




MULTIPLE P-450s IN A SOIL ACTINOMYCETE 1469

was calculated from the slope of the recorder tracing of
dissolved 02 level versus time during the first minute after
injection. Oxygen consumption was measured by using cells
grown on 2-ethoxyphenol, 4-ethoxybenzoate, and succinate.
Each of these compounds was used as a test substrate in
these measurements.

Cellular extracts. All manipulations were performed at 40C
unless otherwise noted. Approximately 2.5 g (wet weight) of
freshly harvested cells were washed and resuspended in 5 ml
of buffer B (20 mM Tris-HCl [pH 7.4], 1 mM dithiothreitol,
1 mM phenylmethylsulfonyl fluoride). The cells were dis-
rupted in a horizontal shaker-type mixer mill (model MM2;
K. Retsch GmbH, Haan, Germany), equipped with a 12.5-ml
stainless steel grinding chamber (38). The chamber was filled
with the cell suspension and 10 g of glass beads (0.25 to 0.50
mm in diameter). The filled chamber was operated for 15 min
at a mixing frequency of 1,800 min-'. The resulting homoge-
nate was centrifuged at 30,000 x g for 20 min. The superna-
tant fluid, referred to as the cell extract, was carefully
decanted and used immediately. The protein concentration
of the extract was determined by the Folin reaction (16) after
the sample was heated to 90'C in 0.25 M sodium hydroxide
for 10 min.
Cytochrome P-450 assay. Cell extracts were diluted 10-fold

in buffer A, reduced with several grains of sodium dithionite,
and divided equally between two optically matched cu-
vettes. The contents of the sample cuvette were exposed to
carbon monoxide (CO) for 20 s by gently bubbling the gas
through the cuvette. Immediately afterwards, the difference
spectrum against the non-CO-exposed (reference) cuvette
was determined on a Uvicon 810 spectrophotometer with a
recorder (Kontron Instruments, Zurich, Switzerland). The
presence of P-450 was ascertained from the characteristic
absorption peak at about 450 nm. Moraxella sp. strain GU2,
an organism known to contain P-450 (5), served as a control.

Substrate binding spectra. The binding of different aromatic
ether compounds to cytochrome P-450 was quantified by the
known type I response (19). Cell extracts were diluted in
buffer B and divided equally between two optically matched
cuvettes. Increasing amounts of the substrate, dissolved in
buffer B, were mixed into the sample cuvette in a stepwise
manner. A corresponding amount of buffer was added to the
reference cuvette. After each addition, the difference spec-
trum from 340 to 500 nm was recorded on a Uvicon 810
spectrophotometer equipped with a chart recorder (Kontron
Instruments). Substrate binding was quantitated by the differ-
ence in absorbance at 386 and 417 nm. Substrates investigated
for binding were 2-ethoxyphenol, 4-ethoxybenzoate, 2-meth-
oxyphenol, and 4-methoxybenzoate. Substrate binding was
determined in extracts from cells grown on 5 mM 2-ethox-
yphenol and 5 mM 4-ethoxybenzoate.

Purification of P-450 and preparation of antibodies.
P-450RR1 was purified to homogeneity from R. rhodochrous
grown on 5 mM 2-ethoxyphenol as described elsewhere (10).
The concentration of the cytochrome was determined spec-
trophotometrically, using a difference in extinction coeffi-
cients De45490 of 92.8 cm-' mM-1 for the reduced CO-
bound species (14). New Zealand White rabbits were
injected with 1 mg of purified P-450RR1 three times at 3-week
intervals with Freund's complete adjuvant in the first injec-
tion and incomplete adjuvant in the subsequent injections.
The rabbits were then killed, and serum samples were
collected. Preimmune sera and immune sera were tested for
immunoreactivity with purified P-450RR1 as the antigen in an
enzyme-linked immunosorbent assay. Polyclonal antibodies
specific against P-450RR1 were purified from the antiserum

by affinity column chromatography on a gel consisting of
P-450RR1 coupled to cyanogen bromide-activated Sepharose
4B (4). Antibodies were stored at -20'C in phosphate-
buffered saline-0.02% sodium azide.

Gel electrophoresis and Western immunoblots. Proteins were
separated by SDS-polyacrylamide gel electrophoresis (PAGE)
on a Bio-Rad (Richmond, Calif.) Miniprotein II apparatus by
standard procedures (22). Proteins were either visualized with
Coomassie R250 brilliant blue or electroblotted on a nitrocel-
lulose filter (Schleicher & Schull). Antigens were detected by
indirect immunolabeling with the diluted (1:1,000 in phos-
phate-buffered saline) purified P-450RR1 antiserum and a dilu-
tion (1:1,000) of peroxidase-linked goat anti-rabbit immuno-
globulin G (heavy and light chains) (Dianova GmbH,
Hamburg, Germany) by standard procedures (36).

Enzymatic activities. Dioxygenase activities were measured
at 30'C in 1-ml quartz cuvettes in a Beckman DU-70 spectro-
photometer interfaced to an IBM Personal System/2 model
55SX microcomputer. Extracts of cells grown on 2-ethox-
yphenol or 4-ethoxybenzoate were stored on ice until diluted
as appropriate in buffer A and used immediately. Reactions
were initiated with the addition of substrate. Catechol-1,2-
dioxygenase activity was measured by monitoring the forma-
tion of muconate at 260 nm (17) after blocking muconate
cycloisomerase with 1.2 mM EDTA, using an extinction
coefficient of 16.8 mM-1 cm-1 for cis,cis-muconate (8).
Catechol-2,3-dioxygenase was determined by monitoring the
formation of 2-hydroxymuconic acid semialdehyde at 375 nm,
using an extinction coefficient of 34.0 mM-1 cm-' (35). The
activity of protocatechuate-3,4-dioxygenase was measured by
monitoring the disappearance of substrate at 290 nm, using a
difference in extinction coefficients between substrate and
product (3-carboxymuconate) at 2.3 mM-1 cm-1 (39). The
activity of protocatechuate-4,5-dioxygenase was determined
by monitoring the formation of 2-hydroxy-4-carboxymuconic
acid semialdehyde at 410 nm, using an extinction coefficient
of 9.7 mM-1 cm-' (43).

Nucleotide sequence accession number. The R. rhodoch-
rous 165 rRNA sequence been assigned EMBL accession
number X70295.

RESULTS

A red-pigmented bacterium was isolated from activated
sludge by growth on ethoxylated aromatics and was shown
to grow on either 2-ethoxyphenol or 4-ethoxybenzoate as the
sole carbon and energy source. The strain was determined to
be Gram stain reaction positive, exhibiting an elementary
rod-coccus life cycle. The red pigmentation was affected by
neither the presence of light, the growth temperature (22 to
37°C), nor the richness of the growth substrate (Luria broth
versus supplemented M9 medium). The strain was positive
for 0-galactosidase, lysine decarboxylase, citrate utilization,
urease, and gelatinase. It was negative for hydrogen sulfide
production, tryptophan deaminase, indole production, and
acetoin production. Acid is weakly produced from glucose,
mannose, sorbitol, saccharose, and amylose but not from
inositol, rhamnose, or arabinose. In cells of this morpholog-
ical type, the presence of N-glycolylmuramic acid in the cell
wall polymers is a key characteristic of members of the
Rhodococcus genus (22). This strain contained glycolic
muramic acid, as demonstrated by a positive reaction in the
glycolate test. The organism was subsequently identified as
Rhodococcus rhodochrous strain 116 by the DSM.
The use of PCR primers 16F27 and 16R1488 allowed

amplification of the entire gene encoding the 16S rRNA of
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FIG. 1. Estimated phylogenetic position of R. rhodochrous 116
within a group of representative species of the gram-positive,
high-G+C group. Species included are Rhodococcus faciens, R.
erythropolis, R. equi, Pseudonocardia thermophila, Nocardia oti-
tidis, Mycobacterium phlei, Cotynebacterium polymorphous, C.
xerosis, Streptomyces lividans, and Arthrobacter globiformis.

the organism, except for 27 and 54 nucleotides at the 5' and
3' termini of the gene, respectively. More than 1,300 nucle-
otide positions of the 16S rDNA of R. rhodochrous 116 were
used in a masked sequence comparison with sequences from
more than 900 organisms (7). This comparison determined
that R. rhodochrous 116 clusters with the gram-positive
bacteria with high G+C DNA content. A rooted phyloge-
netic tree based on a least-squares distance analysis of the
estimated relatedness of R. rhodochrous 116 to other gram-
positive, high-G+C species is depicted in Fig. 1. It can be
seen that within this group, R. rhodochrous 116 clusters
most closely with the other species of rhodococci, possess-
ing sequence similarities of approximately 95% with each of
the other species of this genus.

It was established that a variety of ortho-substituted
alkoxyphenols and para-substituted alkoxybenzoates could
support growth, whereas phenols and benzoates substituted
in other positions could not (Table 1). The organism could
also be cultivated on succinate, glucose, and Luria broth.
Growth was also observed on 4-hydroxybenzoate but not on
either catechol or veratrole. Cell yields suitable for experi-
mental work were achieved in full medium and in M9 medium
supplemented with trace elements and either glucose, succi-
nate, 2-methoxyphenol, 2-ethoxyphenol, 4-methoxybenzoate,
or 4-ethoxybenzoate. Typical doubling times in liquid cul-
tures containing 5 mM substrate grown at 30°C and shaken at
250 rpm were about 24 h. Substrate depletion occurred after
approximately 36 h.

Metabolic activity, as measured by oxygen uptake by
resting cells (Table 2), was observed only after injection of
the respective substrate on which the cells had been culti-
vated. The rate of oxygen uptake by resting cells in the
presence of succinate was only one-quarter to one-third of

TABLE 2. Oxygen uptake by resting cells of
R. rhodochrous 116a

Carbon Oxygen consumption (nmol/ml/min)
source Succ 2EP 4EB

Succ 13.8 0 0
2EP 0 64.8 0
4EB 0 0 46.4

a R rhodocrous was grown in M9g minimal medium supplemented with 5
mM succinate (succ), 2-ethoxyphenol (2EP), or 4-ethoxybenzoate (4EB) as
the carbon source. Each substrate was then injected during measurements of
metabolic activity.

the rate observed in the presence of 2-ethoxyphenol or
4-ethoxybenzoate.
The electronic absorption spectra of reduced extracts of

cells grown on either 2-ethoxyphenol, 2-methoxyphenol,
4-methoxybenzoate, or 4-ethoxybenzoate, recorded as the
difference in absorption of matched samples in the presence
and absence of CO, showed an absorption maximum at
about 450 nm, indicating the presence of P-450 in the cell
extracts (Fig. 2). This maximum was not observed when the
extracts contained 0.5 mM metyrapone (2-methyl-1,2-di-3-
pyridyl-1-propanone). Inspection of the difference spectra
revealed that the observed maxima in extracts grown on
either 2-ethoxyphenol or 2-methoxyphenol occurred at 447
nm, while that of extracts from cells grown on either
4-ethoxybenzoate or 4-methoxybenzoate occurred at 450
nm. Of the growth substrates tested, the presence of P-450
was detected only in extracts of cells grown on 2-methoxy-
phenol, 2-ethoxyphenol, 4-methoxybenzoate, or 4-ethoxy-
benzoate. P-450 was not detected in extracts of cells grown
on succinate, glucose, or Luria broth. For the remainder of
this study, 2-ethoxyphenol and 4-ethoxybenzoate, chosen to
represent the two structural classes of aromatic ethers that
supported rapid growth of the organism and that induced the
synthesis of P-450, were used as the growth substrates.
The spectra of extracts of cells grown on either 2-ethoxy-

phenol or 4-ethoxybenzoate, recorded as the difference in
absorption of matched samples in the presence and absence
of substrate, were characteristic of the type I response of
P-450. A family of difference spectra obtained by titrating the
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400 420 440 460 480 500

Wavelength (nm)
FIG. 2. CO-difference spectra of reduced cell extracts of R.

rhodochrous 116 grown on M9g minimal medium amended with (A)
5 mM succinate, (B) 10 mM 4-ethoxybenzoate, or (C) 5 mM
2-ethoxyphenol. Protein concentrations were 10 mg/ml (A and B) or
2.5 mg/ml (C).
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FIG. 3. Titration of cellular extracts of R. rhodochrous 116. (A) Cells grown on 5 mM 2-ethoxyphenol. The extract (protein concentration,

0.7 mg/ml) was titrated with 2-methoxyphenol (@) or 2-ethoxyphenol (0). (B) Cells grown on 5 mM 4-ethoxybenzoate. The extract (protein
concentration, 2.0 mg/ml) was titrated with 4-methoxybenzoate (-) or 4-ethoxybenzoate (0).

cytochrome solution with the substrate provided a measure
of substrate binding. Double-reciprocal plots of changes in
absorption versus substrate concentration determined by
using extracts obtained from cells grown on 2-ethoxyphenol
and 4-ethoxybenzoate are presented in Fig. 3. The binding
constants calculated from these data (Table 3) clearly show
that the P-450 induced by 2-ethoxyphenol binds 2-methoxy-
phenol more strongly than it does 2-ethoxyphenol. Binding
of 4-ethoxybenzoate and 4-methoxybenzoate to the cyto-
chrome was not detected in this extract. Conversely, the
P-450 induced by 4-ethoxybenzoate binds 4-ethoxybenzoate
slightly more strongly than 4-methoxybenzoate, while no
binding of 2-ethoxyphenol and 2-methoxyphenol was found.
When a preparation of purified anti-P-45ORR1 polyclonal

antibodies was used to stain a Western blot from a PAGE
separation of a homogenate of cells grown on 2-ethoxyphe-
nol, a strong band was visible in the vicinity of 44.5 kDa (Fig.
4), which corresponded to the band in a parallel lane of the
blot loaded with purified P-450RR1. As the purified cyto-
chrome runs as a single band on a silver-stained polyacryl-
amide gel (10), the additional bands seen in the lane loaded
with an extract of cells grown on 2-ethoxyphenol probably
arise from insufficient purification of the polyclonal anti-
serum and/or degradation of P-450RR1 in the cellular extract.
No band was visible in parallel lanes that contained homoge-
nates of cells grown on either 4-ethoxybenzoate or Luria
broth medium. The presence of P-450 in extracts of cells
grown on 4-ethoxybenzoate was confirmed by CO difference
spectra. Coomassie blue staining of the lanes of the same

TABLE 3. Substrate binding constants of P-450RR1 and P-450RR2
as determined by difference spectroscopy at 25OCa
Cells and substrate K, (pM)b

Cells grown on 2-ethoxyphenol
2-Ethoxyphenol 4.2 (0.3)
2-Methoxyphenol 2.0 (0.1)
4-Ethoxybenzoate ND
4-Methoxybenzoate ND

Cells grown on 4-ethoxybenzoate
2-Ethoxyphenol ND
2-Methoxyphenol ND
4-Ethoxybenzoate 1.6 (0.1)
4-Methoxybenzoate 2.1 (0.1)
a The cell extracts were diluted with 20 mM Tris-HCl-1 mM dithiothreitol-1

mM phenylmethylsulfonyl fluoride (pH 7.4).
b Standard errors are indicated in parentheses. ND, no change in absorption

was detected in the extract after addition of the substrate.

PAGE separation indicated the presence of similar quantities
of total cellular protein in each of the three cell extracts.

In experiments performed with the purified cytochrome, it
has been shown that P-450RR1 catalyzes the O-dealkylation
of 2-ethoxyphenol and 2-methoxyphenol to form catechol
(10). It was conjectured that P-450RR2 catalyzes the
0-dealkylation of 4-ethoxybenzoate and 4-methoxyben-
zoate, producingp-hydroxybenzoate. This could be hydrox-
ylated to form protocatechuate. The metabolic fates of
catechol and protocatechuate were investigated in extracts
of cells grown on 2-ethoxyphenol and 4-ethoxybenzoate.
Catechol-1,2-dioxygenase activity was detected in both
2-ethoxyphenol- and 4-ethoxybenzoate-grown cells, but was
approximately twice as high in the former (Table 4). Proto-
catechuate-3,4-dioxygenase activity was also found in ex-
tracts of cells grown on 2-ethoxyphenol or 4-ethoxybenzoate
but, in this case, was significantly higher in cells grown on
4-ethoxybenzoate. In both cases, catechol-2,3-dioxygenase
and protocatechuate-4,5-dioxygenase activities were either
negligible or below the detection limit.
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FIG. 4. SDS-PAGE of total cellular protein of R. rhodochrous
116 grown on Luria broth medium (lanes 3 and 7), M9g plus 5 mM
4-ethoxybenzoate (lanes 4 and 8), and M9g plus 5 mM 2-ethoxyphe-
nol (lanes 5 and 9). The quantity of P-450, as determined by
CO-difference spectra of these preparations, was 0 ,ug in lanes 3 and
7, 0.25 ,ug in lanes 4 and 8, and 0.04 ,ug in lanes 5 and 9. Lanes 1 and
10 contained prestained marker proteins purchased from Sigma (6 x
0.4 ,ug) (sizes in kilodaltons). Lane 2 contained 250 jig of total
cellular protein from E. coli. Lane 6 contained 0.2 jig of purified
P-450RR1. Lanes 7 through 10 were stained with Coomassie blue.
Lanes 1 through 6 were electroblotted onto a nitrocellulose filter and
stained with goat anti-rabbit immunoglobulin G diluted 1:1,000 after
reaction with a 1:1,000 dilution of purified rabbit anti-P-45ORRI
polyclonal antiserum.
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TABLE 4. Ring cleavage activities measured in cell extracts
of R. rhodochrous 116

Initial
Protein Enzyme substrate TurnoverCarbon source (p6g/ml) assayeda concn (IxM/min)

(AM)

2-Ethoxyphenol 3,500 C23D 1,000 0.3
700 C12D 500 13.9

3,500 P45D 200 0.0
3,500 P34D 400 2.2

4-Ethoxybenzoate 800 C23D 1,500 0.0
800 C12D 500 7.1

1,600 P45D 800 0.0
1,600 P34D 400 26.1

a C23D, catechol-2,3-dioxygenase; C12D, catechol-1,2-dioxygenase; P45D,
protocatechuate-4,5-dioxygenase; P34D, protocatechuate-3,4-dioxygenase.
Enzymatic activities were determined as described in the text.

DISCUSSION

An actinomycete identified as R. rhodochrous 116 that
grew on both 2-ethoxyphenol and 4-ethoxybenzoate as a sole
source of carbon and energy was isolated. Rhodococcus is a
poorly genetically characterized genus of increasing impor-
tance to the processes of biodegradation and biotransforma-
tion (11). Our partial 16S rDNA sequence characterization of
R. rhodochrous is the first such analysis of this species and
as such precludes confirmation of the identity of the organ-
ism based on the 16S rDNA sequence. However, the se-
quence similarities between R. rhodochrous 116 and the
other Rhodococcus species that have been analyzed to date
(R. equi, R. erythropolis, and R. faciens) demonstrate that
R. rhodochrous 116 is more closely related to other rhodo-
cocci than to any other members of the gram-positive,
high-G+C group (Fig. 1). The sequence similarity values
observed for 16S rDNAs of R. rhodochrous 116 and the
other Rhodococcus species (approximately 95%) is within
the range of sequence similarity values observed between
the 16S rDNAs of species of the same genus. Despite the
small number of Rhodococcus species that have been ana-
lyzed by 16S rDNA sequences, it appears that this genus
comprises closely related species.

CO-difference spectra of cell extracts demonstrate the
presence of P-450s in cells grown on 2-ethoxyphenol and
4-ethoxybenzoate. These cytochromes were shown to be
distinct and independently regulated. The distinctness of
these cytochromes is indicated by (i) the different spectral
characteristics of the proteins, (ii) the different substrate-
binding abilities of the proteins, and (iii) the lack of immu-
nological cross-reactivity of the P-450 induced by 4-ethoxy-
benzoate with polyclonal antibodies prepared against the
P-450 induced by 2-ethoxyphenol. The cytochromes are
induced in a growth substrate-dependent manner, and the
compounds that induce the expression of each P-450 also
bind specifically to the cytochromes. The following nomen-
clature is proposed for the enzymes: P-450RR1 is induced by
and binds 2-ethoxyphenol, and P-450RR2 is induced by and
binds 4-ethoxybenzoate.
While multiple, independently regulated P-450s are ubiq-

uitous in eukaryotic organisms, there are but two reported
examples of this in prokaryotes, in Streptomyces griseolus
and Bacillus megaterium. In the former organism, a consti-
tutive P-450 exists in addition to two cytochromes, P-450su1
and P-450SU2, that are induced by and catalyze various
oxidations of sulfonylurea herbicides (27, 33). In B. mega-

terium, at least three P-450s are induced by phenobarbital.
P-450BM-1 has been cloned (18) but as yet has no ascribed
catalytic function. P-450meg has been demonstrated to cata-
lyze the 153-hydroxylation of 3-oxo-steroids (2). P-450BM-3
is a unique multidomain cytochrome that catalyzes the
hydroxylation of fatty acids (26).
Through high-pressure liquid chromatography measure-

ments of appropriately induced whole cells, we were able to
demonstrate the consumption of substrate but not the ap-
pearance of the expected intermediates, catechol and 4-hy-
droxybenzoate (results not shown). This is probably due to
the rapid catabolism of these intermediates following their
generation by the respective O-dealkylation reactions.
P-450-catalyzed O-dealkylation reactions have been re-
ported for 2-ethoxyphenol (5) and 4-methoxybenzoate (3) as
well as for veratrole (41). Although we were not able to
demonstrate directly that P-450RR1 and P-450RR2 catalyze
the O-dealkylation of 2-ethoxyphenol and 4-ethoxybenzoate,
respectively, several lines of evidence point to this conclu-
sion. First, the cytochromes are specifically induced in a
growth substrate-dependent manner. Second, these com-
pounds induce a type I change in the electronic absorption
difference spectrum of the cytochromes. This change is
characteristic of substrate binding and reflects a transition in
the spin state of the heme iron. In P-450LM2, the degree of
spin state transition induced by a compound has been
correlated with the intrinsic ability of the substrate to
convert the cytochrome to its biologically active conforma-
tion (32). The observations that 2-ethoxyphenol and 4-ethoxy-
benzoate bind strongly to P-450RR1 and P-450RR2, respec-
tively, and that these compounds induce substantial
transitions in the heme iron spin state of the respective
cytochromes imply that 2-ethoxyphenol and 4-ethoxyben-
zoate are excellent substrates for P-450RR1 and P-450RR2,
respectively. Third, we have identified enzymatic activities
in the cell extracts that catalyze the ring cleavage of the
expected products of the postulated O-dealkylation reac-
tions. Finally, in an in vitro system consisting of purified
P-450RR1 and chemical reductants, we have demonstrated
that P-450RR1 catalyzes the O-dealkylation of 2-ethoxyphe-
nol to produce catechol (10).
The aromatic ring cleavage activities present in the cell

extracts indicate that the aromatic ring of the growth sub-
strate is further catabolized via ortho-cleavage mechanisms.
Furthermore, the levels of expression of catechol-1,2-diox-
ygenase and protocatechuate-3,4-dioxygenase activities in
cells grown on 2-ethoxyphenol and 4-ethoxybenzoate (Table
4) suggest that in R. rhodochrous 116, these compounds not
only specifically induce the expression of the respective
P-450s but also induce the expression of appropriate intra-
diol dioxygenases. Catechol-1,2-dioxygenases show almost
no protocatechuate cleavage activity (25), and protocatechu-
ate-3,4-dioxygenases demonstrate very little ability to cleave
catechol (40). Thus, it is probable that irrespective of
whether cells are grown on 2-ethoxyphenol or 4-ethoxyben-
zoate, they contain both a catechol-1,2-dioxygenase and a
protocatechuate-3,4-dioxygenase. As succinate is a catabo-
lite expected to occur at a stage subsequent to ortho-ring
cleavage, it is perhaps surprising that this compound is not
metabolized by cells grown on 2-ethoxyphenol or 4-ethoxy-
benzoate (Table 2). This may be due to the fact that this
gram-positive organism requires a transport system for suc-
cinate uptake, and without succinate in the growth medium,
no such transport system is induced.
We propose that 2-ethoxyphenol and 2-methoxyphenol

are catabolized via P-450RR1-catalyzed O-dealkylation and
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FIG. 5. Proposed metabolic pathways induced by (A) 2-alkoxyphenols and (B) 4-alkoxybenzoates in R. rhodochrous 116.

that the resulting catechol is further catabolized via ortho-
cleavage of the aromatic ring. 4-Methoxybenzoate and
4-ethoxybenzoate are catabolized via P-450RR2-catalyzed
0-dealkylation, followed by hydroxylation to protocatechu-
ate and ortho-cleavage of this intermediate by protocatechu-
ate-3,4-dioxygenase (Fig. 5). While each of the P-450s is
specifically induced in a growth substrate-dependent man-
ner, the regulation of the intradiol dioxygenases appears to
be more complex.
As part of a study to characterize and modify the enzy-

matic activities of these ether bond-cleaving cytochromes,
we have purified both proteins to apparent homogeneity (10,
12). The polyclonal antibodies described in this study are
being used to screen an expression library in order to clone
the structural gene of P-450RR1. Further characterization of
the enzymes, together with cloning of the genes, should
facilitate the manipulation of the substrate specificities of
these cytochromes, as is being done for P-450cam (29).

ACKNOWLEDGMENTS
Moraxella sp. strain GU2 was a generous gift from Jean Pelmont.

The assistance of Jurgen Wehland and Silke Fischer in preparing the
antibodies and performing the Western blots is gratefully acknowl-
edged. We thank Joan Timmis for skilled technical assistance.

This work was supported in part by the German Ministry for
Research and Technology (BMFT grant 0319378A3) and the Fonds
der Chemischen Industrie.

REFERENCES
1. Bauchop, T., and S. R. Elsen. 1960. The growth of microorgan-

isms in relation to their energy supply. J. Gen. Microbiol.
23:457-469.

2. Berg, A., M. Ingelman-Sundberg, and J.-A. Gustafsson. 1979.
Purification and characterization of cytochrome P450meg. J.
Biol. Chem. 254:5264-5271.

3. Cartwright, N. J., K. S. Holdom, and D. A. Broadbent. 1971.
Bacterial attack on phenolic ethers: dealkylation of higher
ethers and further observations on 0-demethylases. Mikrobios
3:113-130.

4. Cuatrecasas, P. 1970. Protein purification by affinity chromatog-
raphy. J. Biol. Chem. 245:3059-3065.

5. Dardas, A., D. Gal, M. Barrelle, G. Sauret-Ignazi, R. Sterjiades,
and J. Pelmont. 1985. The demethylation of guaiacol by a new
bacterial cytochrome, P-450. Arch. Biochem. Biophys. 236:
585-592.

6. Davies, H. G., R. H. Green, D. R. Kelly, and S. M. Roberts.
1989. Biotransformations in preparative organic chemistry: the
use of isolated enzymes and whole cell systems in synthesis.
Academic Press, Inc., New York.

7. De Rik, P., J.-M. Neefs, Y. Van de Peer, and R. de Wachter.
1992. Compilation of small ribosomal subunit RNA sequences.
Nucleic Acids Res. 20:2075-2089.

8. Dorn, E., and H.-J. Knackmuss. 1978. Chemical structure and

biodegradability of halogenated aromatic compounds: substitu-
ent effects on 1,2-dioxygenation of catechol. Biochem. J. 174:
85-94.

9. Eble, K S., and J. H. Dawson. 1984. NADH- and oxygen-
dependent multiple turnovers of cytochrome P450cam without
putidaredoxin and putidaredoxin reductase. Biochemistry 23:
2068-2073.

10. Eltis, L. D., U. Karlson, and K. N. Timmis. Purification and
characterisation of cytochrome P450RR1 from Rhodococcus
rhodochrous. Eur. J. Biochem., in press.

11. Finnerty, W. R. 1992. The biology and genetics of the genus
Rhodococcus. Annu. Rev. Microbiol. 46:193-218.

12. Fock, U., U. Karlson, K. N. Timmis, and L. D. Eltis. Unpub-
lished data.

13. Gherna, R. L. 1981. Preservation, p. 208-217. In P. Gerhardt,
R. G. E. Murray, R. N. Costilow, E. W. Nester, W. A. Woods,
N. R. Krieg, and G. B. Phillips (ed.), Manual of methods for
general bacteriology. American Society for Microbiology,
Washington, D.C.

14. Gunsalus, I. C., and G. C. Wagner. 1978. Bacterial P-450cam
methylene monooxygenase components: cytochrome m, putid-
aredoxin, and putidaredoxin reductase. Methods Enzymol. 52:
166-188.

15. Gutell, R. R., B. Weiser, C. R. Woese, and H. F. Noller. 1985.
Comparative anatomy of 16S-like ribosomal RNA. Prog. Nu-
cleic Acid Res. Mol. Biol. 32:155-216.

16. Hanson, R. S., and J. A. Philips. 1981. Chemical composition, p.
358-364. In P. Gerhardt, R. G. E. Murray, R. N. Costilow,
E. W. Nester, W. A. Woods, N. R. Krieg, and G. B. Phillips
(ed.), Manual of methods for general bacteriology. American
Society for Microbiology, Washington, D.C.

17. Hayaishi, O., M. Katagiri, and S. Rothberg. 1957. Studies on
oxygenases: pyrocatechases. J. Biol. Chem. 229:905-920.

18. He, J.-S., R. T. Ruettinger, H.-M. Lui, and A. J. Fulco. 1989.
Molecular cloning, coding nucleotides and the deduced amino
acid sequence of P450BM-1 from Bacillus megaterium. Biochim.
Biophys. Acta 1009:301-303.

19. Jefcoate, C. R. 1978. Measurement of substrate and inhibitor
binding to microsomal cytochrome P-450 by optical-difference
spectroscopy. Methods Enzymol. 52:166-188.

20. Jukes, T. H., and C. R. Cantor. 1969. Evolution of protein
molecules, p. 21-132. In H. N. Munro (ed.), Mammalian protein
metabolism. Academic Press, Inc., New York.

21. Katagiri, M., B. N. Ganguli, and I. C. Gunsalus. 1968. A soluble
cytochrome P-450 functional in methylene hydroxylation. J.
Biol. Chem. 243:3543-3546.

22. Komagata, K., and K.-I. Suzuki. 1987. Lipid and cell-wall
analysis in bacterial systematics. Methods Microbiol. 19:161-
207.

23. Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

24. Lane, D. J. 1991. 16S/23S sequencing, p. 115-175. In E. Stacke-
brandt and M. Goodfellow (ed.), Nucleic acid techniques in
bacterial systematics. John Wiley & Sons, Chichester, United
Kingdom.

COHc

B Il

OC2CH3

VOL. 175, 1993

 on S
eptem

ber 22, 2019 by guest
http://jb.asm

.org/
D

ow
nloaded from

 

http://jb.asm.org/


1474 KARLSON ET AL.

25. Nakai, C., T. Nakazawa, and M. Nozaki. 1988. Purification and
properties of catechol-1,2-dioxygenase (pyrocatechase) from
Pseudomonas putida mt-2 in comparison with that from
Pseudomonas arvilla C-1. Arch. Biochem. Biophys. 267:701-
713.

26. Narhi, L. O., and A. J. Fulco. 1986. Characterization of a
catalytically self-sufficient 119,000-dalton cytochrome P-450
monooxygenase induced by barbiturates in Bacillus megate-
rium. J. Biol. Chem. 261:7160-7169.

27. O'Keefe, D. P., J. A. Romesser, and K. J. Leto. 1988. Identifi-
cation of constitutive and herbicide inducible cytochromes
P-450 in Streptomyces griseolus. Arch. Microbiol. 149:406-412.

28. Olsen, G. J. 1987. The earliest phylogenetic branchings: com-
paring rRNA-based evolutionary trees inferred with various
techniques. Cold Spring Harbor Symp. Quant. Mol. Biol. 52:
825-838.

29. Ornstein, R. L. 1991. Why timely bioremediation of synthetics
may require rational enzyme design: preliminary report on
redesigning cytochrome P450cam for trichloroethylene dehaloge-
nation, p. 509-514. In R. E. Hinchee and R. F. Olfenbuttel
(ed.), On-site bioreclamation. Butterworth-Heinemann, Boston,
Mass.

30. Ortiz de Montellano, P. R. 1986. Cytochrome P450: structure,
mechanism and biochemistry. Plenum Press, New York.

31. Peterson, J. A., and J.-Y. Lu. 1991. Bacterial cytochromes P450:
isolation and identification. Methods Enzymol. 206:612-620.

32. Petzold, D. R., H. Rein, D. Schwarz, M. Sommer, and K.
Ruckpaul. 1985. Relation between the structure and function of
benzphetamine analogues and their binding properties to cyto-
chrome P450LM2- Biochim. Biophys. Acta 829:253-261.

33. Romesser, J. A., and D. P. O'Keefe. 1986. Induction of cyto-
chrome P-450 dependent sulfonylurea metabolism in Streptomy-
ces griseolus. Biochem. Biophys. Res. Commun. 140:650-659.

34. Saika, R. K., D. H. Gelfand, S. Stoffel, S. J. Scharf, R. Higuchi,
G. T. Horn, K. B. Mullis, and H. A. Erlich. 1988. Primer
directed enzymatic amplification of DNA with a thermostable

DNA polymerase. Science 239:487-491.
35. Sala-Trepat, J. M., and W. C. Evans. 1971. The meta cleavage

of catechol by Azotobacter species 4-oxalocrotonate pathway.
Eur. J. Biochem. 20:400-413.

36. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

37. Sariaslani, F. S. 1991. Microbial cytochromes P450 and xenobi-
otic metabolism. Adv. Appl. Microbiol. 36:133-177.

38. Schutte, H., and M.-R. Kula. 1988. Analytical disruption of
microorganisms in a mixer mill. Enzyme Microb. Technol.
10:552-558.

39. Stanier, R. Y., and J. L. Ingraham. 1954. Protocatechuic acid
oxidase. J. Biol. Chem. 210:799-808.

40. Sterjiades, R., and J. Pelmont. 1989. Occurrence of two different
forms of protocatechuate 3,4-dioxygenase in a Moraxella sp.
Appl. Environ. Microbiol. 55:340-347.

41. Sutherland, J. B. 1986. Demethylation of veratrole by cyto-
chrome P-450 in Streptomyces setonii. Appl. Environ. Micro-
biol. 52:98-100.

42. Ullah, A. J. H., R. I. Murray, P. K. Bhattacharyya, G. C.
Wagner, and I. C. Gunsalas. 1990. Protein components of a
cytochrome P450 linalool 8-methyl hydroxylase. J. Biol. Chem.
265:1345-1351.

43. Wheelis, M. L., N. J. Palleroni, and R. Y. Stanier. 1967. The
metabolism of aromatic acids by Pseudomonas testeroni and P.
acidovorans. Arch. Microbiol. 59:302-314.

44. Wilson, K. 1987. Preparation of genomic DNA from bacteria, p.
2.4.1.-2.4.2. In F. M. Ausubel, R. Brent, R. E. Kingston, D. D.
Moore, J. G. Seidman, J. A. Smith, and K. Struhl (ed.), Current
protocols in molecular biology. John Wiley & Sons, Inc., New
York.

45. Woese, C. R., R. Gutell, R. Gupta, and H. F. Noller. 1983.
Detailed analysis of the higher-order structure of 16S-like ribo-
somal ribonucleic acids. Microbiol. Rev. 47:621-669.

J. BACTERIOL.

 on S
eptem

ber 22, 2019 by guest
http://jb.asm

.org/
D

ow
nloaded from

 

http://jb.asm.org/

