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Previous studies of erythromycin biosynthesis have indicated that a cytochrome P-450 monooxygenase
system is responsible for hydroxylation of 6-deoxyerythronolide B to erythronolide B as part of erythromycin
biosynthesis in Saccharopolyspora erythraea (A. Shaflee and C. R. Hutchinson, Biochemistry 26:6204-6210
1987). The enzyme was previously purified to apparent homogeneity and found to have a catalytic turnover
number of approximately 10-3 min-'. More recently, disruption of a P-450-encoding sequence (eryF) in the
region of ermE, the erythromycin resistance gene of S. erythraea, produced a 6-deoxyerythronolide B
hydroxylation-deficient mutant (J. M. Weber, J. 0. Leung, S. J. Swanson, K. B. Idler, and J. B. McAlpine,
Science 252:114-116, 1991). In this study we purified the catalytically active cytochrome P-450 fraction from
S. erythraea and found by using sodium dodecyl sulfate-polyacrylamide gel electrophoresis that it consists of a
major and a minor P-450 species. The gene encoding the major species (orf405) was cloned from genomic DNA
and found to be distinct from eryF. Both the orf4O5 and eryF genes were expressed in Escherichia coli, and the
properties of the proteins were compared. Heterologously expressed EryF and Orf405 both reacted with
antisera prepared against the 6-deoxyerythronolide B hydroxylase described by Shafiee and Hutchinson (1987),
and the EryF polypeptide comigrated with the minor P-450 species from S. erythraea on sodium dodecyl
sulfate-polyacrylamide gel electrophoresis gels. In comparisons of enzymatic activity, EryF hydroxylated a
substrate with a turnover number of 53 min-', whereas Orf405 showed no detectable activity with a
6-deoxyerythronolide B analog. Both enzymes showed weak activity in the O-dealkylation of 7-ethoxycoumarin.
We conclude that the previously isolated 6-deoxyerythronolide B hydroxylase was a mixture of two P-450
enzymes and that only the minor form shows 6-deoxyerythronolide B hydroxylase activity.

Before the attachment of two sugar units to form erythro-
mycin D, the macrolide lactone 6-deoxyerythronolide B
(Fig. 1, structure 1) is hydroxylated at the 6 position to form
erythronolide B (Fig. 1, structure 2). It was originally
reported that the enzyme responsible for this hydroxylation
was found in a cytochrome P-450 monooxygenase-rich frac-
tion of Saccharopolyspora erythraea cellular extract (5, 6).
This activity was later purified to apparent homogeneity and
shown to be a cytochrome P-450 enzyme that regiospecifi-
cally hydroxylated 6-deoxyerythronolide B and its 9-deoxy-
9-hydroxy derivative in vitro (27). However, the catalytic
activity of the enzyme was quite low, making it less certain
that it was the true hydroxylating enzyme in vivo (6, 27).

Recently, Weber et al. (34, 35) created mutations in the
region of the erythromycin resistance gene ermE of S.
erythraea by insertional inactivation. One mutant phenotype
was characterized by the formation of 6-deoxyerythromycin
A and the absence of erythromycin A, suggesting that the
mutation was located at the 6-hydroxylase locus, referred to
as eryF (35). Sequence analysis of this region revealed the
existence of an apparent cytochrome P-450-encoding se-
quence. In the work presented here, the cytochrome P-450
enzyme previously isolated from cellular extracts (27) was
reexamined. We show that this cytochrome P-450 prepara-
tion actually contains two proteins, one of which is present
in large excess. The gene for this major P-450 was cloned and
found to be distinct from eryF, although the products of the
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two genes are quite similar. The genes for the two enzymes
were expressed in Escherichia coli, and the enzymatic
activities of both P-450 proteins on 6-deoxyerythronolide B
substrates were compared. The results indicate that the
minor P-450 species is the eryF gene product and the major
species has a function that is not related to erythromycin
metabolism.

MATERIALS AND METHODS

Bacterial strains, plasmids, and other materials. The S.
erythraea CA340 strain, which produces levels of erythro-
mycins that are somewhat higher than those of the wild-type
strain NRRL 2338 (UW22), was obtained from Abbott
Laboratories (North Chicago, Ill.). Both S. erythraea strains
were grown on R2T solid medium (36) or in MI-102 broth (4).
E. coli DH5ot and JM105 were grown on LB agar or broth at
37°C as described by Sambrook et al. (25). Plasmids pGEM-
7zf(+) and pGEM-3zf(-) were obtained from Promega Bio-
tech (Madison, Wis.), and pUC18 was obtained from
GIBCO-BRL (Gaithersburg, Md.). Replicative-form
M13mpl8 and M13mpl9 were obtained from New England
BioLabs (Beverly, Mass.). The cosmid vector pKC505 (24)
was obtained from Richard Baltz, Eli Lilly Co. (Indianapo-
lis, Ind.), and the expression plasmid pTrc99c was obtained
from Egon Amann, Behringwerke AG (Marburg, Germany)
(1). The construction of the plasmids used in this study is
described in Table 1.
The restriction enzymes and other materials for recombi-

nant DNA procedures were obtained from U.S. Biochemical
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1) R = H
2) R = OH

FIG. 1. Structures of 6-deoxyerythronolide B (structure 1) and
erythronolide B (structure 2).

(Cleveland, Ohio), Promega Biotech, New England Bio-
Labs, and GIBCO-BRL. Materials for enzyme purification,
analysis, and assays were obtained from Sigma (St. Louis,
Mo.), unless otherwise specified. Materials labeled with 32p
and 35S were obtained from Amersham (Arlington Heights,
Ill.).
Methods for protein analysis. Sodium dodecyl sulfate-poly-

acrylamide gel electrophoresis (SDS-PAGE) was performed
in 10% polyacrylamide gels by the method of Laemmli (13),
and proteins were visualized by staining with Coomassie
brilliant blue R. Western blotting was done with a Bio-Rad
(Richmond, Calif.) electroblotting apparatus, and proteins
were transferred to polyvinylidine difluoride (Immobilon P;
Millipore, Bedford, Mass.) membranes. The immunostaining
method was similar to that described by Sambrook et al. (25)
and employed goat anti-rabbit immunoglobulin G conjugated
with alkaline phosphatase. The protein content was deter-
mined by using a modification of the Bradford method (30),
and the cytochrome P-450 content was quantified by analysis
of the optical difference spectra of the oxidized and dithio-
nite-reduced, carbon monoxide-bound enzyme complex
(22). Fast protein liquid chromatography was performed
with a Pharmacia (Piscataway, N.J.) system, and high-
performance liquid chromatography (HPLC) was done with
a Waters (Milford, Mass.) model 501 pump system with a
Waters 484 variable wavelength absorbance detector.

Hydroxylase assays. The assay for hydroxylation of
6-deoxyerythronolide B utilized the substrate analog (9R)-

[9-3H]-9-deoxo-9-hydroxy-6-deoxyerythronolide B labeled
at the 9 position by reduction of 6-deoxyerythronolide B
with NaB3H4 (27). For purified proteins or crude prepara-

tions from E. coli, the assay mixture consisted of 20 ,uM
spinach ferredoxin, 0.25 U of spinach ferredoxin-NADP+
oxidoreductase (EC 1.18.1.2), 0.8 U of glucose-6-phosphate
dehydrogenase (EC 1.1.1.49), 1.4 mM NADP+, 7.6 mM
glucose 6-phosphate, 4 pmol to 10 nmol of cytochrome
P-450, and 55 p.M substrate (150,000 cpm) in a final volume
of 0.5 ml. The assay mixture was incubated for 1 min at 30°C
before the addition of substrate to allow the generation of
NADPH, and then the mixture was incubated for 5 min at
30°C. The reactions were stopped by adding 0.5 ml of ethyl
acetate and vortexing rapidly. The reaction products were

extracted with ethyl acetate and purified by silica gel thin-
layer chromatography (TLC) as described previously (27).
For crude S. erythraea extracts, the assays were run in the
same manner, with the reaction times increased to 1 h. For
measurement of the O-dealkylation of 7-ethoxycoumarin,
the same assay mixture was used with a substrate concen-
tration of 0.5 mM and a reaction time of 15 min. The reaction
products were extracted with ethyl acetate and analyzed by
TLC with a solvent system of benzene-ethanol (9:1, vol/vol)
(27).
Enzyme purification procedure. Erlenmeyer flasks contain-

ing 500 ml of MI-102 broth were inoculated with 10 ml of a
starter culture that had been inoculated with 15 ,ul of a dense
spore suspension of the UW22 or CA340 strain, prepared by
standard procedures (10, 36), and grown for 48 h at 30°C.
The flasks were shaken at 30°C for 48 h, at which time they
were found by TLC analysis of the culture broth to accumu-
late erythromycin A (36). The contents were centrifuged at
6,000 x g, and the resulting pellets were washed twice with
100 mM KHPO4 (pH 7.3)-l mM EDTA. After the second
wash, the cells were suspended in 100 mM KHPO4 (pH
7.3)-l mM EDTA-0.2 mM phenylmethylsulfonyl fluoride-
0.2 mM dithiothreitol-1 mM benzamidine-10% glycerol
(buffer A), and lysozyme was added to a concentration of 2
mg/ml. The resulting cell suspension was stirred overnight at
4°C, streptomycin sulfate (1 mg/ml) was added, and the
suspension was stirred for 1 h. The suspension was centri-
fuged at 39,000 x g, and the precipitate was discarded. Solid
ammonium sulfate was added to the supernatant with stirring
to 30% saturation. After centrifugation (39,000 x g for 20
min), the precipitate was discarded and ammonium sulfate
was added to the supernatant to 80% of saturation; the
preparation was then centrifuged (39,000 x g for 20 min).
The 30 to 80% ammonium sulfate precipitate was taken up in
buffer A and dialyzed against two changes of buffer A at 4°C.
The resulting protein solution was applied to a Q-Sepharose

TABLE 1. Plasmids used in this study with details of their construction

Plasmid Cloning vector Digest Insert" (sites)

pWHM800 pGEM7zf BamHI 2.0-kb genomic BamHI fragment (4-16)
pWHM801 pGEM3zf Sall 2.2-kb Sall fragment (1-7)
pWHM802 pGEM3zf SstI 1.5-kb SstI fragment (14-18).
pWHM803 pGEM3zf PstI, Sall 0.7-kb PstI-SaIl fragment (8-12)
pWHM804 pGEM3zf SmaI 0.6-kb PCR amplification product (10-12)
pWHM805 pUC18 BamHI, SstI 1.2-kb BamHI-SstI fragment (9-16)
pWHM806 pTrc99c NcoI, BamHI 0.4-kb NcoI-SstII fragment (10-11), SstII-BamHI fragment (11-16)
pWHM807 pTrc99c BamHI, PstI 2.1-kb BamHI-PstI fragment from eryF (19-22)
pWHM808 pWHM807 NcoI, KpnI Synthetic NcoI-KpnI double-stranded linker

a S. erythraea DNA used in the construction of each plasmid. All fragments listed in this column were ligated with the vector digests listed in the third column
to produce the plasmids listed in the first column. The restriction site designations given within parentheses refer to the restriction maps shown in Fig. 3.
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(Pharmacia) anion-exchange column that had been equili-
brated with buffer A, and the column was eluted stepwise
with buffer A containing 100, 200, and 650 mM KCI. Only the
200 mM KCl fraction contained P-450, as determined by
optical difference spectra. It was concentrated by ultrafiltra-
tion through a filter (5,000-molecular-weight cutoff) and
dialyzed against 50 mM Tris-HCI (pH 7.5)-0.2 mM dithio-
threitol (buffer B). The resulting solution was applied to a
Mono-Q (Pharmacia) anion-exchange fast protein liquid
chromatography column and eluted with a linear gradient
from 0 to 500 mM KCI in buffer B over a period of 30 min.
Fractions were screened for the characteristic 416-nm Soret
absorbance of P-450 proteins (27), and a single peak was
seen. The P-450-containing fractions were pooled and di-
luted twofold with buffer A containing 3 M ammonium
sulfate. This material was applied to an Alkyl Superose
(Pharmacia) hydrophobic interaction column, and the pro-
teins were eluted with a linear gradient from 2 to 0 M
ammonium sulfate in buffer A (minus glycerol) over a period
of 30 min. The cytochrome P-450-containing fractions were
pooled and injected on to a Vydac (Hesperia, Calif.) C4
reversed-phase HPLC column and eluted with a linear
gradient from 0 to 90% acetonitrile in 0.1% trifluoroacetic
acid. A sample of this protein was digested to completion
with trypsin, and the resulting oligopeptides were purified by
reversed-phase HPLC with an acetonitrile-water gradient.
The N-terminal amino acid sequences of selected peptides
were obtained by microscale Edman degradation (the prote-
olysis, oligopeptide isolation and microsequencing were
performed at the Harvard University Microchemical Labo-
ratory, Cambridge, Mass.).

Cellular extracts of E. coli were made in a manner similar
to that described above for S. erythraea. Cells were obtained
from 500-ml cultures of E. coli DH5(x transformants that had
been grown overnight at 37°C in LB containing 1 mM
isopropyl-o-D-thiogalactopyranoside and 100 ,ug of ampicil-
lin per ml. After centrifugation at 6,000 x g, the cells were
washed with 50 mM Tris-HCl (pH 7.5)-i mM EDTA. After
pelleting, the cells were suspended in 10 ml of buffer B
containing phenylmethylsulfonyl fluoride (0.2 mM) to which
lysozyme (2 mg/ml) was added, and the cell suspension was
incubated at room temperature for 30 min. Triton X-100
(0.1%) was added, along with KCI (300 mM), MgCI2 (25
mM), and a small amount of DNase I, to facilitate lysis. The
mixture was incubated at room temperature for approxi-
mately 5 min and then centrifuged at 39,000 x g. Polyethyl-
eneimine (0.1%) was added to the supernatant, and the
mixture was centrifuged at 39,000 x g. Proteins were pre-
cipitated from the resulting supernatant with ammonium
sulfate at 30 and 80% saturation as described above, and the
30 to 80% pellet was retained, dissolved, and dialyzed
against buffer B.
DNA manipulations. Nick translations were performed as

described by Sambrook et al. (25) with [a-32P]dCTP. Oli-
godeoxynucleotides were 3' end labeled with T4 polynucle-
otide kinase and [_y-32P]ATP. Agarose gel electrophoresis,
restriction enzyme digestion, ligation, transformation, and
plasmid preparation from E. coli were performed by estab-
lished methods (25). DNA was purified from agarose gels by
adsorption onto DEAE paper (Schleicher and Schuell,
Keene, N.H.) and subsequent elution with a high-salt buffer
as directed by the manufacturer. Genomic DNA was isolated
from S. erythraea by the procedure of Hopwood et al. (10).
Southern blot transfers (25) were made from 0.75% agarose
gels to Hybond N nylon membranes (Amersham) as sug-
gested by the manufacturer. Hybridizations were performed

in 20 mM NaH2PO4-2 x Denhardt solution (25)-5x SSC (1x
SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1%
salmon sperm DNA-10% dextran sulfate-50% formamide at
42°C for homologous nick-translated probes and at 48°C for
oligodeoxynucleotide probes. Washes were carried out in
2 x SSC-0. 1% SDS at 48°C for oligodeoxynucleotide probes
and in 0.1 x SSC-0.1% SDS at 70°C for homologous nick-
translated probes. Polymerase chain reactions (PCR) were
carried out with a Coy model 50 tempcycler (Coy Research
Products Inc., Ann Arbor, Mich.), with Taq polymerase and
the buffer supplied by the manufacturer (Promega Biotech).
Amplification of the high-GC-content template was obtained
with a mixture of 7-deaza dGTP-dGTP (3:1) in place of
dGTP as suggested by Innis (12). The PCR temperature
program was as follows: 6 min at 95°C, 5 min at 55°C; 30
cycles of 1 min at 75°C, 1 min at 95°C, and 1 min at 55°C; and
then 7 min at 75°C. The portion of the amplified region used
for later experiments was sequenced to verify that the
product had the correct nucleotide sequence.
DNA sequencing. Nested deletions were constructed with

the Erase-a-Base system (Promega Biotec) according to the
manufacturer's instructions. Derivatives of pGEM-7zf(+)
containing S. erythraea DNA were digested with HindIlI
and KpnI before exonuclease III treatment. Single- or dou-
ble-stranded templates were prepared by established meth-
ods (25) and sequenced with Sequenase 2.0 (U.S. Biochem-
ical) or Taq polymerase by following the manufacturer's
instructions with 35S-dCTP as the labeled nucleotide and
substituting 7-deaza-dGTP for dGTP in sequencing reac-
tions. Labeled DNA was separated on 6% polyacrylamide
wedge gels containing 10% formamide. Sequence analyses
were performed with the University of Wisconsin Genetics
Computer Group software, version 6.2 (8).

Nucleotide sequence accession number. The DNA sequence
data described in this paper have been deposited at EMBL
and GenBank with the accession number M83110.

RESULTS

Purification of the major cytochrome P-450 from S. eryth-
raea. Cell extracts and ammonium sulfate precipitates from
S. erythraea showed levels of 6-deoxyerythronolide B hy-
droxylase activity (< 0.1 nmol of product formed per nmol of
P-450 per min) that were similar to those found in previous
studies (5, 6, 27). Immunostaining of Western blots with
antisera prepared against the original hydroxylase (27) re-
vealed, as expected, a band at approximately 44,000 Da (27),
and optical difference spectra of the crude extracts and
ammonium sulfate precipitates showed the presence of a
cytochrome P-450. Further purification by anion-exchange
and hydrophobic interaction chromatography resulted in an
apparently homogeneous preparation of cytochrome P-450
that still possessed low activity when assayed in the pres-
ence of spinach ferredoxin and ferredoxin-NADP+ oxidore-
ductase to provide the requisite electron transport from
NADPH. Chromatography on a reversed-phase HPLC col-
umn followed by SDS-PAGE showed the presence of a
single major protein and small amounts of a second compo-
nent (Fig. 2A). This minor protein was eluted at the leading
edge of the HPLC peak containing the major component and
could not be completely separated from it (Fig. 2A). Immu-
nostaining of Western blots containing the HPLC fractions
indicated that both the major and minor bands were immu-
noreactive (Fig. 2B). Denaturation of the cytochrome P-450
during the course of reversed-phase HPLC was evident by
the presence of a peak of nonprotein material corresponding
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FIG. 2. Cytochrome P-450 enzymes from S. erythraea and E.
coli (A) SDS-PAGE of consecutive fractions from the C4 reversed-
phase HPLC column showing the major (a) and minor (p) protein
species in the cytochrome P-450-containing material obtained from
S. erythraea CA340 after purification on Alkyl Superose. The gel
was stained with Coomassie blue. Lane 1 represents the leading
edge of the P-450-containing peak, and lane 2 represents the trailing
edge. (B) Western blot of consecutive fractions (lanes 1 and 2) from
the C4 reversed-phase HPLC column incubated with antiserum
prepared against 6-deoxyerythronolide B hydroxylase (27). Both the
major (a) and minor (1B) forms of cytochrome P-450 react with the
antiserum. (C) Western blot showing expression of EryF (lane 1)
and Orf405 (lane 2) in E. coli. The blot was incubated with the same
antiserum used in panel B.

in retention time to heme. For this reason, the HPLC-
purified material could not be assayed for hydroxylase
activity.

Cloning of the sequence coding for the major cytochrome
P-450. To determine whether the major cytochrome P-450
from S. erythraea was responsible for the 6-deoxyerythro-
nolide B hydroxylase activity, its gene was cloned, with the
eventual goal of obtaining this protein by expressing its gene
in E. coli. A preparation of the major polypeptide obtained
by HPLC was digested to completion with trypsin, and the
resulting peptide fragments were separated by reversed-
phase HPLC. Edman degradation of two of these peptides
produced the amino acid sequences shown in Table 2.
Best-guess oligodeoxynucleotide probes PT1 and PT2 (Table
2) with inosine replacement at highly degenerate codon
positions (17) based on the sequences of the two peptides
were synthesized. By hybridization with blots from S. eryth-
raea NRRL 2338 genomic DNA digested to completion with
BamHI, a single 2.0-kb fragment was detected with probe
PT1. Probe PT2 hybridized with the same band, but some-

what less specifically. BamHI-digested S. erythraea genomic
DNA was electrophoresed in an agarose gel, and the size
fraction from approximately 1.8 to 2.3 kb was collected on
DEAE paper. The eluted DNA was ligated with BamHI-
digested pGEM-7zf(+), and E. coli DH5a was transformed
with the ligation mixture. Plasmids were prepared from 96
Apr colonies and screened, after digestion with BamHI, by
Southern blot hybridization with probe PT1. A single hybrid-
izing clone (pWHM800), which also hybridized with probe
PT2, was detected. The 2.0-kb BamHI fragment from plas-
mid pWHM800 was used to screen a cosmid library of
NRRL 2338 genomic DNA (33) by colony hybridization at
high stringency to obtain cloned DNA encompassing the
region shown in Fig. 3. Hybridization experiments were also
performed with clones from the cosmid library that were
known to contain approximately 40 kb surrounding ermE
(33), including the putative hydroxylase-encoding sequence
eryF (34, 35). No hybridization was observed between the
pWHM800 insert and any of these cosmid DNAs under
conditions of moderate to high stringency, indicating that the
sequence hybridizing with the synthetic probes was not
identical to the eryF coding sequence.

Sequencing of the region containing the major cytochrome
P-450. By sequencing double- and single-stranded templates,
3.078 kb of sequence in the region encoding the major
cytochrome P-450 of S. erythraea was obtained (Fig. 4).
Analysis of the sequence with the CODONPREFERENCE
program (8) revealed three potential open reading frames
(Fig. 5). The two oligodeoxynucleotide probes were derived
from a sequence in the center open reading frame, orf4O5.
This open reading frame is preceded by a potential ribosome
binding site (GGAAGG) (Fig. 4) that shows a reasonable
degree of complementarity to the 5' end of the Streptomyces
lividans 16S rRNA (2), suggesting that the orf4O5 coding
region begins at ATG-951. Translation of this open reading
frame would result in a polypeptide with 405 amino acid
residues, a molecular weight of 45,238, and a calculated
isoelectric point of 4.81.
Sequence comparisons with the TFASTA and GAP pro-

grams (8) indicated that the orf4O5 polypeptide bears strong
similarity to many other cytochromes P-450, particularly
those derived from other actinomycetes (Fig. 6) (11, 21). The
similarity is especially strong in the region surrounding
Cys-352 (Fig. 6), which corresponds to the residue forming

TABLE 2. Oligodeoxynucleotides used for cloning of orf4O5 and construction of cytochrome P-450 expression vectors

Oligonucleotide Sequence

Cloning of orf4O5a
PT1 TGG ACC AAC GTI CTI GTI GAC GGC TCI CAG CCI GAG GCI CAG GCI CAG GC

W T N V L V D G S Q P E A Q A Q A
PT2 TTC GGC GAC GTI GTI ATC CCI GAG GGC GAG CTI GTI TGG GTI GCI CTI GGC

F G D V V I P E G E L V W V A L G

Construction of pWHM808b
NcoI-KpnI linker CATG ACC ACC GTT CCG GAT CTG GAA TCC GAC TCC TTC CAC GTT GAC TGG TAC

TGG TGG CAA GGC CTA GAC CTT AGG CTG AGG AAG GTG CAA CTG AC
Wild-type eryF ATG ACG ACC GTT CCC GAT CTC GAA AGC GAC TCC TTC CAC GTC GAC TGG TAC

M T T V P D L E S D S F H V D W Y

PCR amplification of orf4O5c for the GATATCATATGA CC AG £GCC ACC GGT CAA GTG CCC G
construction of pWHM806 forward
primer
a Inosine replacement probes used in cloning orf4OS based on the amino acid sequence of the major cytochrome P-450 isolated from S. erythraea.
b Synthetic linker used to clone eryF into pTrc99c. Codon usage has been changed to reflect that seen in highly expressed proteins of E. coli (7). The Wild-type

sequence of the 5' end of eryF is shown for comparison.
c Primer used to mutagenize the 5' end of orf4O5 to create an Ncol site (underlined) for ligation into pTrc99c.
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FIG. 3. Map of the orf4O5 and eryF regions from S. erythraea showing selected restriction sites. (A) orf4O5 region with arrows indicating
the direction and extent of the three potential open reading frames. N indicates the Ncol site created by PCR mutagenesis that is not present
in the wild-type sequence. (B) eryF region used for construction of pWHM808. The symbols eryH and orf indicate, respectively, a portion
of eryH, and an open reading frame that potentially encodes a thioesterase (35). Restriction site abbreviations: B, BamHI; K, KpnI; L, Sall;
N, NcoI; P, PstI; S, SstI; Sm, SmaI; T, SstII.

the axial iron ligand in other cytochrome P-450 enzymes
(23). Among the actinomycete cytochrome P-450 sequences,
that of EryF, a polypeptide of 404 amino acid residues with
a calculated molecular weight of 45,082 and an isoelectric
point of 4.82, shows the highest degree of similarity to
Orf405 (47.5% identity by GAP analysis). According to the
systematic nomenclature of Nebert et al. (16), orf4O5 and
eryF would be classified in the same cytochrome P-450
family but in different subfamilies. eryF and orf4O5 would
then be referred to as CYP107Al (35) and CYPJ07B1,
respectively, and the two proteins as P450CVIIA1 and
P450CVIIB1, respectively.
A potentially significant feature of the Orf405 sequence is

the presence of a TTA leucine codon at position 9. This
codon is very rare in S. lividans and Streptomyces coelicolor
and is believed to be important in the regulation of late
developmental events (15). Strains with mutations in the
cognate tRNA for this codon are known to have deficiencies
in sporulation and secondary metabolism (15), suggesting that
the regulatory system operates by coupling the translation of
particular genes to the presence of the rare tRNAUUA.
Whether a similar system operates in S. erythraea is not
presently known.

Analyses of sequences upstream and downstream of
orf4O5 were performed to determine whether open reading
frames encoding electron transport proteins essential to
cytochrome P-450 function were present in this region. In
Streptomyces griseolus, ferredoxin genes immediately
downstream of suaC and subC, the genes that encode two
cytochrome P-450 enzymes that are inducible by sulfonyl
urea herbicides, have been discovered (18). No sequences
showing similarity to ferredoxins or pyridine nucleotide-
dependent ferredoxin reductases were found immediately
surrounding orf4O5. Directly upstream of orf4O5 lies the 3'
end of a potential open reading frame (orfA) that would
encode a protein whose N terminus lies outside of the
sequenced region (Fig. 4). A search of the GenBank data
base with the TFASTA program (8) revealed that OrfA bears
a strong similarity to the product of the dnaE genes of E. coli
and Salmonella typhimurium (14, 31) (Fig. 7), which encode
the large a subunit of the DNA polymerase III holoenzyme.

Since the region of alignment occurs at the C terminus of
both protein products, the sequenced portion of orfA is most
likely homologous to the corresponding region of dnaE (Fig.
7). A single-stranded sequence extending approximately 300
bp in the direction of oif4O5 from the terminal SalI site (site
1 in Fig. 3) showed that additional similarity to dnaE occurs
in the vicinity of this site (data not shown). This suggests that
the sequenced portion of orfA shown in Fig. 5 forms the 3'
end of a large open reading frame with extensive similarity to
dnaE. The orfA sequence has its terminus at TGA-797,
leaving 125 nucleotides of noncoding DNA between it and
the start of orf4O5. Notable structural features in this region
include a perfect 11-bp direct repeat lying just upstream of
the putative orf4O5 start codon (Fig. 4).
Downstream of the Orf405 coding sequence lies another

potential open reading frame, orJB, which extends past the
right end of the map shown in Fig. 3. Analysis of codon
usage indicated that orfB runs in the direction convergent to
orf4O5, ending at TGA-2364. Searches of the GenBank data
base (as of 14 March 1991) revealed no significant matches
with the translated orfB protein sequence. A potentially
significant feature of this region is a 16-bp perfect inverted
repeat in the C-terminal region of orfB extending from
nucleotides 2395 to 2426 (Fig. 4).

Heterologous expression of orf4O5 and eryF. Since orf4O5
and eryF were found to be distinct loci, it was of interest to
know whether both Orf405 and EryF actually possessed
6-deoxyerythronolide B hydroxylase activity. The two genes
were expressed in E. coli by using the pTrc99c vector (1),
and the activity of cellular extracts from each of the expres-
sion strains was determined in 6-deoxyerythronolide B hy-
droxylase assays. pTrc99C contains lacIq plus the inducible
trc promoter fused with an E. coli ribosome binding site and
a polylinker containing an NcoI restriction site. Cloning into
the NcoI site allows high-level expression from the trc
promoter without translational fusion to vector coding se-
quences. The PCR with a site-specific modified oligonucle-
otide was used to create an NcoI site at the N terminus of
orf4O5 to facilitate cloning into pTrc99c. The plasmid
pWHM803 (sites 8 to 12, Table 1) was amplified with the
oligonucleotide shown in Table 2 as the forward primer and
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orfA- R A V D A V I G L K R Q Q A L G Q F D L F G G G D D A G G E E S S
001 GGCGGGCGGTGGACGCGGTCATCGGGCTCAAGCGCCAGCAGGCGCTCGGCCAGTTCGACCTGTTCGGCGGCGGGGACGACGCCGGCGGCGAGGAGTCGTC

S P L A H L Q F T P D E W P R K Q M L S Y E R E M L G L Y V S A H
100 GTCGCCGCTGGCGCACCTGCAGTTCACGCCGGACGAGTGGCCGCGCAAGCAGATGCTCTCCTACGAGCGGGAGATGCTGGGCCTCTACGTCTCGGCCCAC

P L D G A E R L L A P Y Q D T G I A E L V G G E R E A G K D Q V K I
200 CCTCTGGACGGGGCCGAGCGGCTGCTCGCGCCGTACCAGGACACCGGCATCGCCGAGCTCGTCGGCGGCGAGCGCGAGGCGGGCAAGGACCAGGTCAAGA

A G M I S G I Q R R I N K N G H P W A I V T L E D L D A S V E V L
300 TCGCCGGGATGATCTCGGGGATCCAGCGCCGCATCAACAAGAACGGCCACCCGTGGGCGATCGTGACCCTGGAGGACCTCGACGCCAGCGTGGAGGTGCT

F F P K S Y E M F A D C L L E D T A I A V K G R I N E R E G T I S
400 GTTCTTCCCGAAGTCCTACGAGATGTTCGCCGACTGCCTGCTCGAGGACACCGCGATCGCGGTGAAGGGCCGCATCAACGAGCGCGAGGGCACCATCAGC

I F A S D A V P V D I S A A E T D P G T S P A F V I K V P A S R V D
500 ATCTTCGCCTCCGACGCGGTGCCGGTGGACATCTCGGCGGCCGAGACCGACCCGGGAACCAGCCCCGCGTTCGTGATCAAGGTGCCGGCGAGCAGGGTGG

R S L V A E L K R T L Q A H S G T V P V H V K L Q G P R G V T R L
600 ACCGGTCGCTGGTCGCCGAGCTCAAGCGCACCTTGCAGGCGCACTCGGGCACGGTCCCGGTGCACGTGAAGCTGCAGGGGCCGCGCGGGGTCACCCGCCT

A L S S D Y F V S T E N G L Q G E L K G L L G A G C F E T V L *

700 CGCGCTGTCCAGCGACTACTTCGTGTCGACCGAGAACGGGCTGCAGGGCGAGCTGAAGGGGCTGCTCGGCGCGGGGTGCTTCGAGACGGTGCTGTGAGCC

800 GGCGCGGGGCCGCGAGTCCGCTTCGCGCCCCGCGTCCGCTTCGCCTCCGCGGAAGCTGAGAGTGCTTTCAGCGACCGCGTGACAACCGTCAGTGATATGG
SstI

orf4O5- M T T G E V P D L L A F D D A F A Q
900 GTTAACTGGAGACCGGCCGCCAAAACGCCGAGCTCGAGTTTGCCCATGACCACCGGTGAAGTGCCCGACTTACTGGCTTTCGACGACGCCTTCGCGC

D R H N R Y A R M R E E P V Q R I R T V N G L D A W L I T R Y E D
1000 AGGACCGGCACAACCGGTACGCGCGGATGCGCGAGGAGCCGGTGCAGCGCATCCGCACGGTGAACGGCCTCGACGCGTGGCTGATCACCCGCTACGAGGA

V K Q A L L D P R I A K D F G R T Q Q I I E K R L A D A E R R P G
1100 CGTCAAGCAGGCGCTGCTGGACCCCAGGATCGCCAAGGACTTCGGGCGCACCCAGCAGATCATCGAGAAGAGGCTGGCCGACGCCGAGCGCAGGCCGGGG

F S P D L G P H M L N T D P P D H T R L R K L V V K A F T A R R V E
1200 TTCTCGCCCGACCTCGGCCCGCACATGCTCAACACCGACCCGCCGGACCACACCCGGTTGCGCAAGCTGGTGGTCAAGGCGTTCACCGCGCGGCGGGTCG

G L R P R I E Q I T D D L L D R L A G R S E V D L I D E F A F P L
1300 AGGGCCTGCGGCCGCGGATCGAGCAGATCACCGACGACCTGCTCGACCGCCTGGCGGGCCGGTCCGAAGTGGATCTGATCGACGAGTTCGCGTTCCCGCT

P I T V I S E L M G V E D S R R D D F R S W T N V L V D G S O P E
1400 GCCCATCACGGTGATCTCGGAGCTGATGGGCGTGGAGGACTCGCGGCGCGACGACTTCCGGTCGTGGACCAACGTCCTGGTCGACGGGTCGCAGCCGGAG

A O A O AS MVA M ET EL T A K R T E P G D D L L T A L L E
1500 GCGCAGGCCCAGGCGTCGGTGGCGATGGTCGAGTACCTGACCGAGCTGATCGCCAAGAAGCGCACCGAGCCCGGTGACGACCTGCTGACCGCGCTGCTGG

A V E D G D R L S E G E L I A M V F L L L V A G H E T T V N L I G
1600 AGGCGGTCGAGGACGGCGACCGCCTCAGCGAGGGCGAGCTGATCGCCATGGTGTTCCTGCTGCTGGTCGCCGGGCACGAGACGACGGTCAACCTGATCGG

N C V L S L L G N P D Q L A A L R N D P S L L P G A I E E T L R Y
1700 CAACTGCGTGCTGTCGCTGCTGGGCAACCCCGACCAGCTCGCCGCGCTGCGCAACGACCCGTCGCTGCTGCCCGGCGCGATCGAGGAGACCCTGCGCTAC

E S P V A N G T F R H T A E A V R F G D V V T P CG - v WVA .L G

1800 GAGAGCCCGGTGGCGAACGGCACGTTCCGGCACACCGCCGAGGCGGTCCGGTTCGGCGACGTGGTGATCCCCGAGGGAGAGCTCGTCTGGGTCGCGCTCG
A A N R D G E R F E D P D R F D I T R E T T G H V A F G H G I H F

1900 GGGCGGCGAACCGGGACGGTGAGCGCTTCGAGGACCCCGACCGCTTCGACATCACCCGGGAGACCACCGGGCACGTCGCCTTCGGCCACGGCATCCACTT
C V G A A L A R L E A Q I A V G R L L E R F P D L R M A A S P D D

2000 CTGCGTGGGCGCCGCCCTGGCCCGGCTGGAGGCCCAGATCGCCGTCGGCAGGCTCCTGGAGCGCTTCCCGGACCTGCGGATGGCCGCGTCGCCGGACGAC
L R W R F S V L M R G L E K L P V R P G A *

2100 CTGCGGTGGCGGTTCAGCGTCCTGATGCGGGGCCTGGAGAAGCTGCCGGTCCGCCCCGGCGCCTGAGTCAGAGGCTGTCTCTGGACTCACCTTGCTTGGC
BamHI

2200 GGTTGCGGTGGCGGAACCTCAGGCGCTCTCGGACTCCGGGATCCTTTTCACCCATACGCGGCGAAAAGGCTGTCCTCGTCAGAGAGCGCCTGAGAACCCG

2300 CGGCGGTGCCGGTTGCGGGGATGGGCCAAGCGGCTGCGCCGCTTCAGAAATCAAAGATGGGCTCTCAA
* T G G A R L N R R A T

AGTTCAGGGAGGCCGAGACTCCAAGGCGGCTCGGCA
A S V A T L A V A S A R G S R L S L M A V A A G A L A C A L G A T

2400 GCGCGACTGGCGCCAGTCGCGCTGCCGCGAGCGGGCAGGGCTCGCGTCCGACTCGTACCGCTGGCGCCGCGGCCGGTCGCGCGTCCGCTCAGGCCGGCAG
M T A S Q A Q T F A L R A A D A L A A S T R E D A F S L T A A L S

2500 TAGCAGCGCGAGACTCGGACCCACTTCCGCTCGGCCCGCCGCAGCCGGTCGCGCCGCGACCACGCGAGCAGCCGCTTGCTGTCCCAGCGCCGCTCGCTGC
T S A D H P V G T P L F A R Y A T S L L G G L V A V G F A I G L Q Q

2600 ACGAGCGCAGCACGCCGTGCGGCCACCCATCCTTTCGCGCCATCCGCCAGCTCTCGTCCGGCGGCTCGTGGCGGTGCGGCTTCCGCTAGGGCTCGACGAC
H T D N L A S G M G A R D A P V A G L A T S T A A P G A F G T G F

2700 CACCCACAGCAACTCGCGGCTCGGGTAGGGCCGCGCCAGCCGCCCGTGCCGCGGGTCGCGCCACGACCACCGGCGGCCAGGCCGCTTCGGCCAGGGCTTG
G C L L L G F A I H P Q G S D P G L A A L V G F G A A T V A F G T

2800 GGCGTCTCGTCCTCGGGCTTGCGCTACACGCCGACCGGCGACAGGCCGGGCTCGCGCCGGTCGTGCGGCTTGGGCCGCCGCCACTGCCGCTTGGGCCACT
V I C A R Y G I R A P A R A G L A S G V V S G A A L P L A A M G A V

2900 GCTACGTACGGGCCATCGGCTAGGCCCGTCCACGGGCCCGAGGGTCGCGGCTCGGGTGGTGCGAGGGCCGCCGGTCGCCGTCCCGGCGGTAGGGCCGGTG
V A S H G R V L Q L Y Q S L V F L T S G T A V A I L

3000 GTGGCGCGACACCGGCGCGTGGTCAACGTCCATGACCGACTCCTGCTTGTCGCACGACGGCCACCGGTGGCGCTAGTC -orfB

FIG. 4. Nucleotide sequence of the orf4O5 region with the single-letter amino acid sequences of the three potential open reading frames.
The occurrence and direction of repeat sequences are indicated by < or >. The most likely ribosome binding site for orf405 and the peptide
sequences obtained by Edman degradation are underlined.
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FIG. 5. CODONPREFERENCE (8) plot of the third-position G+C content of each reading frame in the orf4O5 region (window size, 25).
Potential open reading frames are labeled as in the text, with arrows indicating the direction of transcription. Hatch marks at the bottom of
each plot indicate rare codons based on codon usage in Streptomyces spp. (3). The restriction sites shown below the plots are labeled and
numbered as in Fig. 3A, and the sequencing strategy is shown as the series of arrows below the restriction map. The identity of orfB as an
open reading frame was determined from a CODONPREFERENCE run in the reverse direction of that shown here (data not shown).

an oligonucleotide homologous to the T7 promoter in
pGEM-3zf(-) as the reverse primer. The forward primer
contained the sequence CCATGG in place of the wild-type
sequence (CCATGA), thereby creating an NcoI site at the 5'
end of orf4O5. This mutation also resulted in the substitution
of alanine for threonine at position 2 of the translated Orf405
protein. The 604-bp PCR product was ligated into the SmaI
site of pGEM-3zf(-), and the resulting plasmid (pWHM804)
was digested with NcoI and SstII (sites 10 and 11; Fig. 3) to
produce a 369-bp fragment. This fragment was ligated with
an NcoI-SstII digest of pTrc99c and the SstII-BamHI frag-
ment (sites 11 to 16, Fig. 3) from pWHM805 (Table 1) to give
the expression plasmid pWHM806 (Table 1).
To construct the eryF expression vector pWHM808, a

55-bp linker (Table 2) that contained the coding sequence for
the N-terminal region of the EryF protein up to a KpnI site
lying downstream of the start codon was synthesized (site
20, Fig. 3). The wild-type eryF sequence contained in the
linker was changed to more closely reflect the optimal codon
usage for highly expressed proteins in E. coli (7). This linker

was ligated with NcoI-KpnI-digested pWHM807 (Table 1) to
give pWHM808.

Orf405 and EryF were detected in E. coli DH5a transfor-
mants containing pWHM806 and pWHM808, respectively,
by immunoblot analysis of crude cell extracts after the
induction of orf4O5 or eryF expression by isopropyl-p-D-
thiogalactopyranoside. The band in extracts of E. coli(p-
WHM806) was identical in electrophoretic mobility to the
major cytochrome P-450 isolated from S. erythraea, whereas
the eryF gene product from E. coli(pWHM808) exhibited a
slightly lower mobility that was identical to that of the minor
immunoreactive band in cytochrome P-450 preparations
from S. erythraea (Fig. 2C). Quantification of the cy-
tochrome P-450 content in extracts of the expression strains
by analysis of the optical difference spectra indicated that E.
coli(pWHM806) and E. coli(pWHM808) produced approxi-
mately 5 and 0.5 mg, respectively, of native enzyme per liter
of culture.
The enzymatic assay of cell extracts from the same

transformants showed that the eryF gene product was active
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** * * * * *

Orf405 MTe***TGE**VPDLLAF* DDAFAQDRHNRYAR*e** *MRE-oEPVQRIRTVNGLDAWLITRY
EryF MTo***T--**-VPDLES***oDSFHVDWYRTYAE..e..LRET.APVTPVRFL.GQDAWLVTGY
SUl MTDTATTPQee*TTDAP1AFPSNRSCPYQLPDGYAQ*seeeLRDTPGPLHRVTLYDGRQAWVVTKH
SU2 MT**o*TAERTAPPDALTV* *PASRAPGCPFDPAPDVTEAART* EPVTRATLWDGSSCWLVTRH
ChoP MT*e*eQAA***PVTFSTV*.RE.YFGPPA.EMQAL**RHKAPVTRTAFADGRPGWLVTGY

150 1100
* * * * **

Orf405 EDVKQALLDPRIAKDFGRTQQIIEKRL.ADAERRPGFSPDLGPHMLNTDPPDHTRLRKLVVKAFT
EryF DEAKALLSDLRLSSDPKRKYPGVEVEFPAYLGFPEDVRNYFATNMGTSDPPTHTRLRKLVSQEFT
SUl FAAARKLGDPRLSSNooRTDDooooNFoPATSPRFEAVRESPQAFIGLDPPEHGTRRRMTISEFT
SU2 QDVRAVLGDPRFSADAHRTooooGFPFoLTAGGREIIGTN.oPTFLRMDDPEHARLRRMLTADFI
ChoP SAARAVLSDSRFTARGEREHPAVPRooo*o*o*ooo**oooooooo.AATLEDERCRRLIAGQFT

1150
* * ** ** ** * ** *

Orf405 ARRVEGLRPRIEQITDDLLDoRL*AGRSEVDLIDEFAFPLPITVISELMGVEDSRRDDF. *RSWT
EryF VRRVEAMRPRVEQITAELLDoEV*GDSGVVDIVVRFAHPLPIKVICELLGVDEKYRGEFGRWSSE
SUl VKRIKGMRPEVEEVVHGFLDEMLoAAGPTADLVSQFALPVPSMVICRLLGVPYADHEFFo--QDAS
SU2 VKKVEAMRPEVQRLADDLVD*RMTTGRTSADLVTEFALPLPSLVICLLLGVPYEDHAFFooQERS
ChoP ARRMRQLTGRTERIVBEHLDA*MEHMGSPADLVEHFALPVPSLVIAELLGVPPADREQFooQHDT

1200
*

Orf405 NVLVD*GSQPEAQAQASVAMVEYLTELIAKKRTEPGDDLLTALLEAVEDGDoRLSEGELIAMVFL
EryF ILVMDoPERAEQRGQAAREVVNFILDLVERRRTEPGDDLLSALIRVQDDDDGRLSADELTSIALV
SUl KRLVQoSTDAQSALTARNDLAGYLDGLITQFQTEPGAGLVGALVADQLANGoEIDREELISTAML
SU2 RVLLTLRSTEPEEVRAAQDELLEYLARLARTKRERPDDAIISRLVARGE-oo-LDDTQIATMGRL
ChoP LRWGGFGRSTEEVTFAFVSLGGQLQRLVRLKRTEPGDDLLSGLIAA* **oDPALTDEELASIAFL

1250 1300
** ** * ** * * * * * ** ** *

Orf405 LLVAGHETTVNLIGNCVLSLLGNPDQLAALRNDPSLLPGAIEETLRYESPVANGTFRHTAEAVRF
EryF LLLAGFFASVSLIGIGTYLLLTHPDQLALVRRDPSALPNAVEEILRYIAP PETTTRFAAEEVEI
SUl LLIAGHETTASMTSLSVITLLDHPEQYAALRADRSLVPGAVEELLRYLAIADIAGGRVATADIEV
SU2 LLVAGHETTANMTALSTLVLLRNPDQLARLRAEPALVKGAVEELLRYLTIVHNGVPRIATEDVLI
ChoP LLVAGHGTTAHQIALGAFLLLEHPDQLAALRADPALTESAVEELLRHLSVVHHGPTRAALQDADI

1350
* ** * * * ** * * * * **

Orf405 GDVVIPEGELVWVALGAANRDGERFEDPDRFDITRETTGHVAFGHGIHFCVGAALARLEAQIAVG
EryF GGVAIPQYSTVLVANGAANRDPKQFPDPHRFDVTRDTRGHLSFGQGIHFCMGRPLAKLEGEVALR
SUl EGHLIRAGEGVIVVNSIANRDGTVYEDPDALDIHRSARHHLAFGFGVHQCLGQNIARLELEVILN
SU2 GGRTIAAGEGVLCMISSANRDAEVFPGGDDLDVARDARRHVAFGFGVHQCLGQPLARVELQIAIE
ChoP EGTPVKAGEVVVVSLGAANRDPARFERPDAVDVTREDTGHLAFGHGMHQCLGRQLAAIGLAVALT

1400
* * ** * * **

Orf405 RLLERFPDLRMAASPDDLRWRFSVLMRGLEKLPVRPGA
EryF ALFGRFPALSLGIDADDVVWRRSLLLRGIDHLPVRLDG
SUl ALMDRVPTLRLAVPVEQLVLRPGTTIQGVNELPVTW
SU2 TLLRRLPDLRLAVPHEEIPFRGDMAIYGVHSLPIAW
ChoP ALLGRFPHLRLACPAAEIPLRHDMQVYGADRLPVAW

FIG. 6. Amino acid sequence comparisons of Orf405 with four other cytochrome P-450 sequences: EryF from S. erythraea (35), SUl and
SU2 from S. griseolus (21), and ChoP from Streptomyces sp. strain SA-COO (11). Alignments were made manually after pairwise
comparisons with GAP analysis (8). The numbers above the sequences indicate the residue numbers of the Orf405 proteins. Identities across
all five sequences are indicated by asterisks. The region surrounding Cys-352 of Orf405 forms the putative heme binding pocket (23) and is
highly conserved among the five sequences.

J. BACTERIOL.
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FIG. 7. Amino acid sequence comparison of OrfA from S. erythraea with the cx-subunit of DNA polymerase I from S. typhimurium (14).
Sequences were first analyzed with the COMPARE program (8) with a window size of 30 and a stringency of 17; then the results were plotted
by using the DOTPLOT program (8). Numbering on the horizontal axis indicates the amino acid residue position in the dnaE gene product,
and that on the vertical axis indicates the position in OrfA.

in vitro in the conversion of the radiolabeled 6-deoxyeryth-
ronolide B analog (9R)-[9-3H]-9-deoxo-9-hydroxy-6-deoxy-
erythronolide B to its 6-hydroxy derivative. Incubation of
this substrate with cell extracts from E. coli(pWHM806) did
not result in the formation of a detectable product, even
when the reaction time was extended to 1 h (Table 3).
Extracts of E. coli DH5at containing only pTrc99c showed no
detectable cytochrome P-450 and did not hydroxylate the
radiolabeled substrate when supplemented with electron
transport proteins and NADPH. Furthermore, the complete
electron transport system was required for conversion by the
expression strain (Table 3). Both cytochrome P-450 enzymes
exhibited an ability to de-ethylate 7-ethoxycoumarin at a low
rate as estimated by TLC. This activity was also dependent
on the presence of ferredoxin and ferredoxin-NADP+ oxi-
doreductase, indicating that the Orf405 enzyme produced by
E. coli(pWHM806) was functional in a typical P-450-medi-
ated reaction.

Quantification of the cellular levels of 6-deoxyerythronolide
B hydroxylase in S. erythraea. The values obtained from
catalytic studies of the EryF hydroxylase enzyme, obtained
from E. coli, were used to quantify the levels of the eryF
gene product in the CA340 strain (Table 4). Cell extracts of
S. erythraea obtained after 24, 36, and 48 h of cell growth
were assayed for hydroxylase activity with the 9-deoxy-9-
hydroxy substrate. Comparisons with the total cytochrome
P-450 levels obtained from optical difference spectra indi-
cated that the 6-deoxyerythronolide B hydroxylase makes
up to 3 to 4% of the total P-450 content at the three time
points, with the remainder presumably being made up by the
Orf405 protein. Low levels of 6-deoxyerythronolide B hy-
droxylation were seen without the addition of spinach reduc-

TABLE 3. Enzymatic hydroxylation of (9R)-[9-3H]-9-deoxo-9-
hydroxy-6-deoxyerythronolide B by cellular extracts of the

expression strains E. coli(pWHM806) and E. coli(pWHM808)"

Assay Sp act (nmol of product

systeMb formed per nmol of
P-450 per min)

E. coli(pWHM806) complete' ........................ <0.001
E. coli(pWHM806) minus ferredoxin ............ <0.001

E. coli(pWHM808) complete....................... 53.2

E. coli(pWHM808) minus ferredoxin and
reductase ................................. <0.001

a All assays with EryF-producing strains were run for 5 min at 30°C as
described in Materials and Methods. Assays wih 0rf405-producing strains
were run for 1 h.

b Strain designations indicate ammonium sulfate precipitates of E. coli
extracts of transformants prepared as described in Materials and Methods.

c The complete assay system described in Materials and Methods.

tase or ferredoxin (data not shown), which is likely to be due
to the presence of endogenous electron transport proteins.

DISCUSSION

Previous protein purification work by Corcoran (5), Cor-
coran and Vygantas (6), and Shafiee and Hutchinson (27) has
shown that an enzymatic activity can be isolated from S.
erythraea that results in the hydroxylation of 6-deoxyeryth-
ronolide B or its 9-deoxy-9-hydroxy derivative at the 6
position. This activity was associated with a cytochrome
P-450-containing fraction but was quite low. The hydroxy-
lation enzyme was purified to apparent homogeneity, yet it
still had a low specific activity (27). Nevertheless, from these
results, it was concluded that this purified cytochrome P-450
monooxygenase was the 6-deoxyerythronolide B hydroxy-
lase.
More recently, the eryF (CYPJ07AJ) gene encoding the

putative 6-deoxyerythronolide B hydroxylase function was
cloned by Weber et al. (35) from the region of the S.
erythraea chromosome approximately 5.5 kb downstream of
ermE, the erythromycin resistance gene. Analysis of the
erythromycin metabolites produced by recombinant clones
containing an insertionally inactivated eryF gene resulted in
a strain that produced 6-deoxyerythromycin A and not
erythromycin A. Sequence analysis indicated that the eryF
gene encoded a cytochrome P-450 monooxygenase (35).

In our study, the major cytochrome P-450 protein of S.
erythraea NRRL 2338 was purified and its gene orf4O5
(CYPl07BI) was cloned and sequenced. Initial hybridization
studies showed that the gene was not located in the eryth-
romycin biosynthetic gene cluster, so it and eryF could not
be identical. The results of DNA sequence analysis verified
this but nevertheless showed that the two protein products
to have a high degree of similarity (Fig. 6). In fact, they are
nearly identical in size, charge, and isoelectric point.
Expression of their genes in E. coli has allowed enzymatic
comparisons between the two proteins to be made. The eryF
gene product shows a much higher level of activity in the
hydroxylation of an analog of 6-deoxyerythronolide B than
previously reported (27), whereas the product of orf4O5
shows no detectable activity against the same substrate. It is
unlikely that the single difference in the N-terminal amino
acid sequence between the heterologously expressed orf4O5
gene product and the wild-type form would result in the
abolition of activity, since the crystal structure of P-450cam,
a paradigm for bacterial enzymes of this type, does not
suggest a significant role for the N terminus in binding or
catalysis (23).

It appears, then, that the 6-deoxyerythronolide B hydrox-
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TABLE 4. Quantification of 6-deoxyerythronolide B hydroxylase and total cytochrome P-450 in cell extracts of S. erythraea at
three time points after inoculation

Time after Cell Hydr I Total protein Specific contente of P-450 % of total
inoculation" mass cYdroxy ase content" hydroxylase contentf P-450 as

(h) (g) (mg) (gmg) (pLg) hydroxylase

24 2.0 5.1 28.2 0.181 146.1 3.5
36 4.0 5.0 52.6 0.095 144.0 3.5
48 5.8 7.1 46.0 0.154 235.6 3.0

a Culture (50 ml) inoculated with 1.0 ml of 72-h culture started from spores.
b Wet weight of cell pellet after centrifugation.
I Hydroxylase content based on a specific activity of 53.2 nmol of product formed per nmol of enzyme per min at a (9R)-[9-3H]-9-deoxo-9-hydroxy-6-

deoxyerythronolide B concentration of 55 ,uM.
d Measured by a modification (30) of the Bradford method.
e Calculated quantity of hydroxylase per milligram of protein.
f Measured by using optical difference spectra (22).

ylase preparation originally purified from S. erythraea was
actually a mixture of two cytochrome P-450 enzymes and
that the major species is present in very large excess but has
essentially no 6-deoxyerythronolide B-hydroxylating activ-
ity. This interpretation is consistent with assay data from cell
extracts of S. erythraea which indicate that the eryF gene
product makes up only 3 to 4% of the total soluble cy-
tochrome P-450 content (Table 4) at a time when erythro-
nolide B formation can be detected. The previous reports of
low specific activity with regard to the total cytochrome
P-450 content thus can be explained by the presence of a
25-fold excess of enzymatically inactive Orf405 protein in
the original EryF preparation. The observed differences in
relative electrophoretic mobility between the two proteins
indicate that the faint immunoreactive band that is only
partially separable from the major polypeptide by reversed-
phase HPLC (Fig. 2) is in fact the eryF gene product.
Immunological reactivity to both proteins is very likely to be
the result of the preparation of antiserum from a mixture of
the two rather than of true cross-reactivity due to structural
similarity. Purification studies with both heterologously ex-
pressed cytochrome P-450 enzymes have shown them to
have nearly identical chromatographic behavior on several
media, indicating that the two enzymes would likely copurify
when present in S. erythraea cell extracts.
The function of Orf405, the major P-450 enzyme of S.

erythraea, is unknown, although the knowledge that this
organism can utilize octane and guaiacol as sole carbon
sources suggests a possible function in a catabolic pathway
(19). This protein is present over a broad period of culture
growth, and its production does not appear to require
induction by exogenous factors, as is the case with some of
the other actinomycete enzymes of this type (19, 20, 32). No
close physical linkage of orf4O5 or eryF (35) with electron
transport protein-encoding sequences is seen, suggesting
that such linkage is a characteristic only of inducible cy-
tochrome P-450 systems in bacteria. Mammalian cy-
tochrome P-450 genes and their electron transport protein
genes also lack close physical linkage (29). Proteins serving
electron transport functions have been isolated from S.
erythraea cell extracts (28), and efforts are underway to
clone their genes (9). The significance of the linkage of the S.
erythraea dnaE homolog with orf4O5 is not known, although
linkage (and cotranscription) of dnaE with apparently unre-
lated functions is seen in both E. coli and S. typhimurium
(14, 31).
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