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The development of bicistronic systems for coexpres-
ion of recombinant human cytochrome P450 enzymes
P450s) with their redox partner, NADPH-cytochrome
450 reductase (NPR), has enabled P450 activity to be
econstituted within bacterial cells. During expression
f recombinant P450 2E1 and some other forms, we ob-
erved the formation of a blue pigment in bacterial cul-
ures. The pigment was extracted from cultures and
hown to comigrate with standard indigo on TLC. UV-
isible spectroscopy and mass spectrometric analysis
rovided further support for identification of the pig-
ent as indigo. Indigo is known to form following the

pontaneous oxidation of 3-hydroxyindole. Accordingly,
e speculated that indole, formed as a breakdown prod-
ct of tryptophan in bacteria, was hydroxylated by the
450 system, leading to indigo formation. Bacterial
embranes containing recombinant P450 2E1 and hu-
an NPR were incubated in vitro with indole and shown

o catalyze formation of a blue pigment in a time- and co-
actor-dependent manner. These studies suggest potential
pplications of mammalian P450 enzymes in industrial in-
igo production or in the development of novel colorimet-
ic assays based on indole hydroxylation. © 1999 Academic Press

Abbreviations used: P450, cytochrome P450 (also termed heme
hiolate protein 450 (1)); NPR, NADPH-P450 reductase (hNPR de-
otes human); PCR, polymerase chain reaction; IPTG, isopropyl-b-
-thiogalactoside; TB, Terrific Broth; DMF, N,N-dimethylformamide.
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P450 enzymes constitute a superfamily of hemopro-
eins catalyzing the monoxygenation of a diverse range
f chemicals in a wide variety of organisms (2). The
unctional significance of P450-mediated reactions to
ndividual organisms is similarly diverse; P450s are
nvolved in clearance of xenobiotic chemicals, biosyn-
hesis of hormones and other signaling molecules, ho-
eostatic mechanisms, and other organism-specific

henomena such as pigmentation (3) and regulation of
eeding behavior (4). Most P450 enzymes act in a con-
erted fashion with one or more redox partners. In the
ase of mammalian P450s involved in xenobiotic me-
abolism, the major accessory enzyme is NPR.

Our laboratories have been engaged in the study of
uman P450 enzymes expressed as recombinant en-
ymes in a bacterial host. Recently we have established
ystems in which individual P450 forms are coexpressed
ith hNPR using a bicistronic expression vector (5). In

he course of work with several bicistronic P450 expres-
ion systems, we observed production of blue pigments in
acterial cultures. The following report describes the
haracterization of the major pigment produced in these
ultures and its identification as indigo.

ATERIALS AND METHODS

Bacterial cultures. Bicistronic plasmids for expression of human
450 2E1 and NPR were prepared as described previously (5). The
onocistronic expression construct for P450 2A6 was prepared by PCR

mplification of the 2A6 coding sequence using primers encoding minor
lterations to the 59 nucleotide sequence of the P450 2A6 coding region
resulting in only a single change to the resultant amino acid sequence,
amely substitution of Ala in the second position) and inserting a 59
deI site and 39 SalI site flanking the P450 cDNA. The PCR product
as then subcloned into the cognate sites of pCW9/NF14 (6) (replacing

he P450 3A4 cDNA) and sequenced. One nucleotide difference was
bserved from the reported 2A6 wild type sequence, leading to mutation
f Ile (ATA) at position 246 to Val (GTA) in the predicted amino acid
equence. The resultant mutant 2A6 protein appeared to retain cata-
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
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lytic activity and to effectively incorporate heme, as judged by the
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emonstration of a typical Fe(II) z CO vs Fe(II) difference spectrum. The
icistronic P450 2A6 expression construct was prepared by subcloning
he NdeI-SalI fragment from the monocistronic vector into the cognate
ites of pCW9/2C10/hNPR (5) (Fig. 1).

Expression was done in Escherichia coli using TB media fortified
ith trace elements, thiamine, d-aminolevulinic acid, ampicillin, and

PTG according to established protocols (6, 7). Bacterial membranes
ere prepared and incubated as described (5, 6). Yields of the novel

ecombinant P450 2A6 enzyme were approximately 200 nmol/l and 100
mol/l using mono- and bicistronic expression systems, respectively.

Assay of pigment production in vitro. Bacterial membranes (0.10
M P450, 0.095 mM hNPR or 0.27 mg protein/ml) were incubated in
.10 M potassium phosphate buffer (pH 7.4) with 5 mM indole (Sigma,
t. Louis, MO). Incubations were initiated by the addition of an
ADPH-generating system containing (final concentrations) 1 mM
ADP1, 2.5 mM glucose 6-phosphate, and 0.5 U glucose 6-phosphate
ehydrogenase/ml. Reactions were allowed to proceed with gentle agi-
ation at 37°C for various times before aliquots were quenched by
ddition to an equal volume of a mixture of 1% sodium cholate (w/v) in
M urea. Relative pigment production was quantified by measuring A665.

Isolation and characterization of pigments. For TLC analysis of
igments, 50 ml cultures of P450 2E1 (bicistronic with NPR) were
rown for 48 h using the general conditions described. Centrifuga-
ion (1200g for 5 min) yielded dark blue pellets, which were collected
nd washed once with cold buffer containing 100 mM Tris (pH 7), 0.5
M EDTA, and 500 mM sucrose. The pellets were resuspended in

.5 ml of the same buffer and extracted three times with equal
olumes of CHCl3. The CHCl3 layers were concentrated under a
tream of Ar and then spotted on a silica gel G TLC plate. The plate
as developed with CHCl3-CH3OH/50-1 (v/v).
For UV-visible spectral analysis, pigments were extracted from

E1/hNPR cultures in a similar manner except that DMF was used
o extract the pigments from cell pellets and record the spectra.
V-visible spectra were recorded in DMF using a BioSpec 1601

pectrophotometer (Shimadzu, Columbia, MD).
For mass spectrometric analysis of the blue pigment, a 1-liter

ulture of P450 2A6 was grown for 48 h using the general conditions
escribed. Centrifugation (at 200g for 1 min) yielded a dark blue
ellet, which was collected and washed 5 times with H2O (resuspen-
ion and recentrifugation each time). The material was resuspended
n 10 ml of DMF and subjected to repeated sonication with a micro-
robe. CHCl3 (100 ml) was added and the organic phase was washed
ve times with an equal volume of H2O. The CHCl3 layer was dried
ver Na2SO4 and filtered (156 ml, A600 5 0.46). The material was then
oncentrated at 50°C in vacuo and streaked onto a 1 mm 3 20 cm 3
0 cm silica gel G TLC plate. The plate was developed with CHCl3-
H3OH/50-1 (v/v). Individual colored bands were excised and ex-

racted with CHCl3-CH3OH (1-1, v/v) and then with acetone, fol-
owed by centrifugation and concentration under N2.

Mass spectra were obtained in the positive ion mode using a
innigan TSQ7000 instrument (Finnigan, Sunnyvale, CA) in the
anderbilt facility, operating with an electrospray ionization inter-

ace, either with loop injection in 2% CH3OH (v/v) in 10 mM
H4CH3CO2 (pH 5.0) or eluting from a 4.6 3 150 mm C8 HPLC

olumn with an increasing CH3OH gradient in the same buffer.

ESULTS
Observation of blue cultures. In the course of other
ork with several bicistronic (P450/hNPR) expression

ystems for human P450 enzymes, the appearance of
luish cultures was observed in our individual labora-
ories (E.M.J.G., F.H.A., F.P.G.). Blue pigment was
een only in cultures co-expressing P450s with NPR,
ot in the absence of either or both proteins. The pig-
ent appeared to form an opalescent layer and bubble-
470
ike structures at the surface of cultures allowed to
tand for several minutes (Fig. 2A). The blue color was
etained in the bacterial pellet upon centrifugation of
ultures, being concentrated in the lower part of the
ellet, and membranes isolated by subcellular fraction-
tion of bacteria were also colored blue.
Various hypotheses for the production of pigment
ere discounted after preliminary evaluations, includ-

ng microbial contamination of recombinant E. coli cul-
ures, degradation products of heme, precipitation of
etal salts, or unusual flavin intermediates. The pro-

uction of color by P450 2A6 cultures was IPTG
nduction-dependent but not stimulated further by the
ddition of 1 mM indole to the medium (Figs. 2B and
C). Initial TLC with human P450 2E1 systems yielded
vidence for indigo production (Fig. 3). A pink spot was
bserved on the TLC (Fig. 3) which may be indirubin, a
tructural isomer of indigo.

Characterization of products. The UV-visible spec-
ra of the blue extracts from the P450 2E1 cultures were
imilar to that of indigo (Fig. 4). Preliminary mass spec-
rometric analysis of the extracellular blue pigment pro-

FIG. 1. Strategy used for generation of the bicistronic construct
or coexpression of cytochrome P450 2A6 and hNPR.
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uced in a P450 2A6 culture (and purified by TLC)
ielded a base peak at m/z 263.2, interpreted as MH1

molecular mass 262.1). UV-visible spectra of this P450
A6 product were also similar to the spectra of indigo.

Formation of blue pigment in vitro. Bacterial mem-
ranes containing recombinant human P450 2E1 and
NPR were prepared and incubated with indole (5
M) and NADPH. Control incubations were conducted

FIG. 2. Blue pigments in P450 cultures. (A) Flasks comparing P4
edium and particles of blue pigment in the 2A6 culture compared to
450 2A6 cultures (2 ml) were grown with (1) and without (2) IP
xpression of P450 2A6 was induced by IPTG with (1) or without (
FIG. 3. TLC of CHCl3 extracts. Standard indigo (Aldrich Chem

uman P450 2E1/hNPR expression system and cells transformed w

FIG. 4. UV-visible spectra of pigments formed by E. coli cells
xpressing P450 2E1 and hNPR compared to cells transformed with
he empty expression vector alone (pCW control). Spectra were re-
orded in DMF.
471
n parallel using membranes isolated from bacteria
ransformed with the monocistronic vectors for expres-
ion of hNPR alone, and from bacteria containing no
xpression vector. A time-dependent increase in A665

as observed with incubations containing 2E1/hNPR
embranes, which was significantly enhanced over

hat observed in the absence of either P450 2E1 or
NPR (Fig. 5). Similar results were seen in experi-
ents with P450 2A6 (results not presented).

ISCUSSION

The bacterial expression of some recombinant mam-
alian P450s under conditions in which they were capa-

le of productive electron transport led to the production
f blue cultures. This phenomenon had been observed
ndependently in three of our laboratories. The blue pig-

ent is identified as indigo, on the basis of its UV-visible
nd mass spectra and its co-migration with authentic
aterial on TLC. The presence of additional blue pig-
ents in the extracts cannot be ruled out at this time,
owever. A pink component was also found in material
xtracted from the P450-expressing E. coli cultures (Fig.
). This may be indirubin, an isomer of indigo that is
ften seen in microbial preparations of indigo.
A likely precursor of indigo (and the putative indiru-

in) is indole, which is an intermediate in tryptophan

2A6 (left) and P450 3A4 (right) cultures. Note general dark color of
e usual color of cultures as represented by the P450 3A4 culture. (B)
induction in TB media (48 h at 29°C) with vigorous shaking. (C)

the addition of 1.0 mM indole to the culture.
l Co., Milwaukee, WI) is included, along with an extract from the
the empty expression vector alone (pCW control).
50
th
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etabolism. In vitro experiments with bicistronic E.
oli membranes containing both P450 2E1 and NPR
howed that indole could be converted to blue pigment
Fig. 5), in a reaction shown to be NADPH-dependent
results not shown). Although the E. coli cultures pro-
uced indigo in the absence of supplemental indole
Fig. 2C), it is likely that the rich expression media
sed provides sufficient indole as substrate (via tryp-
ophan degradation) such that supplemental indole
oes not lead to further improvement in indigo yields.
oreover, excess indole may be toxic to bacterial cells

8). On the basis of what is known about indigo syn-
hesis in other systems, we speculate that some P450s
ay be capable of catalyzing the oxidation of indole to

-hydroxyindole (indoxyl), which is known to be oxi-
ized non-enzymatically to indigo (9). This chemistry is
he basis of the commonly used “X-gal” and “X-glc”
eactions, with substrates 5-bromo-4-chloro-3-indolyl-
-D-galactoside and with 5-bromo-4-chloro-3-indolyl-
-D-glucuronide, which use b-galactosidase or b-gluc-
ronidase, respectively, to generate a 3-hydroxyindole
10). Precedent for oxidation of indoles by P450s is seen
n the activation of the pneumotoxin 3-methylindole by
450 2F enzymes (11). The ability of P450s 2A6 and
E1 to oxidize indole is consistent with their known
ropensity for small substrates (12, 13).
Indigo has a long history and is considered to be the

ldest dye known to man (14, 15). The original source was
lants, and the total synthesis of the dye was considered
major development in the 19th century chemical indus-

ry (15). More recently, several dioxygenases have been
eported to oxidize indole to indigo (14, 16, 17), and a
iotechnology process involving a naphthalene dioxygen-
se has been shown to be commercially viable (18, 19).
onooxygenases of microbial origin have also been re-

FIG. 5. In vitro production of blue pigments by membranes from
acteria coexpressing P450 2E1 and hNPR. The individuals plots
how incubations with membranes containing: recombinant P450
E1 and hNPR (F) (0.10 mM and 0.095 mM respectively; 0.27 mg
embrane protein/ml); only recombinant P450 2E1 (E) (0.10 mM);

nly recombinant hNPR (‚) (0.095 mM); membranes from cells trans-
ormed with the expression vector pCW, containing no recombinant
DNAs (h) (0.27 mg protein/ml). Results are presented as means 6
D of three independent determinations.
472
orted to produce indigo (20, 21). Exactly how the levels
f indigo produced by mammalian P450s in these bacte-
ial heterologous expression systems compare with these
thers remains to be determined.
The ability of mammalian P450s to utilize an endoge-

ous component of a heterologous bacterial expression
ystem as a substrate for production of a dyestuff was
nexpected but is consistent with the wide substrate
anges of these enzymes. What is unclear is exactly what
ther indole oxidations are catalyzed by these (and
ther?) P450s and if any of these occur in mammalian
ystems in vivo. The production of dyestuffs by P450s
ay have potential for industrial and agricultural appli-

ations as well as use in more fundamental studies of how
450s catalyze substrate oxidations.
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