) or
pCWh1ALl (b)
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IMI101, E. coli E609L, and E. coli E609 (isogenic parent of
E. coli E609L) were tested as host strains.

For rat CYP1A1, the highest maximum activities were
found for E. coli DH5o (0.43 + 0.04 U gaéw) and E. coli
JM101 (042 £ 0.04 U gal)W) as hosts, whereas E. coli
E609 showed lower activities (0.30 & 0.02 U gcpw)
(Fig. 2a). The Braun’s lipoprotein deficiency of E. coli
E609L negatively influenced EROD, as this strain showed
a maximum activity of only 0.07 % 0.03 U gcpw, which is
22% of the activity reached by the parental strain.

Specific whole-cell activities with human CYP1A1 for
EROD are roughly 100 times lower than activities found
with rat CYP1A1. For human CYP1Al, E. coli DH5u is the
most active host with a maximum specific activity of
4.7 + 0.5 mU gal)W. The activities of the other three tes-
ted strains are in a similar range, but slightly lower
(3-3.5mU galgw). As the specific EROD activities with
human CYP1A1 were very low compared to the activities
displayed by rat CYP1Al, human CYP1Al was not con-
sidered for further investigations.

It can be concluded that both E. coli DH5u as well as
E. coli JM101 are suitable host strains for CYP1Al. For
biotechnological applications, the use of faster-growing
E. coli JMI101 is preferred over E. coli DHS5c. Rat
CYPI1A1-catalyzed EROD is 100-fold faster in comparison
to human CYP1Al-catalyzed EROD.

Catalytic activity of rat CYP1Al in S. cerevisiae

In order to characterize the catalytic performance of
CYPI1Al-containing yeast strains and to enable a com-
parison with the results obtained for the tested E. coli
strains, the maximum specific activity of S. cerevisiae
BY4741 and AH22 containing plasmid pAMR2 (for co-
expression of the genes for rat CYP1A1 and yeast CPR)
was investigated (Fig. 2a). S. cerevisiae AH22 harboring
CYPI1A1 fused with CPR (S. cerevisiae AH22 (pAFCRI1))
was also tested. Microsomal fractions of S. cerevisiae
AH?22 containing the fusion protein have been reported to
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hydroxylate zoxazolamine at a higher rate than microsomal
fractions containing non-fused rat CYP1A1 and yeast CPR
[55].

S. cerevisiae AH22 is considered a standard host for
mammalian cyp gene expression [35, 55, 57], whereas
BY4741 is, in general, frequently used as a host for bio-
technological and biochemical studies [44]. Both strains
have a leucine auxotrophic phenotype, which was used to
select for plasmid-containing strains. Similar maximum
activities for EROD were found for S. cerevisiae BY4741
and AH22 harboring plasmid pAMR2 (0.15-0.16 U g&])w).
However, these activities were approximately three times
lower than the activities reached by E. coli (Fig. 2a). The
maximum specific activity of S. cerevisiae AH22 (pAFCR1)
containing fused rat CYP1Al and CPR is 1.5 to 1.7-fold
lower than that of strains co-expressing the genes for
CYP1A1 and CPR (Fig. 2a). Extracts of S. cerevisiae AH22
(pPAMR?2) showed a maximum activity of 0.03 U g&])W
(normalized to the amount of cells used for preparation of
the extract), which is 5-fold lower than the activity achieved
with whole cells.

It is concluded that E. coli strains, in general, display
higher specific activities than S. cerevisiae for EROD
catalyzed by rat CYP1AL1. Next to that, the use of a fusion
protein of CYP1A1 and CPR does not enhance specific
whole-cell EROD activities in S. cerevisiae and the use of
whole cells is favorable over the use of cell-free extracts.

Expression levels of rat CYP1AL1 in tested host strains

CYPs are unique enzymes as they can be specifically
quantified in whole cells or cell-free extracts using CO-
difference spectra [43]. This allows the determination of
turnover numbers (expressed in nmol product min~' (nmol
enzyme) '), which is, for other enzymes, usually only
possible after enzyme purification. The cyp expression
levels for all recombinant microorganisms tested in this
study were determined by CO-difference spectra of cell-
free extracts (Table 3).
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Table 3 P420 and P450 concentrations in cell-free extracts, maximum specific activities, and turnover numbers of different recombinant

microorganisms harboring rat CYP1A1

Strain Plamid P420 P450 Max. activity Turnover number
(nmol/gCDW) (nmol/gCDW) (mU/gCDW) (nmol min~" nmol™")
E. coli DH5o pCWori+ 360 + 51 n.d. n.d. -
pCWrlAl 71 +£4 41 +2 429 + 36 10
pCom8-r1Al 48 + 1 7+1 47 £33 7
E. coli IM101 pCWrlAl 18+6 n.d. 419 + 36 -
E. coli E609 pCWrlAl 130 + 11 n.d. 303 + 18 -
E. coli E6O9L pCWrl1Al 56 £ 15 n.d. 66 + 33 -
P. putida KT2440 - n.d. n.d. n.d. -
pCom8-rl1Al n.d. n.d. n.d. -
S. cerevisiae AH22 - n.d. n.d. n.d. -
S. cerevisiae AH22 pAMR2 n.d. 2+1 163 + 39 82
pAFCR1 n.d. 2+1 98 + 44 49
S. cerevisiae BY4741 pAMR2 n.d. 2+£1 150 + 22 71

n.d., not detectable

0.10

0.05 4

0.00 ~

-0.05

relative absorbance [-]

400 450 500 550 600
wavelength [nm]

Fig. 3 CO-difference spectrum of a cell-free extract of E. coli DH5«
(pCWrlAl). For preparation of the extract a cell stock with a biomass
concentration of 25 gcpw 17! was used. The measured AA at 450 nm
is 0.05. For more details, see the “Materials and methods” section

For all microorganisms, it was found that CYP1A1 was
hard to detect by analysis of CO-difference spectra, as
achieved expression levels were low. E. coli DH5x was the
only E. coli strain that allowed accurate determination of
the CYP concentration (Fig. 3). Presence of rat CYP1AT1 in
E. coli DH5u could not be detected by SDS-PAGE analysis
(data not shown). All tested E. coli strains, including E. coli
DH5a (pCWori+) not expressing any cyp gene, display a
significant peak at 420 nm, obviously originating from the
host itself. A peak at 420 nm was absent in case S. cere-
visiae strains were tested. For the tested yeast strains, very
low concentrations of CYP1A1 were detectable in cell-free
extracts (Table 3). The results show that expression of rat
cyplal in E. coli or S. cerevisiae results in very low
oxygenase concentrations. Turnover numbers achieved
with yeast strains carrying pAMR2 are 7-8-fold higher
than those obtained with E. coli DH5a (pCWrlAl).

Catalytic activity of rat CYP1A1 in P. putida

To test the performance of rat CYP1Al in P. putida, the
genes for rat CYP1A1 and human CPR were inserted in
plasmid pCom8. This is a broad-host-range vector that can
be applied for gene expression in both E. coli as well as
P. putida [65]. Remarkably, no EROD by rat CYP1A1 was
observed with P. putida KT2440. The data were confirmed
by CO-difference spectra, which showed no active CYP in
P. putida KT2440 (pCom8rlAl) (Table 3). However,
activity and gene expression could be detected for E. coli
DH5a carrying the same plasmid. Although lower maxi-
mum specific activities were obtained when the pCom§
vector was used instead of pCW, the biocatalytic efficiency
(given by the turnover number) of CYP1Al was compa-
rable in both cases. From the presented data it can be
concluded that P. putida is not a suitable host for the
functional expression of the genes for rat CYP1Al and
human CPR.

Discussion
Rat and human CYP1A1 activities within whole cells

The achieved specific activities of E. coli DH5a and E. coli
JMI101 containing rat CYP1A1 are roughly 100-fold higher
than the maximum achievable activities of the same strains
harboring human CYP1A1 (Fig. 2). The difference may be
caused by inter-species variability. Rat and human
CYP1A1 show 80% homology, based on the amino acid
sequences. This implies that catalysis by rat CYP1A1 may
differ from human CYP1Al-catalysis. Inter-species dif-
ferences have been reported before, e.g., the main
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metabolite found during paclitaxel metabolism catalyzed
by human CYP2CS8 is 6-hydroxypaclitaxel, whereas rat
CYP2C8 is not capable of paclitaxel hydroxylation at this
position [11, 27]. Inter-individual variability, caused by
genetic polymorphism, may also explain the observed
differences in activity [25], i.e., the cyplal gene of a dif-
ferent human being may encode a more active CYP1Al
oxygenase. In general, a screening among different species
and different individuals may yield more active variants of
mammalian CYPs.

E. coli as most suitable strain for mammalian
cyp expression

E. coli DH5a and E. coli JM101 show 2.5-fold higher
maximum activities than the best-performing S. cerevisiae
strain (Fig. 2). Yeast, as a eukaryotic host, does not ensure
higher expression levels compared to E. coli, which may
explain the corresponding low whole-cell activities. How-
ever, the low activities obtained with yeast may also result
from a less-efficient interaction of rat CYP1A1 with yeast
CPR as used for S. cerevisiae in comparison to the inter-
action of rat CYP1A1 with human CPR as used for E. coli.

The use of a fusion protein in S. cerevisiae or the use of
a Braun’s lipoprotein-deficient E. coli strain were both not
favorable for EROD. The latter result indicates that transfer
of 7-ethoxyresorufin over the outer membrane of E. coli
does not limit EROD at the conversion rates observed in
this study. However, the use of E. coli E609L may be of
interest when pronounced mass transfer limitations over
cell membranes occur [39].

P. putida is not suitable as a host for CYP1A1 as neither
EROD activity nor expression could be detected for
P. putida KT2440 (pCom8r1A1). The reason for the lack of
cyplal expression in P. putida is unclear but some factors
can be ruled out. Expression of the cyplal gene in E. coli
using pCom8r1Al resulted in the formation of functionally
active CYP1AI1, showing that the plasmid is functioning
properly. Furthermore, the use of pCom8 for the functional
expression of bacterial cyp genes in P. putida has been
demonstrated previously [69]. On this basis, functional
expression of the cyplal gene using pComS8 and P. putida, in
principle, can be expected. Differences in codon-usage
between P. putida and rat can also be ruled out as a reason,
since codon-usage in P. putida is very similar to that of
E. coli, which showed functional expression of the rat cyplal
gene. It may be speculated that incorrect protein folding in
P. putida (e.g., because of a lack of the correct chaperones) is
the reason for the absence of rat CYP1A1 in this strain.

Interestingly, CYP1A1 displays 7-8-fold higher turn-
over numbers in S. cerevisiae than in E. coli DH5u
(Table 3), indicating that yeast provides a favorable reac-
tion environment for CYP1A1. However, expression levels
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in S. cerevisiae are so low that these turnover numbers do
not result in higher specific whole-cell activities. Thus, the
higher expression levels achieved with E. coli make this
strain more suitable as a host for CYP1A1 biocatalysis.
This conclusion is further supported by literature data. For
example, CYP3A4-containing E. coli extracts were repor-
ted to show a 115-fold higher catalytic activity for testos-
terone hydroxylation than respective yeast extracts [21].
Furthermore, CYP concentrations achieved with E. coli
range from 0.8 to 4,500 nmol l_l, whereas concentrations
achieved with S. cerevisiae are generally lower (<88
nmol 17]; Table 4). This indicates that E. coli, in general,
enables higher cyp expression levels. However, it is
important to note that although expression levels are gen-
erally reported in nmol 17!, these values strongly depend
on the applied biomass concentration, which is not given in
most cases. For this reason, expression levels in this study
are reported in nmol galjw.

Table 4 shows that there is significant variation in
reported turnover numbers in vivo. For example, turnover
numbers for EROD range from 1.6 to 22.8 nmol -
min~! nmol™', for CYP1A1. One order of magnitude dif-
ferences in turnover numbers can also be observed for
CYP2D6 and CYP3A4 (Table 4). The variations probably
result from different reaction conditions and show the
importance of optimizing cell physiological conditions in
order to exploit the full potential of CYPs in whole-cell
catalysts. It furthermore highlights the importance of
evaluating different cyp-expressing systems under compa-
rable conditions, allowing more general conclusions on
different expression systems.

Expression of cyplal genes

Expression of rat cyplal was found to be difficult to detect.
Only for E. coli DH5o and the tested S. cerevisiae strains,
the presence of CYP1A1 could be demonstrated using CO-
difference spectra (Table 3), although all of the tested
E. coli and S. cerevisiae strains showed activity towards
7-ethoxyresorufin during separate activity assays. This
indicates that active CYP1A1 was lost during preparation
of the cell-free extracts, for which expression levels were
measured, e.g., due to enzyme instability or protease
activity. Activities of cell-free extracts of S. cerevisiae
AH22 (pAMR?2) also were lower compared to whole cells,
which further supports that active CYP was lost during cell
lysis. However, lower local concentrations of CYP and
CPR might also have contributed to lower activities.

For all E. coli strains, significant peaks at 420 nm were
detected. This was not observed for the tested yeast strains.
The presence of a peak at 420 nm is often considered to
indicate the presence of denatured or misfolded CYP [42,
53]. However, in agreement with a previous study [47], a
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Table 4 Reported in vivo activities and expression levels for different mammalian CYPs in E. coli and S. cerevisiae
CYP Substrate Turnover number Expression level Redox partner(s) References
(nmol min~' nmol™") (nmol 171
E. coli S. cerevisiae
1A1 Benzo[a]pyrene 0.82 4,500 Endogenous [29]
7-Ethoxycoumarin 34.6 121 Co-expression [26]
7-Ethoxyresorufin 1.6 27 Co-expression [47]
7-Ethoxyresorufin 22.8 121 Co-expression [26]
7-Ethoxyresorufin 0.46 4,500 Endogenous [29]
Naphthalene 23 umol gepw h™! 55-60 Fused to CYP [63]
Phenacetin 0.2 27 Co-expression [47]
2,3,7-Trichloro- 27.5 62 Co-expression [64]
dibenzo-p-dioxin
2.,3,7-Trichloro- 3.6 56 Co-expression [57]
dibenzo-p-dioxin
Zoxazolamine Not given - Fused to CYP [55]
1A2 7-Ethoxycoumarin 0.46 172 Co-expression [26]
7-Ethoxyresorufin 1.0 350 Co-expression [47]
7-Ethoxyresorufin 1.7 172 Co-expression [26]
Phenacetin 0.29 350 Co-expression [47]
2,3,7-Trichloro- 0.11 88 Co-expression [57]
dibenzo-p-dioxin
2A6 Coumarin 17.9 66 Co-expression [26]
Indole 1.7-131% - Co-expression [74]
4-Chloro-indole 1.2-54% - Co-expression [74]
4-Benzyl-oxo-indole 0.45-5.3* - Co-expression [74]
5-Benzyl-oxo-indole 0.28-3.0* - Co-expression [74]
2C8 Paclitaxel Not given 381 Co-expression [26]
2C9 Tolbutamide 1.1 170 Co-expression [47]
Tolbutamide 4.6 165 Co-expression [26]
2C19 S-mephenytoin 6.4 121 Co-expression [26]
2D6 Bufuralol 0.22 130 Co-expression [47]
Bufuralol 2.0 91 Co-expression [26]
2E1 Aniline 21.4 92 Co-expression [26]
Aniline Not detected 0.8 Co-expression [12]
Chlorozoxazone 3.5 160 Co-expression [47]
4-Nitrophenol 22.6 92 Co-expression [26]
4-Nitrophenol Not detected 0.8 Co-expression [12]
3A4 2,4-Dichlorophenol Not given ~3 Endogenous [35]
Nifedipine 15.2 200 Co-expression [4]
Nifedipine 59.8 81 Co-expression [72]
Testosterone 17.3 200 Co-expression [4]
Testosterone 6.3 230 Co-expression [47]
Testosterone 71.8 81 Co-expression [72]
Testosterone 59.7 84 Co-expression [26]
11A1 Ergosta-5-eneol Not given Co-expression [16, 67]
Pregnenolone Not given - Endogenous [2]
Progesterone Not given - Endogenous [2]
11B1 11-Deoxycortisol Not given - Co-expression [67]
11-Deoxycortisol 0.53 pmol 17" h™! - Co-expression [15]

11-Deoxycortisol

8.4 umol 17" h™'°

Endogenous
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Table 4 continued

CYP Substrate Turnover number Expression level Redox partner(s) References
(nmol min~! nmol™") (nmol 174
E. coli S. cerevisiae
11B2 11-deoxy corticosterone 039 nmol I h™'®* - Overexpression gene for [8]
endogenous redox partner
17A1 Progesterone 1.3 600-700 Fused to CYP [61]
Progesterone 50 150-200 Co-expression [62]
Progesterone 8 150-200 Fused to CYP [62]
Progesterone 0.16 150-200 Endogenous [62]
Progesterone Not given - Co-expression [67]
Progesterone 9 - Endogenous [37]
Progesterone 44 - Co-expression [37]
21A1 17-Hydroxy Not given - Co-expression [67]
progesterone
21B1 25-Hydroxyvitamin D3 Not given - Endogenous [56]

 Different mutants tested

b Schizosaccharomyces pombe used as host strain

significant peak at 420 nm also was observed for E. coli
DH5« carrying the pCW vector without the cyp gene. Thus,
the peak at 420 nm most likely results from other hemo-
proteins in E. coli, such as cytochrome o [9].

Standard procedures to increase expression levels of
mammalian cyp genes in E. coli include the replacement of
the 5'-sequence of wild-type genes by a specific amino acid
sequence (MALLLAVF-) or truncation of the hydrophobic
N-terminus [76]. However, for human CYP1A1 used in
this study, no truncation in the 5’-sequence of the gene has
been made and only one amino acid has been modified. For
human CYP1A2, a CYP that strongly resembles CYP1A1
(74% homology on the amino acid level), truncation of the
N-terminal sequence allowed high expression levels
(Table 4). It can be speculated that truncation of the
N-terminal sequence of the human cypl/al gene may also
allow high expression levels.

For rat CYP1A1, the first 30 amino acids of the N-ter-
minal protein sequence have been deleted and Arg31 and
Val32 were replaced by Met and Ala, respectively [64].
These modifications also do not reflect the modifications
that have led to high level expression of the human cypla2
gene [30, 59]. Rigorous changes in the N-terminal
sequence might have a negative influence on the interaction
of the CYP oxygenase with the corresponding reductase
[48]. Hence, also for rat CYP1A1, alternative truncation
and modification strategies may result in high level
expression of cyplal.

In conclusion, both in terms of achievable maxi-
mum activity and expression level, E. coli is superior to
S. cerevisiae and P. putida. However, even for E. coli,
expression of cyplal remains difficult. Optimization of

@ Springer

E. coli as platform organism for mammalian CYP1Al-
catalysis should focus on the improvement of expression
levels, which may be achieved by optimization of N-ter-
minal sequence modification as one possible strategy
(Table 5).

Industrial application of CYP1Al

Bioprocesses for industrial production of fine chemicals are
considered to require a productivity of at least
0.1 g17" h™' [52, 66]. Assuming the production of a fine
chemical with a molecular weight of 200 g mol ™" (roughly
being the molecular weight of most products of CY1Al-
catalyzed reactions) in a fed-batch process with an average
biomass concentration of 15 gcpw 17!, the minimum
whole-cell activity needs to be >0.56 U gcpw for several
hours. For human CYP1A1, obtained activities were more
than 119-fold lower than this minimum, whereas maximum
activities obtained with E. coli DHS5« or E. coli JM101
containing rat CYPIA1l approach this value (Fig. 2).
However, for the latter, maximum activities are only
obtained after long induction times, meaning that, in a
biotransformation procedure, the overall productivity is
expected to be much lower than 0.1 g 17" h™'. Hence, the
use of CYP1A1 for the production of fine chemicals with
any of the tested E. coli expression systems does not appear
to be feasible.

For the production of high-value pharmaceuticals and
drug metabolites, process productivities may be as low as
0.001 g 17" h™" [28], representing a minimum required
activity of 6 mU gcpw. This value was easily met by all rat
CYP1Al-based systems and approached by human
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Table 5 N-terminal sequence modification of the cyplal and cypla2 genes for heterologous expression in E. coli

CYP Sequence N-terminal amino acid sequence * Expression level
(nmol LY ®

h1A2 original ¢ MALSQSVPFSATELLLASAIFCLVFWVLKGLRPRVPKGL -
modified ° MA LLLAVFLFCLVFWVLKGLRPRVPKGL 350

h1Al original ¢ MLFPISMSATEFLLASVIFCLVFWVMRASRPQVPKGLKN -
modified € MAFPISMSATEFLLASVIFCLVFWVMRASRPQVPKGLKN 27

rlAl original d MPSVYGFPAFTSATELLLAVTTFCLGFWVVRVTRTWVPK -
modified ¢ MATRTWVPK 62

The original sequences are compared with the reported modified sequences

* Modifications compared to the original sequence are underlined
® Data from [47, 64]

¢ Modified and original sequences are from [19]

9 Modified and original sequences are from [64]

CYP1Al-based E. coli (Fig. 2). Several pharmaceutical
companies (e.g., Novartis, Hoffmann-La Roche, and
Codexis) have already adopted E. coli as a standard host
strain for expression of human cyp genes and use these
strains for the synthesis of drug metabolites [21, 60].
Future research efforts should focus on the improvement of
productivities and selectivities obtained with these systems
[60]. Optimization of mammalian cyp expression in E. coli
is crucial in order to reach this goal.

Acknowledgments E. coli E609 and E609L were a kind gift of
Dr. R. R. Chen (Georgia Institute of Technology, Atlanta, GA, USA).
Plasmid pCWh1A1 was kindly provided by Dr. F. P. Guengerich
(Vanderbilt University School of Medicine, Nashville, TN, USA) and
plasmids pAMR?2 and pAFCRI1 as well as S. cerevisiae AH22 were a
kind gift of Dr. T. Sakaki (Toyama Prefectural University, Imizu,
Japan). This project was financed by the Deutsche Bundesstiftung
Umwelt (AZ 20006/855), the European Union (EFRE), and the
Ministry of Innovation, Science, Research and Technology of North
Rhine-Westphalia, Germany.

References

1. Bagdasarian M, Lurz R, Ruckert B, Franklin FC, Bagdasarian
MM, Frey J, Timmis KN (1981) Specific-purpose plasmid clon-
ing vectors. II. Broad host range, high copy number, RSF1010-
derived vectors, and a host-vector system for gene cloning in
Pseudomonas. Gene 16:237-247

2. Barnes HJ, Arlotto MP, Waterman MR (1991) Expression and
enzymatic activity of recombinant cytochrome-P450 17a-
hydroxylase in Escherichia coli. Proc Natl Acad Sci USA
88:5597-5601

3. Bernhardt R (2006) Cytochromes P450 as versatile biocatalysts.
J Biotechnol 124:128-145

10.

11.

12.

13.

. Blake JAR, Pritchard M, Ding S, Smith GCM, Burchell B, Wolf

CR, Friedberg T (1996) Coexpression of a human P450 (CYP3A4)
and P450 reductase generates a highly functional monooxygenase
system in Escherichia coli. FEBS Lett 397:210-214

. Blank LM, Ebert BE, Biihler B, Schmid A (2008) Metabolic

capacity estimation of Escherichia coli as a platform for redox
biocatalysis: constraint-based modeling and experimental verifi-
cation. Biotechnol Bioeng 100:1050-1065

. Brachmann CB, Davies A, Cost GJ, Caputo E, Li J, Hieter P,

Boeke JD (1998) Designer deletion strains derived from Sac-
charomyces cerevisiae S288C: a useful set of strains and plas-
mids for PCR-mediated gene disruption and other applications.
Yeast 14:115-132

. Biihler B, Bollhalder I, Hauer B, Witholt B, Schmid A (2003)

Chemical biotechnology for the specific oxyfunctionalization of
hydrocarbons on a technical scale. Biotechnol Bioeng
82:833-842

. Bureik M, Schiffler B, Hiraoka Y, Vogel F, Bernhardt R (2002)

Functional expression of human mitochondrial CYP11B2 in fis-
sion yeast and identification of a new internal electron transfer
protein, etpl. Biochemistry 41:2311-2321

. Choc MG, Webster DA, Caughey WS (1982) Oxygenated

intermediate and carbonyl species of cytochrome o (Vitreoscilla).
characterization by infrared spectroscopy. J Biol Chem 257:
865-869

Chun YJ, Shimada T, Guengerich FP (1996) Construction of a
human cytochrome P450 1Al:Rat NADPH-cytochrome P450
reductase fusion protein cDNA and expression in Escherichia
coli, purification, and catalytic properties of the enzyme in bac-
terial cells and after purification. Arch Biochem Biophys
330:48-58

Collins JM (2001) Inter-species differences in drug properties.
Chem Biol Interact 134:237-242

Dong J, Porter TD (1996) Coexpression of mammalian cyto-
chrome P450 and reductase in Escherichia coli. Arch Biochem
Biophys 327:254-259

Dragan C-A, Zearo S, Hannemann F, Bernhardt R, Bureik M
(2005) Efficient conversion of 11-deoxycortisol to cortisol

@ Springer



286

J Ind Microbiol Biotechnol (2012) 39:275-287

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

(hydrocortisone) by recombinant fission yeast Schizosaccharo-
myces pombe. FEMS Yeast Res 5:621-625

Duetz WA, van Beilen JB, Witholt B (2001) Using proteins in
their natural environment: potential and limitations of microbial
whole-cell hydroxylations in applied biocatalysis. Curr Opin
Biotechnol 12:419-425

Dumas B, Cauet G, Lacour T, Degryse E, Laruelle L, Ledoux C,
Spagnoli R, Achstetter T (1996) 11p-hydroxylase activity in
recombinant yeast mitochondria. In vivo conversion of 11-de-
oxycortisol to hydrocortisone. Eur J Biochem 238:495-504
Duport C, Schoepp B, Chatelain E, Spagnoli R, Dumas B,
Pompon D (2003) Critical role of the plasma membrane for
expression of mammalian mitochondrial side chain cleavage
activity in yeast. Eur J Biochem 270:1502-1514

Gillam EM (2007) Extending the capabilities of nature’s most
versatile catalysts: directed evolution of mammalian xenobiotic-
metabolizing P450s. Arch Biochem Biophys 464:176-186
Gonzalez FJ, Korzekwa KR (1995) Cytochromes P450 expres-
sion systems. Annu Rev Pharmacol Toxicol 35:369-390
Guengerich FP, Martin MV, Guo Z, Chun YJ (1996) Purification
of functional recombinant P450s from bacteria. Methods Enzy-
mol 272:35-44

Hanahan D (1983) Studies on transformation of Escherichia coli
with plasmids. J Mol Biol 166:557-580

Hanlon SP, Friedberg T, Wolf CR, Ghisalba O, Kittelmann M
(2007) Recombinant yeast and bacteria that express human
P450s: bioreactors for drug discovery, development, and bio-
technology. In: Schmid RD, Urlacher VB (eds) Modern biooxi-
dation—Enzymes, reactions, and applications. Wiley-VCH,
Weinheim, Germany, pp 233-252

Harnastai IN, Gilep AA, Usanov SA (2006) The development of
an efficient system for heterologous expression of cytochrome
P450s in Escherichia coli using hemA gene co-expression. Pro-
tein Expr Purif 46:47-55

Heipieper HJ, Neumann G, Cornelissen S, Meinhardt F (2007)
Solvent-tolerant bacteria for biotransformations in two-phase
fermentation systems. Appl Microbiol Biotechnol 74:961-973
Hinnen A, Hicks JB, Fink GR (1978) Transformation of yeast.
Proc Natl Acad Sci USA 75:1929-1933

Ingelman-Sundberg M (2004) Pharmacogenetics of cytochrome
P450 and its applications in drug therapy: the past, present and
future. Trends Pharmacol Sci 25:193-200

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

Jamis-Dow CA, Klecker RW, Katki AG, Collins JM (1995)
Metabolism of taxol by human and rat liver in vitro: a screen for
drug interactions and interspecies differences. Cancer Chemother
Pharmacol 36:107-114

Julsing MK, Cornelissen S, Biihler B, Schmid A (2008) Heme-
iron oxygenases: powerful industrial biocatalysts? Curr Opin
Chem Biol 12:177-186

Kaderbhai MA, Ugochukwu CC, Lamb DC, Kelly SL (2000)
Targeting of active human cytochrome P4501A1 (CYP1Al) to
the periplasmic space of Escherichia coli. Biochem Biophys Res
Commun 279:803-807

Kim DH, Kim KH, Isin EM, Guengerich FP, Chae HZ, Ahn T,
Yun CH (2008) Heterologous expression and characterization of
wild-type human cytochrome P450 1A2 without conventional
N-terminal modification in Escherichia coli. Protein Expr Purif
57:188-200

Kolar NW, Swart AC, Mason JI, Swart P (2007) Functional
expression and characterisation of human cytochrome P45017¢ in
Pichia pastoris. J Biotechnol 129:635-644

@ Springer

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Lageveen RG, Huisman GW, Preusting H, Ketelaar P, Eggink G,
Witholt B (1988) Formation of polyesters by Pseudomonas
oleovorans - Effect of substrates on formation and composition of
poly-(R)-3-hydroxyalkanoates and poly-(R)-3-hydroxyalkeno-
ates. Appl Environ Microbiol 54:2924-2932

Leak DJ, Sheldon RA, Woodley JM, Adlercreutz P (2009) Bio-
catalysts for selective introduction of oxygen. Biocatal Bio-
transform 27:1-26

Ma Q, Lu AY (2007) CYPIA induction and human risk assess-
ment: an evolving tale of in vitro and in vivo studies. Drug Metab
Dispos 35:1009-1016

Mehmood Z, Kelly DE, Kelly SL (1997) Cytochrome P450 3A4
mediated metabolism of 2, 4-dichlorophenol. Chemosphere
34:2281-2291

Messing J (1979) A multipurpose cloning system based on single-
stranded DNA bacteriophage M13. Recomb DNA Tech Bull
2:43-49

Murakami H, Yabusaki Y, Sakaki T, Shibata M, Ohkawa H
(1990) Expression of cloned yeast NADPH-cytochrome-P450
reductase gene in Saccharomyces cerevisiae. J Biochem 108:
859-865

Ni Y, Chen RR (2004) Accelerating whole-cell biocatalysis by
reducing outer membrane permeability barrier. Biotechnol Bio-
eng 87:804-811

Ni Y, Chen RR (2005) Lipoprotein mutation accelerates substrate
permeability-limited toluene dioxygenase-catalyzed reaction.
Biotechnol Prog 21:799-805

Nthangeni MB, Urban P, Pompon D, Smit MS, Nicaud J-M
(2004) The use of Yarrowia lipolytica for the expression of
human cytochrome P450 CYP1ALl. Yeast 21:583-592

O’Reilly E, Kohler V, Flitsch SL, Turner NJ (2011) Cytochromes
P450 as useful biocatalysts: addressing the limitations. Chem
Commun (Camb) 47:2490-2501

Omura T, Sato R (1964) The carbon monoxide-binding pigment
of liver microsomes. I. Evidence for its hemoprotein nature.
J Biol Chem 239:2370-2378

Omura T, Sato R (1964) The carbon monoxide-binding pigment
of liver microsomes. II. Solubilization, purification, and proper-
ties. J Biol Chem 239:2379-2385

Paciello L, de Alteriis E, Mazzoni C, Palermo V, Zueco J,
Parascandola P (2009) Performance of the auxotrophic Sac-
charomyces cerevisiae BY4741 as host for the production of
IL-1f in aerated fed-batch reactor: role of ACA supplementa-
tion, strain viability, and maintenance energy. Microb Cell Fact
8:70

Panke S, Held M, Wubbolts MG, Witholt B, Schmid A (2002)
Pilot-scale production of (S)-styrene oxide from styrene by
recombinant Escherichia coli synthesizing styrene monooxy-
genase. Biotechnol Bioeng 80:33—41

Panke S, Meyer A, Huber CM, Witholt B, Wubbolts MG (1999)
An alkane-responsive expression system for the production of
fine chemicals. Appl Environ Microbiol 65:2324-2332

Parikh A, Gillam EMJ, Guengerich FP (1997) Drug metabolism
by Escherichia coli expressing human cytochromes P450. Nat
Biotechnol 15:784-788

Pechurskaya TA, Harnastai IN, Grabovec IP, Gilep AA, Usanov
SA (2007) Adrenodoxin supports reactions catalyzed by micro-
somal steroidogenic cytochrome P450s. Biochem Biophys Res
Commun 353:598-604

Pompon D, Gautier J-C, Perret A, Truan G, Urban P (1997)
Simulation of human xenobiotic metabolism in microorganisms:
yeast a good compromise between E. coli and human cells.
J Hepatol 26:81-85

Pritchard MP, Ossetian R, Li DN, Henderson CJ, Burchell B,
Wolf CR, Friedberg T (1997) A general strategy for the expres-
sion of recombinant human cytochrome P450s in Escherichia coli



J Ind Microbiol Biotechnol (2012) 39:275-287

287

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

using bacterial signal peptides: Expression of CYP3A4, CYP2AG6,
and CYP2EI. Arch Biochem Biophys 345:342-354
Ruijssenaars HJ, Sperling EMGM, Wiegerinck PHG, Brands
FTL, Wery J, de Bont JAM (2007) Testosterone 15f-hydroxyl-
ation by solvent tolerant Pseudomonas putida S12. J Biotechnol
131:205-208

Ruinatscha R, Hollrigl V, Otto K, Schmid A (2006) Productivity
of selective electroenzymatic reduction and oxidation reactions:
theoretical and practical considerations. Adv Synth Catal
348:2015-2026

Rutten A, Falke HE, Catsburg JF, Topp R, Blaauboer BJ, van
Holsteijn I, Doorn L, van Leeuwen EXR (1987) Interlaboratory
comparison of total cytochrome-P450 and protein determinations
in rat-liver microsomes—reinvestigation of assay conditions.
Arch Toxicol 61:27-33

Rutten A, Falke HE, Catsburg JF, Wortelboer HM, Blaauboer BJ,
Doorn L, van Leeuwen FXR, Theelen R, Rietjens I (1992)
Interlaboratory comparison of microsomal ethoxyresorufin and
pentoxyresorufin O-dealkylation determinations - Standardization
of assay conditions. Arch Toxicol 66:237-244

Sakaki T, Kominami S, Takemori S, Ohkawa H, Akiyoshi-Shi-
bata M, Yabusaki Y (1994) Kinetic studies on a genetically-
engineered fused enzyme between rat cytochrome P4501al and
yeast NADPH-P450 reductase. Biochemistry 33:4933-4939
Sakaki T, Sawada N, Takeyama K-I, Kato S, Inouye K
(1999) Enzymatic properties of mouse 25-hydroxyvitamin D3
la-hydroxylase expressed in Escherichia coli. Eur J Biochem
259:731-738

Sakaki T, Shinkyo R, Takita T, Ohta M, Inouye K (2002) Bio-
degradation of polychlorinated dibenzo-p-dioxins by recombinant
yeast expressing rat CYP1A subfamily. Arch Biochem Biophys
401:91-98

Sambrook J, Russell DW (2001) Molecular cloning. A laboratory
manual, 3rd edn. Cold Spring Harbor Laboratory Press, New York
Sandhu P, Guo ZY, Baba T, Martin MV, Tukey RH, Guengerich
FP (1994) Expression of modified human cytochrome P450 1A2
in Escherichia coli: Stabilization, purification, spectral charac-
terization, and catalytic activities of the enzyme. Arch Biochem
Biophys 309:168-177

Schroer K, Kittelmann M, Lutz S (2010) Recombinant human
cytochrome P450 monooxygenases for drug metabolite synthesis.
Biotechnol Bioeng 106:699-706

Shet MS, Fisher CW, Arlotto MP, Shackleton CHL, Holmans PL,
Martinwixtrom CA, Saeki Y, Estabrook RW (1994) Purification
and enzymatic-properties of a recombinant fusion protein
expressed in Escherichia coli containing the domains of bovine
P450 17A and rat NADPH-P450 reductase. Arch Biochem Bio-
phys 311:402-417

Shet MS, Fisher CW, Estabrook RW (1997) The function of
recombinant cytochrome P450 s in intact Escherichia coli cells:
The 17 o-hydroxylation of progesterone and pregnenolone by
P450c17. Arch Biochem Biophys 339:218-225

Shimizu M, Lilly MD, Woodley JM (2003) Regiospecific naph-
thalene monohydroxylation by a recombinant yeast producing a

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

P4501A1-yeast reductase fused enzyme. Enzyme Microb Tech-
nol 33:606-611

Shinkyo R, Kamakura M, Ikushiro S-I, Inouye K, Sakaki T
(2006) Biodegradation of dioxins by recombinant Escherichia
coli expressing rat CYP1AL1 or its mutant. Appl Microbiol Bio-
technol 72:584-590

Smits THM, Seeger MA, Witholt B, van Beilen JB (2001) New
alkane-responsive expression vectors for Escherichia coli and
Pseudomonas. Plasmid 46:16-24

Straathof AJJ, Panke S, Schmid A (2002) The production of fine
chemicals by biotransformations. Curr Opin Biotechnol
13:548-556

Szczebara FM, Chandelier C, Villeret C, Masurel A, Bourot S,
Duport C, Blanchard S, Groisillier A, Testet E, Costaglioli P,
Cauet G, Degryse E, Balbuena D, Winter J, Achstetter T,
Spagnoli R, Pompon D, Dumas B (2003) Total biosynthesis of
hydrocortisone from a simple carbon source in yeast. Nat Bio-
technol 21:143-149

Tanaka N, Miyasho T, Shinkyo R, Sakaki T, Yokota H (2006)
cDNA cloning and characterization of feline CYPIAl and
CYP1A2. Life Sci 79:2463-2473

van Beilen JB, Holtackers R, Luscher D, Bauer U, Witholt B,
Duetz WA (2005) Biocatalytic production of perillyl alcohol
from limonene by using a novel Mycobacterium sp. cytochrome
P450 alkane hydroxylase expressed in Pseudomonas putida. Appl
Environ Microbiol 71:1737-1744

Vasilev NP, Julsing MK, Koulman A, Clarkson C, Woerdenbag
HJ, Ionkova I, Bos R, Jaroszewski JW, Kayser O, Quax WJ
(2006) Bioconversion of deoxypodophyllotoxin into epipodo-
phyllotoxin in E. coli using human cytochrome P450 3A4.
J Biotechnol 126:383-393

Verduyn C, Postma E, Scheffers WA, Vandijken JP (1992) Effect
of benzoic-acid on metabolic fluxes in yeasts—a continuous-
culture study on the regulation of respiration and alcoholic fer-
mentation. Yeast 8:501-517

Voice MW, Zhang Y, Wolf CR, Burchell B, Friedberg T (1999)
Effects of human cytochrome b5 on CYP3A4 activity and sta-
bility in vivo. Arch Biochem Biophys 366:116-124

Woodley JM (2006) Microbial biocatalytic processes and their
development. Adv Appl Microbiol 60:1-15

Wu ZL, Podust LM, Guengerich FP (2005) Expansion of sub-
strate specificity of cytochrome P450 2A6 by random and site-
directed mutagenesis. J Biol Chem 280:41090-41100

Yem DW, Wu HC (1978) Physiological characterization of an
Escherichia coli mutant altered in the structure of murein lipo-
protein. J Bacteriol 133:1419-1426

Yun CH, Yim SK, Kim DH, Ahn T (2006) Functional expression
of human cytochrome P450 enzymes in Escherichia coli. Curr
Drug Metab 7:411-429

Zhang J, Marcin C, Shifflet MA, Salmon P, Brix T, Greasham R,
Buckland B, Chartrain M (1996) Development of a defined
medium fermentation process for physostigmine production
by Streptomyces griseofuscus. Appl Microbiol Biotechnol 44:
568-575

@ Springer



	Comparison of microbial hosts and expression systems for mammalian CYP1A1 catalysis
	Abstract
	Introduction
	Materials and methods
	Chemicals
	Microbial strains and plasmids and related cultivation and transformation methods
	Molecular biology techniques
	Ethoxyresorufin O-deethylation (EROD) with resting cells
	CO-difference spectra

	Results
	Specific CYP1A1 activity of resting E. coli JM101 grown on different media
	Catalytic activity of rat and human CYP1A1 in different E. coli strains
	Catalytic activity of rat CYP1A1 in S. cerevisiae
	Expression levels of rat CYP1A1 in tested host strains
	Catalytic activity of rat CYP1A1 in P. putida

	Discussion
	Rat and human CYP1A1 activities within whole cells
	E. coli as most suitable strain for mammalian cyp expression
	Expression of cyp1a1 genes
	Industrial application of CYP1A1

	Acknowledgments
	References


