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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, Corynebacterium 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
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TABLE 2. Oxygen uptake by resting cells of
R. rhodochrous 116°

Carbon Oxygen consumption (nmol/mi/min)
source Succ 2EP 4EB
Succ 13.8 0 0
2EP 0 64.8 0
4EB 0 0 46.4

“ 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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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 (O). (B) Cells grown on 5 mM 4-ethoxybenzoate. The extract (protein
concentration, 2.0 mg/ml) was titrated with 4-methoxybenzoate (®) or 4-ethoxybenzoate (O).

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-450gxy, 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-450zg,. 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-450yg, 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-450z5, and P-450xx,
as determined by difference spectroscopy at 25°C*

Cells and substrate K, (uM)®

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)

? The cell extracts were diluted with 20 mM Tris-HCI-1 mM dithiothreitol-1
mM phenylmethylsulfonyl fluoride (pH 7.4).

® 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-450gy, catalyzes the O-dealkylation
of 2-ethoxyphenol and 2-methoxyphenol to form catechol
(10). It was conjectured that P-450gg, catalyzes the
O-dealkylation of 4-ethoxybenzoate and 4-methoxyben-
zoate, producing p-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 pg in lanes 3 and
7,0.25 pgin lanes 4 and 8, and 0.04 pg in lanes 5 and 9. Lanes 1 and
10 contained prestained marker proteins purchased from Sigma (6 X
0.4 pg) (sizes in kilodaltons). Lane 2 contained 250 pg of total
cellular protein from E. coli. Lane 6 contained 0.2 pg of purified
P-450gxg,- 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-450gg;
polyclonal antiserum.
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TABLE 4. Ring cleavage activities measured in cell extracts
of R. rhodochrous 116

Initial
Protein Enzyme substrate Turnover
Carbon source (ng/ml) asszg:i" concn (kM/min)
(»M)
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.
1,600 P34D 400 26.1

2 C23D, catechol-2,3-dioxygenase; C12D, catechol-l,Z-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-450gy, is induced by
and binds 2-ethoxyphenol, and P-450g, 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-450;,
and P-450g,, that are induced by and catalyze various
oxidations of sulfonylurea herbicides (27, 33). In B. mega-
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terium, at least three P-450s are induced by phenobarbital.
P-450g,,.; has been cloned (18) but as yet has no ascribed
catalytic function. P-450,,,., has been demonstrated to cata-
lyze the 15B-hydroxylation of 3-oxo-steroids (2). P-450g,.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-450gg, and P-450gy, 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-450y ,,,, 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-450gg, and P-450gg,, 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-450zz, and P-450gz.,
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-450zr; and chemical reductants, we have demonstrated
that P-450gg, 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-450gg,-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-450gg,-catalyzed
O-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-450gy,. 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-450_,., (29).
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