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The nucleotide sequence of the promoter region of the gene for cholesterol oxidase (choA) from Streptomyces
sp. strain SA-COO was determined. We found an open reading frame (choP) that is located between a potential
promoter sequence and the structural gene for the ChoA protein. Deletion analysis showed that the promoter
region for choP is essential for expression of the choA gene. Mappings of Si nuclease and primer extension of
transcripts generated in vivo suggested that the synthesis of mRNA starts at a site 41 bases upstream from the
ATG initiation codon of the choP gene. By Northern (RNA) blot analysis of the transcripts, we found a
2.9-kilobase transcript that is identical in size to the total sequence of the choP and choA genes. These results
suggest that the two genes, choP and choA, are transcribed polycistronically under the control of the promoter
that is upstream from the structural gene for choP. The choP gene encodes a protein of 381 amino acids with
a calculated Mr of 41,668. The nucleotide sequence of the choP gene has a high degree of similarity to the
sequence of the genes for cytochrome P-450s from humans and Pseudomonas species. A region of homology
with the cytochrome P-450s from various organisms was identified in the choP protein and may represent a
region associated with a binding site for heme iron. Analysis of the CO difference spectrum of an extract of
Streptomyces lividans cells that carry a plasmid which includes the choP gene revealed a unique peak,
characteristic of cytochrome P-450, which is identical to that obtained with the parent strain.

Streptomyces species produce a large variety of medically
important metabolites and extracellular enzymes, in partic-
ular cholesterol oxidase (15, 17, 25). Cholesterol oxidase
(EC 1.1.3.6) catalyzes the oxidation of cholesterol (5-choles-
ten-3-,-ol) to 4-cholesten-3-one, with the reduction of oxy-
gen to hydrogen peroxide. The enzyme is commonly used
for the enzymatic transformation of cholesterol (2, 36) and is
also used for quantitation of levels of cholesterol in clinical
specimens, by coupling of the enzyme with peroxidase (1).
Recently, we cloned the gene involved in the production of
cholesterol oxidase (choA) from Streptomyces sp. strain
SA-COO (25). Cells of Streptomyces lividans carrying a
plasmid that includes the choA gene overproduce extracel-
lular cholesterol oxidase when cultured in an appropriate
medium. The nucleotide sequence of the choA gene revealed
that the gene of cholesterol oxidase starts from a GTG
initiation codon and terminates at a TAA termination codon.
In the 3'-flanking region of choA, a long palindromic se-
quence, which may act as a transcription terminator, was
found. The gene encodes a mature cholesterol oxidase of 504
amino acids with a calculated Mr of 54,913. The leader
peptide extends over 42 amino acids and has the character-
istics of a signal sequence. The amino acid sequence of the
N-terminal protein of the purified enzyme agrees with the
data deduced from nucleotide sequencing. However, our
results did not allow us to identify the promoter sequences
upstream from the choA gene.
Thus, we searched for the promoter region of the choA

gene and found a new open reading frame (ORF). In this
report, we describe the nucleotide sequence that is upstream
from the choA gene, the sites of initiation of transcription of
mRNA, and an analysis of transcripts in the cho region. We

* Corresponding author.

also discuss homologies in the new ORF and the finding of a
predicted cytochrome P-450 from Streptomyces species.

MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains used

were Streptomyces sp. strain SA-COO, a strain that pro-
duces extracellular cholesterol oxidase (provided by Toyobo
Co. Ltd., Tsuruga, Japan) and S. lividans 1326, provided by
D. Hopwood. pCO-3, a plasmid that contains the Strepto-
myces genes choA and choP and the thiostrepton resistance
(tsr) gene derived from pIJ702 (19), was described previ-
ously. pCO-6, pCO-7, and pCO-51 are deletion plasmids
derived from pCO-3. M13mpl8 and M13mp19 (39) were
obtained from Takarashuzo Co. Ltd., Kyoto, Japan.

Culture media. Liquid cultures of Streptomyces cells were
prepared in YEME medium (5). Strains carrying pCO-3 or its
derivatives were grown in the presence of 50 p.g of thiostrep-
ton per ml.
Enzymes and chemicals. Restriction endonucleases, T4

DNA ligase, reverse transcriptase, Si nuclease, and Klenow
fragment of DNA polymerase were purchased from either
Toyobo Co. or Takarashuzo Co. Ltd. The M13 sequencing
kit with deoxy-7-deazaguanosine triphosphate was pur-
chased from Takarashuzo Co. Ltd. [a-32P]dCTP (>600 Ci/
mmol) and [.y-32P]ATP (4,500 Ci/mmol) were purchased from
Amersham Co., Arlington Heights, Ill. Isopropyl-p-D-thio-
galactopyranoside and 5-bromo-4-chloro-3-indolyl-3-p-galac-
toside were purchased from Sigma Chemical Co., St. Louis,
Mo. Thiostrepton was generously provided by Asahikasei
Co., Ltd., Tokyo, Japan.

Preparation of RNA. Total RNA was extracted from S.
lividans 1326 that carried pCO-3, pCO-6, or pIJ702, grown
for 1 day in YEME medium, by a modification of a proce-
dure of Horinouchi et al. (13). Pelleted mycelia were sus-
pended in 0.3 M sucrose-50 mM Tris hydrochloride (pH
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FIG. 1. Restriction maps of pCO-3 and derivative plasmids. Plasmids were transferred to S. lividans 1326 and assayed for associated
cholesterol oxidase activity. Symbols: _, choP region; =, chromosomal fragment from Streptomyces sp. SA-COO; -, pIJ702. Arrows
show the lengths and directions of the choP and choA genes.

8.0)-5 mM EDTA-6 mg of lysozyme per ml and lysed by
incubation at 37TC for 1 min. Sodium dodecyl sulfate was
added to give a final concentration of 0.7%, and the suspen-
sion was heated at 100°C for 1 min. The lysate was extracted
two times with phenol at 70°C. The nucleic acid was precip-
itated (2.5 volumes of ethapol and 0.1 volume of 3 M sodium
acetate; -20°C), suspended in 2.5 M lithium chloride-20 mM
EDTA (pH 7.5), and incubated for 1 h at 0°C. After centrif-
ugation (12,000 x g for 15 min), the pellet was washed with
2.5 M lithium chloride and suspended in 20 mM EDTA (pH
7.5). Then 0.1 volume of 3 M sodium acetate and 2.5
volumes of ethanol were added, and the mixture was stored
at -70°C. Samples of the suspension of RNA were centri-
fuged in a microcentrifuge, washed with 70% ethanol, and
dried in vacuo. The final pellet was suspended in either 40
mM 3-(N-morpholino)propanesulfonic acid (MOPS; pH
7.0)-10 mM sodium acetate-1 mM EDTA (for Northern
[RNA] hybridization) or 5 mM Tris hydrochloride (pTI
8.2)-S5 mM KCI-5 mM MgCl2-5 mM dithiothreitol (for
mappings of S1 and primer extension).

Manipulations of DNA. Preparation of plasmid DNA and
transformation of S. lividans were performed as described
previously (16).
DNA sequence analysis. Sequencing reactions were per-

formed by the M13 dideoxy-chain termination method (32).
To eliminate the G-C band compression, we used deoxy-
7-deazaguanosine triphosphate instead of dGTP (18, 23). The
labeled fragments were separated by polyacrylamide gel
electrophoresis under denaturing conditions. The gels were
fixed, dried, and exposed overnight to X-ray film.

Synthesis and purification of oligonucleotides. All oligonu-
cleotides for primer extension mapping were synthesized
with a DNA synthesizer from Biosearch, San Rafael, Calif.
The oligonucleotides were subsequently purified by high-

performance liquid chromatography (Japan Spectroscopic
Co., Ltd., Tokyo, Japan) with a reverse-phase column
(Finepac SIL-C18).
Mappings of S and primer extension. For S1 mapping,

RNA (20 jig) was hybridized overnight to a 5'-end-labeled
DNA fragment (>106 cpm), which was present in excess
(21). The hybridization temperature was 3 to 4°C above the
melting temperature of the probe (63°C). The hybridization
reaction was terminated by adding one-fifth of the reaction
mixture to 0.1 ml of S1 buffer (0.28 M NaCl, 0.05 M sodium
acetate [pH 4.6], 4.5 mM ZnSO4) containing 300 U of S1
nuclease and incubated at 37°C for 30 min. After precipita-
tion with ethanol, the reaction mixtures were dissolved in a

sequencing dye that contained 80% formamide and run on a
6% acrylamide-8 M urea sequencing gel with labeled DNA
markers.
For primer extension experiments, oligonucleotides com-

plementary to the mRNA were mixed with total RNA (20 ,xg)
in a total volume of 32 ,ul, and 8 ,ul of Sx E buffer (250 mM
KCl, 25 mM Tris hydrochloride [pH 8.0], 50 mM MgCl2, 5
mM dithiothreitol) was added. The samples were heated at
65°C for 20 min and then cooled slowly to 37°C, and the
following solutions were added: 1 ,ul of [a-32P]dCTP (10
,uCi), 5 ,ul of deoxynucleoside triphosphate mixture (5 mM
each GTP, ATP, CTP, and TTP), and 1 [lI of reverse
transcriptase (20 U). After incubation at 42°C for 1 .5 h, the
samples were hydrolyzed by addition of 12.5 ,ul of 0.5 M
NaOH, kept at 95°C for 5 min, and then chilled on ice.
Subsequently, the NaOH was neutralized by adding 12.5 ,ul
of 0.5 M HCl. The reaction mixture was precipitated with
ethanol, dried, and dissolved in the sequencing dye. Each
sample was loaded on an 8% acrylamide-8 M urea gel in a
lane next to the corresponding sequence to determine the
nucleotide at which transcription began.

pCO-3
bli

J 0

- I

3645VOL. 172, 1990

I

pCO-6 I
L

L

J



3646 HORII ET AL. J. BACTERIOL.

3

2

I

0

0 1 2 3 4 5 6
DAYS

FIG. 2. Production of cholesterol oxidase in the producing strain of Streptomyces sp. and in S. lividans 1326 that carried various plasmids.
Symbols: 0, strain SA-COO; 0, S. lividans 1326(pCO-3); A, S. lividans 1326(pCO-6); O, S. lividans 1326(pCO-51), *, S. lividans
1326(pCO-7).

Northern blot hybridization. Total RNA (20 ,ug per lane)
was fractionated on 1.5% agarose-2.2 M formaldehyde gels
as described in Maniatis et al. (21). For molecular weight
standards, 18S and-28S rRNAs from Saccharomyces cere-
visiae were used. The RNA was immobilized on a Biodyne
nylon membrane (Pall Bio-Support Co., East Hill, N.Y.) by
the capillary method of Southern (35); the hybridization
conditions were those recommended by the manufacturer of
the membrane. DNA probes were labeled with [a-32P]dCTP
and the random-primer DNA labeling system of Nippon
Gene Co., Toyama, Japan.

Estimation of cytochrome P-450. Late-logarithmic-phase
Streptomyces cells were harvested by centrifugation at 6,000
x g for 10 min. The wet cells were ground with a 2 x volume
of quartz sand and suspended with 0.2 M potassium phos-
phate buffer (pH 7.2). The homogenate was centrifuged at
18,000 x g for 15 min, the supernatant was collected, and an
equal volume of buffer solution (0.2 M potassium phosphate
buffer [pH 7.2], 40% [vol/vol] glycerol, 0.4% [vol/vol] Emul-
gen 913 [Kao-Atlas Co., Tokyo, Japan]) was added. Cy-
tochrome P-450 levels were measured as described by
Omura and Sato (28) by analysis of the CO difference
spectrum of dithionite-reduced samples, using 91 mM1
cm-1 as the extinction coefficient between 450 and 490 nm.
After the base line was recorded, CO was carefully bubbled
through the sample cuvette for about 20 s, and the cuvettes
were sealed with Parafilm. Reduction of the sample with
dithionite was effected by addition of a few milligrams of

solid Na2S204, and the difference spectrum was then re-
corded.
Computer analysis. The nucleotide and amino acid se-

quences were analyzed with GENETYX programs (SDC
Software Development Co. Ltd., Tokyo, Japan) and IDEAS
(Integrated Database and Extended Analysis System for
Nucleic Acids and Proteins) programs for the Laboratory of
Mathematical Biology and the Advanced Scientific Comput-
ing Laboratory, National Cancer Institute, Frederick Cancer
Research Facility, Frederick, Md., and for the Institute for
Chemical Research, Kyoto University, Kyoto, Japan.

RESULTS

Promoter region for the choA gene. We tried to find
promoter regions for choA by deletion analysis of pCO-3,
which carries the choA gene (Fig. 1). Transcription and
translation of pCO-6, a plasmid that lacks the 1.5-kilobase
(kb) KpnI-SacI fragment in pCO-3, resulted in cholesterol
oxidase activity (Fig. 2). pCO-3 was further truncated by
digestion with PstI. The resultant plasmid, pCO-51, lacked
the 2.1-kb PstI fragment and had no associated cholesterol
oxidase activity. However, pCO-7, a plasmid that lacks the
0.3-kb PstI fragment in pCO-6, still had enzymatic activity.
These results suggest that the promoter region for the choA
gene should be found within the 0.7-kb PstI-KpnI fragment.

Next, the region upstream from the choA gene was
sequenced. We found a potential promoter sequence located
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* XpnI
~GTMcCCCMThCCCACCCCO

* 27 y ..
CCCGTACCCGCGTGiCA&.GC=AGTCCTGCATIO-U11-CIMOC-m

-35 - 1 o
* 106 choP
CCCCAACAT=CCCTCAI:GTAA'TAC AT. ACC * .CG.CC.CCG.CCGT ACC.Y.¶. ACA

s D m.t-Thr-Cln-Ala-Ala-Pro-Val-Thr-Phe-Srt-Yhr
'174 00*. *** *** 000 000 000

c:TC.CC.GAG.AAr. AC.!c. CC. CC.CCCC.G . ATGA CAc.CAA.*ACTG.CCC.AC.AAG. CRC.CCC
V.1 -Arg-lu-An-Tyr-Ph-Gl-Pro-Pro-Al^-lu-Nbt-Oln-Als-Loo-Ar-NL*-6ys-Ala-Pre
* 234
CT1 .ACO.CC,C.ACG.GCC.TTC.GCC.GAC..GC.CCC. CCC.CC.1Cf*.CTC.CIC.ACC.OGA.TAT.TCC.GCC
Vll-Thr-Arg-Thr-Ala-Phe-Ala-Asp-Cly-Ar,-Pro-Gly-trp-Lau-Val-Thr-Cly-Tyr-s.r-Ala
* 294
OCC.CCT.GCCr.GG.TTA.TCC.GAT.TCC.CCT.TTC. ACC.GCC. CCC.GCA GAA.CCC.CAG CAC. CCC.OCC
Ala-Arg-Ala-Val-L.v-Ser-Asp-.4r-Arg-Pha-Thr-Ala-Arg-Gly.Glu-Arg-Clu-HlaL-Pro-Ala
* 354
CGTC.CO.CCC.CCC.GCG. ACC.CT.G.AC.CAC. .CAGCC.3GCCC.Cc AC,G. CC. AIC.GCCC.GCA. CAG.TTc
V.1 -Pro-Arg-Ala-Ala-Thr-Luu-lCu-Asp-CGl-Arg-Cys-Arg -Arg-L*u-I le-Ala-Gly-Gln-Pbe
* 414
ACC.GCCGC.C. CGC.A¶O. CGC.CAG.C¶C. ACC.CGGC.CC. ACC.CAG. CCGG ATC.GTC.CGC.CAA. CAC.CTC
Thr-Al-Art-Arg-Met-Arg-Cln-L.u-Thr-Cly-Ag-Thr--Glu-Arg-I 1--Val-Arg-Cl-G-UIia-Lm
* 474
GAC.CCC. ATt.OA.CAC.TC.GGC.TCC.CCC.GCCC.AC.CTC.CTC.GAG.CAC.T1C.GcC.CTC.CCC.GC
Aap-Aia-Me-Clu-Ns-Nt-Cly-ser-Pro-A1a-Aap-Lau-Va I-Cku-Hhs-Phe-Aia-Le-Pro-Val

534
CCC T.CTC.C C . ATC OC AA. C G. T.C CCC. CCC. CC. GAC COC. AG.CAG.TTC.CAG
Pro-Ser-Leu-Va l-I l*-Ala-Glu-Leu-LGu-Cly-Val-Pro-Pro-Ala-Asp-Ar-Clu-Gln-Phe-Gln
f 594
CAC.OAC. ACC.C 0C.roc.Ta.aC.CGGC.TTC.CGC.CCO.TCC. ACC.CAC.CG.CTC.ACC.GAC. CC.rrC
Illa-Amp-Thr-LOu-Arq-Trp-cly-Cly-Ph.-Oly-Arj-ser-Thr-Glu-Glu-Val-Thr-Gu.-AlA-Phe
* 54 poel
oTC.?CC.CTC.OCGC.Cm CTS.CAG.C!CCC CTC.C¶G.CCC.CTC. AAC.CGC.ACC.GAG.CcG.GC.C.AC
val-er-Leu-Cly-Cly-Gln-14u-Gin-Arg-Leu-Val-Arg-Leu-Lys-Ar,-Thr-Clu-Pro-Cly-Asp
* 714
(AC.Ct.CIC. A.OOC.C.AfC.OC.CCC.CAC.CeC.CO.CTC.ACC.GAC.CAC.GAA.CC.GmC.TTc
Asp-Lt.-Lou-Ser-Gly-Leu-I le-Ala-Ala-Asp-Pro-Al -Lou-Thr-Asp-Olu-Glu-LOa-Ala-Ser
* 774
A3C . C .TTC.a .rrC.1G C1.GTC. GCC.GGC. CAC.GGC . ACC . ACC . CC.CAC.CAG.ATC. GCC. CTC.oWC
tie-Al -Phe-Leu-LeU-Leu-Val-Ala-Ciy-nlh-Gly-Thr-Thr-Ala -Ri-Gln-1 1e-Ala-Leu-Cly
* 834
GCC. 1C.CUC . CTC. CTC.CAA. CAC.CCC.GAC. CAG.CTC . CCC. CGC. CTG. ccC.CCC.GAC.CCC.GCC.CTC
Ala -Ph-Loeu-teu-Leu-Glu-Nli-Pro-Asp-Gln-Leu-Ala-Ala-Lou-Arg-Ala-Asp-Pro-Ala-L.u
f 694
ACO..GAG. ACC.GCC.TC.CGAG.GAG.CTC.CTG.CGC.CAC.CC *AGC C.GTC. CAC.CAC.GGC.CCC.ACC
Thr-dlu -5r-Ala-Val-Glu-CGlu-Leu-Leu-Arg-nia-Leu-Ser-va 1-Val-H1s-lia-Gly-Pro-Thr

* 9S4 pstl
CcT.CCC.GCG.CTG.CAG.GAC.GCC.GAC.ATC.GAG.CCC.ACC.CCC.GTC. AAG.CCC.C.C.GAC.CTC.GTC
Arg-Als-Ala--Lu-Gln-Asp-Ale-Asp-Ile-Glu-Gly-Thr-Pro-Val-Lys-Ale-Gly-Glu-Val-VaI
* 1014
GTC .nTC.TCC,.C.C.GCC.GCC.GCC.AAC.C<C.GAC.CCC.GCA.CGC.TTC.GAC.CrCG.CCC.GAC.CCC.CYC
Val-Val--Ser-Lu-Gly-Ala-Ala-Asn-Arg-Amp-Pro-Ala-Arg-Phe-Glu-Arg-Pro-Asp-Ala-Val

* 1074
GAT.CTC.ACC.CCC.GAG.CAC.ACC.CGCC.CAC.CTC.CCc GTC.CCC.CAC.GGC.ATC.CAC.CAG.TCC.CTC
Asp-Val-Thr-Arg-Glu-Asp-Thr-Gly-Hls-Leu-Ala Ph--Gly-liO-Gly-Nt-lis-Gln_Cys-LOu

* 1134
CCC.CGC:.CAA.CTC.GCC.CGC.ATC.GAA.CTG.CGC. GTC.CCCI CTC.ACC.GCC.CTC.CTC.C.AA.CCC.TTC
Gly-Arg-Gln-Leu-AlO-Arg-Iie-CGlu-Lu-Arg-Val-Ala Lt.u-Thr-Al -L.u-Leu-Glu-Arg-Phe

* 1194
CCC. CAC .c cTCCC. CTG GCC.TC CCC. GCG. GCG GAG ATC . CCG. CTC . CCG CAC . GAC . ATC.CAGCTC
Pro-lfil-Lou-Arg-Lou-Ala-Cya-Pro-Ala-Ala-Glu-Ile-Pro-Lou-Arg-liio-Asp-het-Gln-Va1
* 1254
TAC . CCCCGCC. GAC. CGG CTG. CCC GTC GCC. TGC. TGA CCGTCCCCGTCACCCCCCCGMCCACCTTCCCCAC
Tyr-Gly-Ala -Asp-Arg-Leu-Pro-Val-Ala-Trp-***

* 1322 choA - Y 1384
CCCTGAAGAAACCGTCTCCtgMGTCAGGTAGACCCCGC GTG . ACT. CC . CAA . CAG . CAC. CTG . TCC . CGC. CGC

8 D get-Thr-Ala-Gln-Gln-flls-Lau-fier-Arg-Arg

MC.ACTC.GC.AT .GCC.GCC.T .GGCC.GCC. rCC. cc.cC. rCC. GGG.r.C.Acc.ACC.ATC. GCC
Arg-Met-Leu-Gly-Met-Ala-Ala-Pho-Gly-Ala-Ala-Ala-t,u-Ala-Gly-Gly-Thr-Thr-Ile-Ala

FIG. 3. Nucleotide sequence of the 1.4-kb fragment upstream from the choA gene and the predicted amino acid sequence of choP
(GenBank/EMBL accession no. is M31939). An enclosed rectangle shows the sequence that is highly homologous to sequences of other
cytochrome P-450 genes. The presumptive ribosome-binding site (SD; underlined), possible promoter regions (-10 and -35), and predicted
sites of initiation of transcription ( ) are indicated. The DNA sequence complementary to the synthetic oligonucleotides used for primer
extension mapping are represented in italics with dots.
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FIG. 6. Northern blot analysis of transcripts from the choP and
choA regions. (A) Autoradiograms of Northern blots of transcripts;
(B) diagrams of DNA probes and possible locations and sizes of
transcripts. Lanes: 1, S. lividans 1326(pCO-3); 2, S. lividans
1326(pCO-6). The 18S (1.9-kb) and 28S (4.7-kb) rRNAs from yeast
cells, used as size markers, were fixed with 1 M acetate and stained
with 0.2% methylene blue.

about 1.3 kb upstream from the choA gene. Unexpectedly,
we also found an ORF capable of coding for a 41-kilodalton
protein. This ORF was designated choP.

Nucleotide sequence of choP. The new ORF contains 1,039
base pairs (bp), with an ATG initiation codon at position 141
and a TGA termination codon at position 1284 (Fig. 3). The
initiation codon is preceded by a sequence with a high degree
of similarity to the -10 and -35 consensus sequence
(TTGaca-18 bp-tAGgaT) and has a potential ribosome-
binding site (GAAAGG), showing complementarity to the 3'
end of Streptomyces 16S rRNA (4). At a site 74 bp down-
stream from the TGA termination codon, we located the
structural gene for choA. A potential ribosome-binding site
(GAAAGG) was also found in this spacer region. However,
no long palindromic sequence, serving as a transcription
terminator (31), was found between the choP and choA
genes.

Initiation of transcription of choP and choA. The 5' termini
of transcripts of choP and choA generated in vivo were
determined by Si nuclease mapping and primer extension
with reverse transcriptase. Cellular RNAs were isolated
from S. lividans 1326 that carried pCO-6. The RNAs were

hybridized with a probe, either a 667-bp PstI-KpnI fragment
in the choP gene (probe 1) or a 644-bp Sau3AI fragment in
the choA gene (probe 2), treated with Si nuclease, and then
analyzed by polyacrylamide-urea gel electrophoresis with
markers for size determination (Fig. 4). When probe 1 was

hybridized with the RNAs, we observed a protected frag-
ment of 570 bases. Probe 2 gave a protected fragment of 490
bases.
To determine more precisely the 5'-terminal sites of tran-

scripts, we analyzed the transcripts by primer extension
mapping. Oligonucleotides (18-mers [CGGCGGACCGAAG
TAAT and GAAGGCGGCCATGCCGAG] complementary
to sequences in choP and choA, respectively) were synthe-
sized as primers (Fig. 3). The radioactively labeled synthetic
primers were annealed with the respective complementary
sequences and then extended with reverse transcriptase.
Transcription of the choP gene was found to start at the C
residue that is 41 bases upstream from the ATG initiation
codon (Fig. 5). We also found that the synthesis of mRNA
starts at the C residue at position 1384, which is located
within the structural gene for choA (Fig. 3). The two mRNA
start sites agree with the sizes of protection fragments
obtained from the Si mapping analysis.

Northern blot analysis. The sizes of transcripts of the choP
and choA genes in vivo were determined by Northern blot
analysis. Total RNA was prepared from S. lividans 1326
cells that carried pCO-3 or pCO-6. A 0.29-kb DNA fragment
of the choP gene and a 0.33-kb DNA fragment of the choA
gene were used as intergenic probes (Fig. 6). Results from
autoradiography revealed that at least three species of RNA
were transcribed. Transcripts of 2.9, 1.8, and 1.6 kb were
observed; the 2.9-kb transcript hybridized to the two probes
and was identical in size to the theoretical transcript from the
site of initiation of transcription of mRNA for choP to a
predicted termination site for choA, which is located 5 bp
downstream from the TAA termination codon of choA (16).
The 1.8- and 1.6-kb transcripts bound to probes 1 and 2,
respectively, but not vice versa. These 1.8- and 1.6-kb
transcripts may start from the initiation site in the choP and
choA genes, respectively, although their functions are un-
known.
These results of Si and primer extension mappings and

Northern (RNA) analysis suggest that the choP and choA
genes are transcribed polycistronically from the promoter
upstream from the choP gene to include transcription of the
cho operon.

Utilization of codons in the choP gene and G+C content.
Codon usage in the Streptomyces choP gene was analyzed.
The overall G+C content of the choP gene is 73.1%, which
is reflected in the third position of the codons used (92.1%),
well within the range found in previously sequenced Strep-
tomyces genes (8, 9, 12, 14, 16, 30).
Amino acid sequence of choP. The amino acid sequence

deduced from the ORF (choP) indicates that the product of
choP contains 381 amino acid residues, having a molecular
weight of 41,668. We have searched for homologies in the
peptide sequences of the choP gene and other genes. We
found that the sequence is partially homologous to se-
quences of cytochrome P-450 genes from several organisms,
such as those for P-450cam from Pseudomonas putida (3)
and human P-450c21, (steroid 21-hydroxylase; 26) (Fig. 7).
In particular, the sequence from amino acids 332 to 352 (Fig.
3) has a high degree of sequence homology to Pseudomonas
P-450cam (P450CIA1; 3), yeast lan (P45OLIA1; 26), fish
P1-450 (P4501AI; 26), chicken P-450IIc (P4501IC10; 11),
bovine P-450(SCC) (P45OXXIIA1; 24), porcine c17
(P450XVIIA1; 26), rabbit form 2 (P4501IB1; 26), rat P450 pcn
1 (P450IIIA1; 10), mouse P3-450 (P450IA2; 20), and human
P450c21 (P450XXIA; 38) (Fig. 8). These homologous re-
gions, each containing a cysteine residue, are known as the
sites of binding heme iron in cytochrome P-450s (26).

Estimation of cytochrome P-450. We examined the product
of the choP gene from the parent strain Streptomyces sp.
strain SA-COO and from S. lividans 1326 with or without
pCO-3. The cell extracts prepared from strain SA-COO and

.
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FIG. 7. Companson of sequences of the choP gene product, cytochrome P-450cam from P. putida, and human cytochrome P-450c21
(steroid 21-hydroxylase). Numbers refer to amino acid positions from the NH2 terminus of each protein. Identical amino acids are indicated
by shaded boxes.

from strain 1326 that carried pCO-3 exhibited a CO differ-
ence spectrum typical of the CO complex of the reduced
form of cytochrome P-450, with an absorption maximum at
450 nm, whereas this peak was very small in the extract from

Streptomyces choP
Pseudomonas P-450
Yeast Ian
Fish Pl-450
Chicken P45011C
Bovine P450sec
Porcine c17
Rabbit form 2
Rat P45Osec
Mouse P3-450
luman P450c21
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(XVI 1)
(I1)

(I lI)
(I)

(XX I)

-7 0 7 13

BQWQRQk I5gLRIA
II#SIl.L IllltglI ItT
*lRkRII FIYCQLGVL
NDKERIII&I IGIIVl

ISAIiIANG9111M
AIITQDIRR IIELIET

ISLIKII ETLV
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FIG. 8. Comparison of the amino acid sequence of the highly
conserved cysteine-containing region of the product of the choP
gene with sequences of the heme-binding regions of cytochrome
P-450s from various organisms. Numbers represent amino acid
positions relative to the cysteine that binds the heme iron. Refer-
ences are given in the text. Notations in parentheses are the
recommended designations for the P-450 gene family (27). Identical
amino acids are shaded.

S. lividans without plasmid (Fig. 9). An absorption maxi-
mum at 420 nm is often seen in a CO difference spectrum that
may be derived from heme proteins in crude extracts (22).
However, the product of the choP gene seemed to be
unstable in S. lividans cells, in view of the rather broad
difference spectrum obtained with the extract from strain
1326 when it carried pCO-3.

DISCUSSION

This report describes the localization and determination of
the nucleotide sequence of the promoter region for the choA
gene, the sizes of transcripts in the cho region, and the
identification of a cytochrome P450-like gene in the choP
gene from Streptomyces species.
A new ORF (choP), found in the cho gene, is located 70 bp

upstream from the choA gene. The deletion analysis, nucle-
otide sequence, and data from Si and primer extension
mappings and Northern (RNA) blot analysis suggest that the
choA gene is transcribed from the promoter region of the
choP gene and that the choP and choA genes are transcribed
polycistronically and form an operon. We have designated
this operon the cho operon.
By low-resolution Si mapping and primer extension map-

ping, we found two sites of initiation of transcription in the
cho region. However, one site is located in the structural
gene for choA (Fig. 3 to 5). Since the region upstream from
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FIG. 9. CO difference spectra of cell extracts of Streptomyces sp. strain SA-COO and of S. lividans 1326 with or without plasmid. The
analytical method for generating the CO difference spectra is described in the text. Symbols: , S. lividans 1326(pCO-3); ---,
Streptomyces sp. strain SA-COO; -*-, S. lividans 1326.

this site is essential for expression of cholesterol oxidase,
transcription ofmRNA from the choA gene should start from
the other site of initiation of transcription, which is located
41 bases upstream from the ATG initiation codon of choP.
This conclusion is supported by the results of Northern blot
analysis (Fig. 6). We found a transcript of the size (2.9 kb)
predicted from the location of the first initiation site and a
putative termination site in a long inverted-repeat sequence
of choA. However, we also found two additional transcripts,
of 1.8 and 1.6 kb. Although we have not yet determined their
sites of termination, the 1.8-kb transcript may be transcribed
from the same initiation site as is the 2.9-kb transcript. The
1.6-kb transcript may be transcribed from the initiation site
that is located 22 bases downstream from the GTG initiation
codon of the choA gene. Such heterologous transcripts of
one operon have been found previously in Streptomyces
species (12, 37). The heterologous transcripts may be a result
of a heterogeneity of RNA polymerase in Streptomyces
species (6, 29). However, we could not rule out the possi-
bility that these heterologous transcripts were products of
degradation from the polycistronically transcribed mRNA.
Although we unexpectedly found the cytochrome P-450-

like gene in the cho operon, the existence of this gene in the
cho region may not be surprising. Recently, cytochrome

P-450s have been found in several Streptomyces species.
These cytochrome P-450s are thought to be involved in the
biosynthesis of antibiotics, such as the isoflavonoid genistein
in Streptomyces griseus (33), the herbicide-inducible cy-
tochrome P-450 in S. griseus (7), and the compactin-induc-
ible cytochrome P-450sca in Streptomyces carbophilus (22),
and in the hydroxylation of paravastatin in Streptomyces
flavovirens SANK63684 (T. Manome et al., Abstr. Jpn.
Agric. Biol. Chem. 63:157, 1989). Furthermore, cytochrome
P-450 in Saccharopolyspora erythraea involves 6-deoxy-
erythronolide B synthesis (34). However, genes for these
Streptomyces cytochrome P-450s have not been analyzed.
Therefore, this paper may be the first report of the structure
of a gene, and the analysis of its transcripts, for the cy-
tochrome P-450 in Streptomyces species.
Sequence homology between the choP product and cy-

tochrome P-450s is apparent from the NH2-terminal to the
C-terminal ends. Particularly striking is the invariant se-
quence of 21 amino acids found near the carboxyl-terminal
end of choP product as well as in all other cytochrome
P-450s examined (Fig. 8). This region contains a cysteine
residue that interacts with the heme iron moiety (26). From
these preliminary comparisons of sequence homology and
the detection of a typical CO difference spectrum for cy-
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tochrome P-450 from the parent strain of Streptomyces sp.
and from S. lividans that carries a plasmid with the choP
gene, it would seem reasonable to speculate that the gene
product of choP may also adopt a similar structure in terms
of a binding domain for heme iron, and it too may be
involved in the metabolism of cholesterol, although we have
not yet found the natural substrate for the choP protein or
the inducer for the cho operon. Greater insight into the role
of cytochrome P-450 in the biosynthesis of antibiotics and
sterol metabolism in Streptomyces species must await the
outcome of further genetic and biochemical studies.
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