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Summary. Sequence analysis of the actVA region of the 
actinorhodin biosynthetic gene cluster of Streptomyces 
coelicolor revealed a succession of six open reading 
frames (ORFs), all running in the same direction and 
extending over 5.32 kb. The protein product of actVA- 
ORF1 strongly resembles that of another gene, else- 
where in the act cluster (actII-ORF2), which codes for 
a trans-membrane protein previously implicated in actin- 
orhodin export from the mycelium. This suggests that 
the two gene products may co-operate in actinorhodin 
export, perhaps being sufficient for self-protection of the 
organism against suicide. At least four of the other five 
ORFs are implicated in the control of the C-6 and C-8 
ring-hydroxylation reactions, lacking in actVA mutants, 
that occur at middle to late stages in the actinorhodin 
biosynthetic pathway. This conclusion was reached by 
genetic mapping of actVA mutants to actVA-ORF3 and 
-ORF5 (and perhaps -ORF4), and by the finding of 
strong resemblances between the protein products of act- 
VA-ORF2 and -ORF6 and the products of genes of 
the oxytetracycline or tetracenomycin gene clusters that 
have been implicated in ring-hydroxylation reactions in 
the biosynthesis of these other aromatic polyketide anti- 
biotics. 
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Introduction 

Two of the most characteristic properties of the actino- 
mycetes are their production of a huge range of second- 
ary metabolites, including many antibiotics, and their 
manifestation of an unusually complex cycle of prokar- 
yotic morphological differentiation. Recent genetic stu- 
dies (Chater 1990; Seno and Baltz 1989; Martin and 
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Liras 1989) have begun to elucidate the control of these 
two properties, and have revealed intimate regulatory 
interconnections between them. Much of this work has 
utilized Streptomyces coelicolor A3(2), which produces 
at least five secondary metabolites, and has a comparati- 
vely long history of in vivo and in vitro genetic analysis 
(Chater 1990; Hopwood 1988). 

Among the secondary metabolites produced by S. 
coelicolor A3(2), the blue-pigmented polyketide actinor- 
hodin has received most attention as a model for antibi- 
otic production and export, and the entire cluster of 
biosynthetic genes has been cloned on a continuous seg- 
ment of chromosomal DNA (Malpartida and Hopwood 
1984). Recent sequence analysis and gene disruption stu- 
dies have characterised the central and (conventionally) 
right-hand regions of the act cluster. The central 5.7 kb 
segment, corresponding to the actII class of mutants 
(Rudd and Hopwood 1979), contains two regulatory 
genes: a transcriptional activator for the act structural 
genes, and a repressor for the adjacent transcript that 
carries two genes involved in export of actinorhodin 
from the mycelium (Fernandez-Moreno et al. 1991 ; Ca- 
ballero et al. 1991). To the right of the actII region is 
a series of genes, extending over at least 6 kb and corre- 
sponding to several mutant classes, which code for pro- 
teins of the polyketide synthase complex (the actI, III, 
VII products), and at least two enzymes (the products 
of actIV and VB) for later steps in the biosynthetic path- 
way (Hallam et al. 1988; M.A. Fernandez-Moreno et al., 
in preparation). 

The organization and functions of the remaining part 
of the act cluster, to the left of the actII region, are 
less well understood. The region has been divided into 
two roughly equal sections, corresponding to the ap- 
proximate locations of two classes 'of act gene mutations, 
actVA and actVI (Malpartida and Hopwood 1986). Here 
we report sequence analysis and mutant mapping studies 
in the actVA region. An analysis of the actVI region 
will be presented elsewhere (E. Martinez et al., in prepa- 
ration). 
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Materials and methods 

Bacterial strains, plasmid and cloning vectors. The 
Escherichia coli strain was JMI01 (Yanisch-Perron et al. 
1985). The S. coelicolor actVA mutants were derived 
from strain 1190 (hisAt, uraAl, strAi SCP1- SCP2 +) 
as previously described (Rudd and Hopwood 1979). S. 
lividans strain 1326 was used as recipient for the con- 
struction of recombinant q~C31 phages (Hopwood et ai. 
1985a). pIJ2323 - pBR325 carrying act DNA between 
sites 2 and 1~ of the restriction map (Malpartida and 
Hopwood 1986) - was used as the source of cloned act 
DNA. The Streptomyces phages used for the comple- 
mentation analysis were derivatives of the att-  c + q5C31 
phages KC857 and KC861 (Bruton et al. 1991). 

Media, culture conditions and microbiological procedures. 
For Streptomyces, agar media, transformation and 
transfection were as in Hopwood et al. (1985a). For vec- 
tor selection, thiostrepton (a gift of S.J. Lucania, Squibb 
Institute, Princeton, USA) was used at 50 gg/ml in agar 
and 10 gg/ml in broth cultures. E. coli was grown on 
L agar or in L broth with or without carbenicillin at 
100 gg/ml (Maniatis et al. 1982). 

DNA sequencing. DNA sequencing was by the dideoxy 
chain-termination method (Sanger et al. 1977), using the 
7-deaza-dGTP reagent kit from US Biochemicals ac- 
cording to the manufacturer's recommendations. Conve- 
nient DNA fragments were previously cloned in Blues- 
cript vectors (Stratagene) from suitable restriction frag- 
ments, or generated by ExoIII digestion (Henikoff 1984). 
Every part of the sequence was determined at least once 
in both directions, with every sequence junction for one 
strand being overlapped by a sequence for the other. 

Computer analysis of  sequences. The DNA sequence was 
analysed for open reading frames using the FRAME 
Program (Bibb et al. 1984). Derived amino acid se- 
quences were analysed using programs from the UWCG 
package (version 6.2, 1990: Devereux et al. 1984): se- 
quences were compared to the EMBL Nucleic Acid data- 
base (release 24.0, August 1990) and the PIR database 
(release 26.0, September 1990) using BESTFIT, COM- 
PARE and DOTPLOT. Hydropathy plots (Fig. 5) used 
the program HYDROPUB,  kindly provided by Dr. M. 
Boursnell (Poultry Virus Research Station, Houghton, 
UK) which scans amino acid sequences and calculates 
a mean hydropathy value for a given window, based 
on the amino acid hydropathy values of Kyte and Doo- 
little (1982). 

Construction o f  recombinant phages, and complementa- 
tion analysis. KC857 and KC861 derivatives carrying 
two different DNA fragments covering part of the act- 
VA region (Fig. 1) were constructed. A 2.71 kb XhoI 
fragment from pIJ2323 was cloned into the J(hoI site 
of KC861 to produce KC592 and a 1.41 kb AatII-XhoI 
fragment was cloned to replace the XhoI-ScaI fragment 
of KC857 to produce KC591. The resulting recombinant 
phages carried open reading frames (ORFs) 4, 5 and 

6 and the 3' end of ORF3, or just ORF5 and ORF6, 
respectively (Fig. 7). Each of the phages retained the 
tsr gene to allow selection for thiostrepton-resistant re- 
combinants. The phages were used to transfect S. livi- 
dans 1326 protoplasts and positive plaques were detected 
by plaque hybridisation (Hopwood et al. 1985a) using 
a fragment from BgIII site 6 to a SphI site to the right 
of the actVA region (Fig. 1) as a radioactive probe. Posi- 
tive plaques were purified and a high titre lysate was 
obtained for each construct to infect a set of actVA 
S. coelicolor mutants. Spores from the resulting lysogens 
were harvested and plated on R2 medium containing 
thiostrepton and the proportions of blue lysogens were 
scored after 5-6 days of growth. 

Results 

Sequence and overall organization of  the act VA region 

Figure 1 shows a restriction map of the entire act region 
(Malpartida and Hopwood 1986). The sequence of the 
segment of DNA from BamHI site 4 to a point overlap- 
ping the sequence of the actII region previously reported 
(Fernandez-Moreno et al. 1991) was determined (Fig. 2: 
deposited as EMBL Nucleic Acid Database number 
X58833). Analysis of the relevant part of this sequence 
for open reading frames (ORFs) by the FRAME pro- 
gram revealed six complete ORFs, all in,the same orien- 
tation, as shown in Fig. 3 and summarised in Fig. 1. 

The most likely start codons for the ORFs - named 
actVA-ORFI-6 - were assigned by choosing the most 
upstream ATG or GTG, which in most cases was pre- 
ceded by a good potential ribosome binding site. In two 
cases there is potential translational coupling of pairs 
of ORFs, with overlaps of the extreme 3' end of one 
ORF with the 5' end of the next ORF downstream: 
this applies at the ORF4/5 (ATGA) and ORF5/6 
(ATGGCTGA) boundaries. There is only one nucleotide 
between the stop codon of ORF1 and the start codon 
of ORF2; between ORF2 and ORF3 there are 94 nucle- 
otides; and between ORF3 and ORF4 there are 24 nu- 
cleotides. Interestingly, the coding region of actVA- 
ORF6 would overlap for its last 11 codons with the 
last 11 codons ofactII-ORF1 (the repressor gene), which 
converges with the actVA region (Fernandez-Moreno 
et al. 1991 ; Caballero et al. 1991). 

The product of  actVA-ORF1 appears to be a second 
trans-membrane protein of  the act cluster 

The deduced protein product of actVA-ORF1 shows a 
strong resemblance to the product of a gene in the actII 
region, actII-ORF2 (identity 30%, similarity 57% re- 
vealed by BESTFIT), as shown in Fig. 4a. The actII- 
ORF2 product was shown to resemble proteins that 
confer resistance to tetracycline on gram-negative and 
gram-positive bacteria, to aminotriazole on Saccharo- 
myces cerevisiae, and to methylenomycin on S. coelicolor 
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Fig. 1. Restriction map of the act cluster with approximate locations of act mutant classes I-VII, and organization of the six actVA 
open reading frames (ORFs) revealed and analysed in this paper. Integral restriction site numbers are those of Malpartida and Hopwood 
(1986) and decimal numbers were assigned in the present work 

(Fernandez-Moreno etal. 1991). Fig. 4b shows the 
strong resemblance between the products of actV-ORF1 
and the methylenomycin resistance gene mmr. The tetra- 
cycline (Klock et al. 1985) and aminotriazole (Kanazawa 
et al. 1988) resistance proteins (and presumably the 
methylenomycin resistance protein: Neal and Chater 
1987) are trans-membrane proteins; they show a char- 
acteristic pattern of hydrophobic domains separated 
by less hydrophobic regions. The same is true of the 
actII-ORF2 product, which is postulated to act, together 
with the coupled actII-ORF3 product, to export endoge- 
nously produced actinorhodin from the mycelium (Fer- 
nandez-Moreno et al. 1991) and for the actVA-ORF1 
product (Fig. 5a). Figure 5b compares the hydrophobi- 
city profiles of the actVA-ORF1 and actII-ORF2 prod- 
ucts. The two proteins have a remarkably similar ar- 
rangement of predicted trans-membrane domains: the 
only obvious difference is in the C-terminal regions. 
Both proteins have a 13th hydrophobic domain at the 
extreme C-terminus, but this is separated from the set 
of 12 hydrophobic domains of ActII-ORF2, but not of 
ActVA-ORF1, by a hydrophilic domain. Interestingly, 
comparison of the nucleotide sequences of the two genes 
by DOTPLOT showed no significant similarity, except 
for a segment of about 80 bp near the 3' ends of the 
genes with an identity revealed by BESTFIT of 70%. 

The products of actVA-ORF2, -ORF3 and -ORF6 
resemble those of biosynthetic genes for other aromatic 
polyketide antibiotics 

Comparisons of the amino acid sequences of the remain- 
ing actVA ORFs with the sequences of known proteins 
or the translation products of reported DNA sequences 
indicated resemblances of three of the actVA products 

each with a different gene product from another path- 
way of aromatic polyketide antibiotic biosynthesis. 

actVA-ORF2. As shown in Fig. 6a, the deduced product 
of actVA-ORF2 shows a strong end-to-end alignment 
with the product of a recently sequenced ORF, otc- 
ORFXI, in the cluster of genes for oxytetracycline bio- 
synthesis in S. rimosus (McDowall 1991), with an iden- 
tity of 49% and a similarity of 75%. 

actVA-ORF3. The product of actVA-ORF3 strongly re- 
sembles, over its C-terminal half, the available sequence 
(again for the C-terminal portion) of an incompletely 
sequenced ORF (gra-ORF7) from the granaticin biosyn- 
thetic gene cluster of S. violaceoruber (Fig. 6b). The se- 
quence of gra-ORF7 was determined by D.H. Sherman 
(unpublished: EMBL Nucleic Acid Database number 
X16144); it lies to the right of the set of six genes coding 
for components of the granaticin polyketide synthase 
complex and converging with the right-hand members 
of this set of genes (Sherman et al. 1989) but its function 
is unknown. 

actVA-ORF6. The actVA-ORF6 product aligns strongly 
with the sequence (H. Motamedi and C.R. Hutchinson, 
personal communication) of the product of one of the 
genes (tcmVI-ORFI) in the tetracenomycin biosynthetic 
gene cluster of S. glaucescens (Fig. 6c), with identity 
39% and similarity 55%. 

The act VA-ORF4 product 

The product of actVA-ORF4 was found to show a re- 
semblance over its N-terminal one-third to a sequence 
near the N-terminus of thedihydroflavonol-4-reductases 
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CGT~CTGGTG~GGACcTGTG-~--A~GG~G~CCcCGG~GTCCGGGCGGCC~GG~GGAC~GGG~CACC~G~GC~GCTGGG~ATCCTCGGGGTGCTGGT~C 

1 ........ + ......... + ......... ¢ .......... + ........ + ........ + ......... + ......... + ......... + ......... + I00 

V L V P D L *  

M T A N P G R P G G P A D Q G H P R R W A I L G V L V L  

Start ORFI 

TCAGCCTGGTCGG~TCAT~TCGAC~CCGTGCTC~CGTGA~GCTGCGCACCCTCACCGACCCCGAGCAGGG~GGGCGC~T~GCACAGCCAGGT 

I01 ......... + ......... + ......... + ......... + ......... + ........ + ......... + ......... + ......... + ......... + 200 

S L V G I I L D N T V L N V T L R T L T D P E Q G L G A S H S Q V  

GGAATGGGTGCTCAGCGC•TACACCCTGGCCTTCGCGGCGACG•TGTTCACCTGGGGAGTGCTGGGCGA•CGACTGGGCCGCAGGCGGGTACTCCTGCTG 
201 ......... + ......... + ........ + ........ + ......... + ........ + ........ --+ ......... + ......... + ......... + 

E W V L S A Y T L A F A A T L F T W G V L G D R L G R R R V L L L 

300 

GGC~CGGCCTGTTCGGA~GTCGTCCCTGGCCGGGGCCTACGCCGGGTCGCCGGAGCAGCTCATCGCCGCCCGTGCCTGCATGGGGGTGAGCGGCGCGG 

3 0 1  . . . . . . . . .  + . . . . . . . .  + . . . . . . . . .  + . . . . . . . .  + . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . .  + . . . . . . . . .  + 

G L G L F G L S S L A G A Y A G S P E Q L I A A R A C M G V S G A A  

400 

CGGTGCTGCCGAGCACACTCGCCACCATCGCCGCCGTCTTCCCGCTGCGCGAGCGGCC•AAGGCCCTCGGGATCTGGGCGGCCTCGGTCGGCTTCGCCCT 

401 ......... + ......... + ......... + ......... + ......... + ........ V+ ......... + ......... + ......... + ......... + 500 

V L P S T L A T I A A V F P L R E R P K A L G I W A A S V G F A L 

CGGCATCGGGCCCGTCACCGGCGGGATACTGCTCG CGCACTTCTGGTGGGGCTCGGTCCTGCTGGTCAACGTGCC CCTCATGGCCGGGTGCCTGGTCGCG 

5 0 1  . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + 6 0 0  

G I G P V T G G I L L A H F W W G $ V L L V N V P L M A G C L V A 

GTGGTGCTGGTGGTGCCCGAGACCCGGGGCACGGCGGGCAGGCGCGTCGACGCGG CCGGACTGCTGCTCTCGATCGCGGGTGTCGTGCCGCTCGT CTACG 

601 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 700 

V V L V V P E T R G T A G R R V D A A G L L L S I A G V V P L V Y A 

CGATCATCGAGGCCGGCCGGAGCGGCGGGGTCACCCGGCCCGCGGTCTGGGCAGCCGGCCTGGCGGG CCTCGGCCTGCTCCTCGTGTTCCTGTGG CACGA 

701 ........ + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 800 

I I E A G R S G G V T R P A V W A A G L A G L G L L L V F L W H E 

GCGCCGTACCCCGGAACCCTCGCTGGAGCTCGGcTTCTTCCGGATGAAGGcCTTCTCCACCGCCGTCGCGGCCGTCGGCTTCGTCAGCTTCGCGATGATG 

801 ......... + ......... + ........ + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 900 

R R T P E P S L E L G F F R M K A F S T A V A A V G F V S F A M M 

PstI 5 PstI 5 

GGCTTc~T~TT~TTCAGcGc~TTCTAC.CTGCAGAG~GTG~GCGGCTACACA~CC~TGCA~GCCGGGGGATG~ACCGTGGCA~TGG~GT~GCGAACGTGG 

901 ......... + ........ + ......... + ......... + ........ + ......... + ......... + ......... + ......... + ......... + I000 

G F L F F S A F Y L Q S V R G Y T P L Q A G G C T V A L A V A N V V 

TCTG•GGACCGCT•AGCAcGGT••TGGTGCGTT•GATCGG•CCCCGGAACGTGTGCGCGGCGGGCATGCTGGCCGT•ACCGCATCGCT•TGCGGGGTCAC 
i001 ........ -+ ......... + ......... + ........ + ......... + ......... + . . . . . . . . .  + ......... + ........ + ......... + 

C G P L S T V L V R S I G P R N V C A A G M L A V T A S L C G V T 

ii00 

CTTCGTGACCCAGCACGCACCCGTATGGCTGATCCTCGTCCTGTTCGCCGCGCTGGGGG CGGGCGTAGCATG CGTCATGCCGACCG CGGCCGTGTCCATC 

1101 ........ + ......... + ......... + ......... + ....... + ......... + ......... + ......... + ......... + ......... + 1200 

F V T Q H A P V W L i L V L F A A L G A G V A C V M P T A A V S 7 

ATGAACGCGATCCCACGCGAGAAGG CGGGCGTCGCCTCGGCGATGAACAACACCGTGCG CCAG CTGGGCGGCGCCCTGGGCGTCG CGGTGCTCGGTTCCC 
1201 ......... + ......... + ......... + ........ + ......... + ......... + ......... + ......... + ......... + ......... + 1300 

M N A I P R E K A G V A S A M N N T V R Q L G G A L G V A V L G S L 

TcATGGGCGCCGcGTACCGCCGCGGCATCGAGGACGAGCTCGCcGTACTGCcG•CCTCCGCGCGGCACCAGGCCGGCGAGTCCCTGGATGCCACCCTGCT 

1301 ......... + ......... + ........ + ......... + ........ + ......... + ......... + ......... + ......... + ......... + 1400 

M G A A Y R R G I E D E L A V L P P S A R H Q A G E S L D A T L L 

GGCCGCGACTAGGCTGGGGGAGAGCGGACTTGTCGGCCCCGCGCGCCAGG CATTCCTGGACGCCATGCACCTGG CCGCCGGGGCCGCTGCCGCGGTGGCG 

1401 ........ + ......... + ......... + ........ +--~ ....... + ......... + ......... + ......... + ......... + ......... + 

A A T R L G E S G L V G P A R Q A F L D A M H L A A G A A A A V A 

1500 

CTCGTGGGGGCCCTTGCCGTGCTCCGCTGGcTGCcCTCCTCCGT•ACGACTCCGACGCCCCCGGCAGGGGCCGTGCCcGGCcGGGAGCATTCCGATCACC 

1501 ......... + ......... + ......... + ........ + ......... + ......... + ......... + ......... + ......... + ........ + 1600 

L V G A L A V L R W L P S S V T T P T P P A G A V P G R E H S D H L 

T CAAGGTCCAAG GAAGCTGACATG__CCTTT CACT C CTGACGAG CT CGAGTACTACG C CT C C CAGAACCT CGGCCGG CT GG CCAC CGTGG CG CCCG ACGGC C 

1601 ......... ÷ ....... + ........ + ......... + ......... + ......... + ........ --+ ......... + ......... + ......... ÷ 1700 

K V Q G S * M P F T P D E L E Y y A S Q N L G R L A T V A P D G Q 

End ORFI Start ORF2 

AGCCCCAGGCCAAC••GGTCTCGTTC•GCGT•AA•A••GAGA•CGGCACGAT•GA•AT•GG•GGGcACAAC•TGA••G••AGCAAGAAGTTCcGCAACGT 

1701 ......... + ......... + ......... + ......... + ........ + ......... + ......... + ......... + ......... + ......... + 1800 

P Q A N P V S F R V N T E T G T I D I G G H N L T A S K K F R N V 

CACCAAGCACGACCAGGTCGCCTTCGTCG TCGAC GACCTGATCTCCACGCAGCCGTGGAACGTACGCGGTATCGAAGTGCGCGGCCGGGC CGAGGCGCTG 
1801 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 

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

1900 

ACCGACGCGCACG CGCCGCACCC CTACTTCGGTACCGCGATGATCCGTATCCACCCCAAGCG CATCATCACCTGGGGCCTCGGCGGCGACGCCGCCCAGC 

1901 ......... + ......... + .... -- .... + ......... + ......... + ......... + ........ + ......... + ......... + ......... + 2000 

T D A H A P H P Y F G T A M I R I H P K R I I T 9; G L G G D A A Q R Fig. 2, 
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GCGGCCGCGACGTCTGACCCAGCACCCTTCGACTCCGCTTCGAGCGGACCTCGACGCCCTCTTGCC~GGTGGAGCCCGTAGGACGGGTACACCACGGGG 

2001 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 2100 

G R D V *  

End ORF2 

BglII 6 

AGG~CGGCTGGATGAGTACAGAGATCTTC~ATGAGGAGTTCGC~GGGGGGCTGGTGACCGAGGGGCCGGGCGCGCCGTGGCGGCTTCGCCCGGTCGACGG 

2101 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 2200 

M S T E I F H E E F A G G L V T E G P G A P W R L R P V D G  

Start ORF3 

TCTCGAGGCGGGAGACGGGCTGGT•CGCGGGGGA••GGACGGC•TGGTGGTCGTGCCGAGCGCCGCC•ACCCGGGGACC•GGCGGCCGGCGTTCACCGAG 
2201 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 2300 

L E A G D G L V R G G P D G L V V V P S A A H P G T R R P A F T E  

CCCAAGCCCGGGCCGGACGG CACCCCGCTG CATCTGCGGTGGGGTGCCTTCACCACCGG CGG CACCACCGG CGGCACCG C CGGCG CGCGGGCGGCGTTCA 

2301 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 

P K P G P D G T P L H L R W G A F T T G G T T G G T A G A R A A F T 

2400 

CCGCCGTGCCCGG CGAACGGCTCTCGGT CAGGGCCGAGATGGGG CTGCG CGGCTTCGGTCTG CGCTCCCATCCGTACGACGACGTGACCGAACCCGACGC 

2401 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 

A V P G E R L $ V R A E M G L R G F G L R S H P Y D D V T E P D A 

2500 

GGACGCCCGGCTCGG CGCGGGCGGTCTGAT CTCGGTCGATCTCGAGTCCGGGATCAT CTTCGACTTCTTCCTCACACACAG CCGG CTCTACG CGGTCTAC 

2501 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 2600 

D A R L G A G G L I S V D L E S G I I F D F F L T H S R L Y A V Y 

GAGCGGCTCG CGCTG CGGCCGGACG C CGAGTTCG CGGC CTTCACCTCATGCGTCC CGGTCGCGGACCG CACCCC CGG CACGCT C CACCGG CTCGAGGTCG 

2601 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 2700 

E R L A L R P D A E F A A F T S C V P V A D R T P G T L H R L E V G 

GATACGACGTCGCGGCCGG CACCGCCCACTGGACGGCCGACGGGCAGGAGGTCCTGTCCGTGGACCGGATCGGCTT CCGCGCACTGGACGCGCGCTGGCT 

2701 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 2800 

Y D V A A G T A H W T A D G Q E V L S V D R I G F R A L D A R W L 

CCGGCGGGAC~CGGCGGCCGCGAGGAGGCCGTACGGCCGCGCGGACTCAGCTTCGGCCTcGGGCTCTTCCTGGAGCGCCACTTCGGCCAGGGGGTGCGG 
2601 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 2900 

R R D N G G R E E A V R P R G L S F G L G L F L E R H F G Q G V R  

CT~TCGGTGCG~GG~TGTCGGTGCT~A~CT~G~GC~GG~T~GCGACTCGTGA~GACGACC~CGAAAGGCA~TGCGATGC~CGATGAG~C~GC 
2901 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 3000 

L S V R R L S V L T S P A G S R D S *  M P D E N K P  

End ORF3 Start ORF4 

~GTA~TGGTCCT~GG~GCCACCGGAAAGC~GG~GGCTC~GCGGCC~GGTACCTGCTGG~CGCGGCTGGACAGTCCGGG~CTTCGTCCGGGACCCCGG 
3001 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 3100 

V L V L G A T G K Q G G S A A R Y L L E R G W T V R A F V R D P G  

C G C G C C C A . A G G C C A A G G A G  C T G  C G T G A G C T G G G G G  C G A G  C C T G C A C A C C G G C G A C C T G G A G G A C G  C C G G C T C G G T G  C G  C G C C G  C G A T G A A G G G T G  C G T A C  

3 1 0 1  . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  ÷ . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + 

A P K A K E L R E L G A S L H T G D L E D A G S V R A A M K G A Y 

3 2 0 0  

GG CGTGTTCAGCATCCAAACGCCGATGACACCGG CCGGCGTGGAGGG CGAGGAGCGGCAGGGCAAGATATG CGCCGACG CCG CCCG CGACCTCGGCGTCC 

3 2 0 1  . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + 3 3 0 0  

G V F S I Q T P M T P A G V E G E E R Q G K I C A D A A R D L G V Q 

BamHI 7 
AGCACTACGTCCACAG CTCGGTGGGCGGCG CGGAACGG CCGGAGGGCGTGAACTGGCGG CTGTCCAAG CT CG CGAT CGAG CAGCGGATC~AGGAGAACG C 

3301 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 3400 

H Y V H S S V G G A E R P E G V N W R L S K L A I E Q R I Q E N A 

GCTCCGGTTCACCTTCCTGCGGCCGTCGTACTTCATGGAG~CCTG~CCACGACATGTCGCCCCTCGTCATGGAGGACGGCGTGCTGACCTTCCGGAGG 

3 4 0 1  . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  ÷ . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + 3 5 0 0  

L R F T F L R P S Y F M E N L N H D M S P L V M E D G V L T F R R  

PstI 8 

GGGCTCGGGCCGGCC~ACCCTGCAGATGAT~AG~GG~CCGACATCGGGTACTTCGCGGCCGACGCCTTCGACGA~CCCGACAC~TTCGG~GGCGCCA 

3 5 0 1  . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + 3 6 0 0  

G L G P A N T L Q M I S G P D I G Y F A A D A F D D P D T F G G A K  

AGATCGAGCTGGCCGGGGACGAGCTGACCGGCGAGCAGATCGCGG CCGCGTTCGGCCGG CACACCGGG CTGCCCGCCCGCTTCGTGTCGGTGCCGATACC 

3601 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 

7 Z L A G D E L T G E Q I A A A F G R H T G L P A R F V S V P I P 

3700 

G G A G C T G C A C C G C A C G G G G T T C G A G T G G C A G G C G A T C T C G T A C A C C T G G C T C ~ C G G C A T C G G C T A T C A C G C C G A C A T C C C C A C G C T G C G C G C C C G G T T C  ' 

3701 ......... + ......... + ......... 4 .......... + ......... + ......... + ......... + ......... + ......... + ......... + 3800 

E L H R T G F E W Q A I S Y T W L N G I G Y H A D I P T L R A R F  

CCGCAGCTGCTCACCCTCGACCAGTGGCTGGCCAGGACCGGCTGGACCCCGAGGGACCCGGCAT--~GAGCGAGGACACGATGACCCAGGAGCGGCCGTCCCT 

3801 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 3900 

P Q L L T L D Q W L A R T G W T P R D P A *  

End ORF4 M S E D T M T Q E R P S L 

Start ORF5 

GACGGCACACGCCCGCCGGATCGCCG~CTCGCCGGG~GCGGGCGGCCGACGCCG~CAGCAGCGCCGGCTGAGCCCCGACGTCGTCGACGCGGTCCTT 
3901 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 4000 

T A H A R R I A E L A G K R A A D A E Q Q R R L S P D V V D A V L  Fig. 2. 



406 

4001 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ...... ~---+ 4100 

R A G F A A H F V P V A H G G R A A T F G E L V E P V A V L G E A C 

4101 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ........ + ......... + ......... + 4200 

A S T A W Y A S L T A S L G R M A A Y L P D E G Q A E L W S D G P 

4201 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 4300 

D A L ~ V G A L M P L G R A E K T P G G W H V S G T W P F V S V v 

430~ ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 4400 

D H S D W A L I C A K V G E E P W F F A V P R Q E Y G I V D S W Y P 

CGATGGGTATGCGCGGAACGGGc-~GCAACA~G~T~GT~CTCGA~GG~TGTT~GTGCCGGATG~GcGG~TGCACCcGTG~GGCCATCGCGGCAGGTCT 

4401 ......... + ........ --+ ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 4500 

M G M R G T G S N T L V L D G V F V P D A R A C T R A A I A A G L 

4501 ......... + ........ + ........ + ......... + ......... + ........ + ......... + ......... + ......... + ......... + 4600 

G ~ D A ~ A ~ C H T V ~ M R A V N G L A F A L ~ M L G A A R G A A 

4601 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 4700 

A V W T S W T A G R L A G P T G Q N A V S S Q D R V V Y E H T L A R 

4701 ......... + ......... + ......... + ........ + ......... + ......... + ......... + ......... + ......... + ......... + 4800 

A T G E I D A A Q L L L E R V A A V A D A G S A T G V L V G R G A 

G~GGGAC~CGC~GGCGG~GGAG~TGCTGACCGCCGCGACCGACCGG~GTTCGCCTCGGCGGGCAC~CGGGCA~AGGCC~GGACAGCCCGATGCAG 

4801 ......... + ........ ~ ........ + ......... + ........ + ........ + ......... + ......... + ........ ~ ......... + 4900 

R D C A L A A E L L T A A T D R L F A S A G T R A Q A Q D S P M Q  

PstI 9 ~ 

CGCCTGTGG~G~GATGTG~ACGCGGCGGGCAGCCATATCGGG~GCAG~CGGGCCCGGGGCGGCG~GTACGCCGGAGAGCTGTTGAGGAGGAGC~CG 

4901 ........ + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 5000 

R L W R D V H A A G S H ~ G L Q F G P G A A L Y A G E L L R R S N D  

5001 ......... + ......... + ......... ÷ ......... + ......... + ......... + ......... + ......... + ......... + ......... + 5100 

G * 

M A E V N D P R V G F V A V V T F P V D G P A T Q H K L V E L A T G 

_End ORF5 

Start ORF6 BantHI I0 

•CGGGGTGCAGGAGTGGATCCGCGAGGTG•C•GGCTT•CTGTCGG••ACGTATCA•GCGAGCACGGACGGGACcGCGGT•GT•AACTACGCCcAGTGGGA 

5101 ......... + ........ + ......... + ......... + ........ + ......... + ......... + ......... + ......... + ......... + 5200 

G V Q E W I R E V P G F L S A T Y S A S T D G T A V V N ¥ A O W g 

GAGCGAGCAGGCCTACCGGGTGAACTTCGGCGCCGACCCGCGCTCGGCGGAGCTGCGGGAGGCG CTGAGCTCG CTG CCCGGGCTCATGGGGCCG CCGAAG 

5201  . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . .  + . . . . . . . .  + . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . .  + 5300  

s E Q A Y R v N F G A D P 11 S A E L R E A L S S L P G L M G P P K 

5301 ......... + ......... + ........ + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 5400 

AGTACTGAGGCGCCCCCCGCTAGGA•GG•AGGAcTGGACCAGCAGG•GC•GGAG•GGc•GGGGCCGGTCGTCCGGc•G•TACTACTAGAGCTC 

A V F M T P R G A I L P S *  

* S E A P P S G A T R V Q D D A A E G A G A L L G A I I I E L  

End actII-ORFl End ORF6 

Fig. 2. Nucleotide sequence of the aetVA region and deduced amino acid sequences (single letter code) of the six actVA ORFs. Key 
restriction sites are shown numbered as in Fig. 1. (~ t I  site 5 turned out to be two very close ~ t I  sites.) Putative ribosomal binding 
sites are marked by aster~ks. ATG or GTG start codons are un~rlined 

of  plants (Beld et al. 1989). The significance of  this par-  
tial similarity remains to be explained. 

Mapping o f  the actVA mutants to various ORFs 

In order to assign the previously isolated mutat ions of  
class actVA (Rudd and Hopwood  1979) to a specific 
O R F  or ORFs  in the sequence, recombinant  phages were 
constructed which carried two different segments of  the 
actVA DNA.  It  was already known that  several actV 

mutat ions must  lie between BglII site 6 and BamHI site 
10 because two plasmids with overlapping inserts o f  act 
D N A  - pIJ2315 carrying D N A  between sites 3 and i0 
and pIJ2305 carrying D N A  between sites 6 and 15 
(Fig. 1) caused blue pigment to be produced when in- 
troduced into act-lO1, act-I09, act-163 and act-218 
(Malpart ida and Hopwood  1986). (At least one other 
actV mutant ,  act-235, was not  complemented by these 
two plasmids and was later found to be phenotypically 
different f rom the act-IO1 type strain i n  accumulating 
a different metaboli te;  Cole et al. 1987). Mutants  resem- 
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Fig. 3. FRAME analysis of the actVA sequence showing (below) arrowheads are GTG codons and vertical lines are stop codons). 
the base composition in each of the three triplet positions over Solid circles serve to distinguish the line of intermediate density. 
a 150 bp window and (above) the limits and direction of actVA The lengths of the ORFs (amino acid residues) are: ORFI, 533; 
ORFs 1-6 as heavy lines (large arrowheads are ATG codons, small ORF2, 130; ORF3, 281 ; ORF4, 294; ORF5, 381 ; ORF6, 112 

I I I [ n I I I I 

b / 

f / "  / /  ; / 5 0 0  ' 0 0  / 
• / 

" / / / /  
/ z . ' /  / "  .. f 

j / / ! 

4 0 0  ." -'- .. i / 

/ ' /  " 300  -/ " • .. / / / "  

z 

200 

2 0 0  / 

" /  , " /  . z /  / ,  

" " '" 100 / " / - 100 " . /  - / 
/ / :  I 

i i I I i o I I t t 
100 200  300  400 500  0 100 200  300  400  500 

Fig. 4a and b. DOTPLOT comparisons of ActVA-ORF1 with two other proteins using a window of 40 and a stringency of 20. a 
ActVA-ORF1 (horizontal axis) vs ActII-ORF2 (Fernandez-Moreno et al. 1991); b ActVA-ORF1 (horizontal axis) vs Mmr (Neal and 
Chater 1987) 

bl ing act-lO1 were therefore  re-classif ied as a c t V A  and  
act-235 represen ted  a new class, cal led actVB,  m a p p i n g  
near  the  r ight  h a n d  end o f  the  act clus ter :  F.  M a l p a r t i d a ,  
unpubl i shed) .  Al l  t r a n s f o r m a n t s  o f  each o f  the  four  act- 
V A  m u t a n t s  wi th  pIJ2315 p r o d u c e d  a b u n d a n t  blue  pig- 
ment ,  indica t ive  o f  t rue in trans c o m p l e m e n t a t i o n .  
Therefore ,  since p l J2315  is now seen to  lack  the C- termi-  
nal  reg ion  o f  O R F 6  (Fig.  7), we can  deduce  tha t  the 
four  a c t V A  m u t a t i o n s  c a n n o t  lie in this O R F .  Transfor -  

m a n t s  o f  act-lO1, -109 and  -163 by pIJ2305 were also 
fully complemen ted ,  ru l ing ou t  a l oca t ion  for  these mu-  
ta t ions  in O R F 3 ,  because  pIJ2305 is seen to  lack  the 
N - t e r m i n u s  o f  this  O R F  (or in O R F s  1 or  2, which  
are  absen t  f rom the p lasmid) .  Thus ,  these three  a c t V A  
m u t a t i o n s  were cand ida tes  for  e i ther  O R F 4  or  O R F 5 .  
In cont ras t ,  pIJ2305 p r o d u c e d  only  5 - 1 0 %  of  blue t rans-  
fo rman t s  wi th  act-218 ( M a l p a r t i d a  and  H o p w o o d  1986), 
suggest ing t ha t  this  m u t a t i o n  migh t  lie in O R F 3 ,  wi th  
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Fig. 5. a Hydropathy plot 
(HYDROPUB) of ActVA-ORF1, us- 
ing a window of 19 amino acids. The 
horizontal line is at --0.4, the aver- 
age overall hydropathy for a collec- 
tion of soluble proteins (Kyte and 
Doolittle 1982). The numbers iden- 
tify hydrophobic peaks above a 
threshold value of 1.6. b Comparison 
of hydropathy of ActVA-ORF1 with 
ActII-ORF2 (Fernandez-Moreno 
et al. 1991). The marks on the verti- 
cal axis indicate the - 0 . 4  point for 
each of the plots 

a requirement for crossing-over to generate act + recom- 
binants. 

In the light of these earlier results we constructed 
two a t t -  c + recombinant phages, KC591 and KC592, 
carrying the DNA segments shown in Fig. 7. When used 
to lysogenise the four a c t V A  mutants studied by Malpar- 
tida and Hopwood (1986), as well as others of the set 
isolated by Rudd and Hopwood (1979), by homologous 
recombination between the cloned fragment and the host 
act region, a proportion of blue colonies was observed 
in some phage/mutant combinations, but not in others 
(right side of Fig. 7). The mutations fall into three clear 
groups. 

The first group, containing act-218, gave no blue col- 
onies with either phage, ruling out a location in ORF4, 
5 or 6. The production of a proportion of blue colonies 
when transformed with pIJ2305 (Malpartida and Hop- 
wood 1986) confirmed its location in ORF3, rather than 
in some other part of the genome. 

Two mutations, act- i56 and -278, gave blue colonies 
with KC592 but none (in the case of act-278 out of 
more than 5500 lysogens) with KC591. Although a loca- 
tion at the extreme left-hand end of ORF5 is not ex- 
cluded, one or both of these mutations are candidates 
for ORF4. 

The remaining 14 mutations gave a proportion of 
blue colonies with both phages, indicative of a location 
in ORF5 or ORF6, and presumably lying progressively 
further towards the right of the cloned DNA fragments 
as the proportion of blue colonies increases (they are 
listed in this order in Fig. 7). The rightmost mutation 

(act-249) was transformed with pIJ2315: nearly all the 
transformants were blue, ruling out a location in ORF6. 
Thus, all of this group of mutations are likely to be 
in ORF5. 

Discussion 

Sequence analysis of the a c t V A  region has revealed an 
unexpectedly large number of genes. Of these, one (act- 
VA-ORFI) is likely to be involved in the mechanism 
of self-protection of the organism against actinorhodin, 
while at least four of the other five would be structural 
genes for middle to late steps in the biosynthetic path- 
way. These two aspects are discussed in turn. 

act VA - 0 R F I  

The finding that cloning of the entire act cluster into 
the actinorhodin-sensitive host S. parvulus led to produc- 
tion of the antibiotic without suicide of the culture led 
to the conclusion that the cluster includes information 
for a self-protective mechanism (Malpartida and Hop- 
wood 1984). When sequencing of the actII region re- 
vealed a gene (ac t I I -ORF2)  whose product strongly re- 
sembled, in its sequence and its hydrophobicity profile, 
genes for resistance by export of exogenously applied 
tetracycline in bacteria or aminotriazole in yeast (Fer- 
nandez-Moreno et al. 1991; Klock et al. 1985; Kana- 
zawa et al. 1988), this gene was at first thought to be 



I I I I I I I r I i I I 

a 

100 

50 

/ 

I I I I I I I I 

0 50 100 

150 - b ~ ~ I . . . .  I I . . . .  I . . . . . . .  

100 

50 

100 

/ 

50 

0 I [ I i I I I 

0 50 100 

I I I I 

0 

I I I I I I I I I I I i I I 

150 200 250 

01 I I i I t I p I 
0 50 100 

F i g .  6a-c.  DOTPLOT comparisons of actVA sequences with var- 
ious other proteins using a window of 40 amino acids and a strin- 
gency of 20. a ActVA-ORF2 (horizontal axis) vs Otc-ORFX1 
(MeDowall 1991). b ActVA-ORF3 (horizontal axis) vs Gra-ORF7 
(D.H. Sherman, unpublished, EMBL No. X16144). e ActVA- 
ORF6 (horizontal axis) vs TcmVI-ORF1 (H. Motamedi and C.R. 
Hutchinson, personal communication) 

the predicted actinorhodin resistance determinant. This 
view was made even more likely by the finding that actII- 
ORF1 and -ORF2 form a divergently transcribed pair 
of genes resembling the repressor/resistance pairs for tet- 
racycline, and even that the promoter-operator signals 
in the intergenic region resemble those of E. coli tet 
determinants and are expressed in E. coli (Caballero 
et al. 1991). However, disruption of actII-ORF2 was 
found not to be lethal, nor to prevent actinorhodin bio- 
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synthesis; instead appearance of the antibiotic in the 
medium was delayed. It was therefore postulated that 
this gene indeed codes for a component of an export 
complex for actinorhodin (together with the product of 
the translationally coupled actII-ORF3 downstream of 
it), but that there must be a further gene involved in 
actinorhodin resistance to account for the survival of 
actII-ORF2 mutants (Fernandez-Moreno et al. 1991). 
Whether this gene could be ac tVA-ORF1 is now open 
to test. In view of the finding that the ac tVA-ORF1 
product appears to be a trans-membrane protein like 
those of the products of actII-ORF2 and the tetracycline 
and aminotriazole resistance genes, it seems likely that 
the ac tVA-ORF1 product would also operate as an ac- 
tinorhodin export system, either together with the actII- 
ORF2 protein or forming a parallel channel. If so, the 
delay of actinorhodin export in an actII-ORF2 mutant, 
rather than complete retention of the antibiotic in the 
mycelium (Fernandez-Moreno et al. 1991), could be ex- 
plained. Conceivably, efficient export via the products 
of both actII-ORF2 and ac tVA-ORF1 in the wild-type 
strain could be sufficient for self-protection, without the 
need for a further mechanism of resistance to intracellu- 
lar antibiotic. This possibility is currently being tested 
by gene disruption studies in the wild-type and in an 
actII-ORF2 mutant. 

act VA-ORFs 2-6 

ac tVA-ORF2  clearly codes for a protein very similar 
to the product of otc-ORFX1 in the cluster of genes 
for biosynthesis of oxytetracycline, OTC (McDowall 
1991). otc-ORFX1 represents part of the DNA that com- 
plements a class of mutants, otcX, that are blocked at 
a step in OTC biosynthesis before 4-aminodedimethyla- 
minoanhydrotetracline (4-amino-ATC). Of the other 
two classes of mutants blocked in 4-amino-ATC biosyn- 
thesis (Rhodes et al. 1981), o tcY  is now known to corre- 
spond to the polyketide synthase (PKS) for OTC because 
o tcY  DNA hybridises with the actI region, which is 
known to encode the actinorhodin PKS, and partial se- 
quence information revealed a characteristic series of 
type II PKS ORFs in the otc Y region (McDowall et al. 
1991; Hopwood and Sherman 1990). otcZ codes for a 
protein that resembles a hydroxyindole-O-methyltrans- 
ferase from bovine pineal gland (Ishida et al. 1987) and 
so is probably involved in the methylation that occurs 
at an early step in 4-amino-ATC biosynthesis (McDow- 
all et al. 1991). Apart from assembly and cyclisation of 
the polyketide chain (catalysed by the PKS) and methy- 
lation, two hydroxylation reactions and two transamina- 
tions would be required in 4-amino-ATC biosynthesis 
(Rhodes et al. 1981). There is no requirement for amina- 
tion reactions in actinorhodin biosynthesis, but two hyd- 
roxylations are required, both of which fail to occur 
in actVA mutants which accumulate product 1 in Fig. 8 
(Cole et al. 1987; Bartel et al. 1990) instead of actinorho- 
din (2 in Fig. 8). It therefore seems highly likely that 
ac tVA-ORF2  (and ote-ORFX1)  are involved in ring- 
hydroxylation reactions. 
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Fig. 7. Left. Structure of recombinant plasmids pIJ2315 and pIJ2305 and recom- 
binant phages KC591 and KC592. Right. Results of °'complementation'' tests 
of KC591 and KC592 against actVA mutants 

act mutations 

Percentage of blue lysogens 
with each recombinant phage 

KC591 KC592 

Likely 
location 
of mutations 

act-218 <0.2 (0/582) <0.2 (0/219) ORF3 

act-156 <0.5 (0/275) 25 ?ORF4 

act-278 <0.02 (0/5528) 25 ?ORF4 

act-]90 0.5 33 ORF5 

act-]01 2 38 ORF5 

act-280 5 40 ORF5 

act-243 6 43 ORF5 

act-234 5 47 ORF5 

act-109 4 55 ORF5 

act-222 8 57 ORF5 

act-211 3i 59 ORF5 

act-176 31 70 ORF5 

act-157 36 63 ORF5 

act-245 46 71 ORF5 

act-163 64 74 ORF5 

act-150 78 84 ORF5 

act-249 99 95 ORF5 

ell3 OH CH3 

~ O O H  OH O COOH 
1 2 

Fig. 8. Structures of (1) the actVA intermediate (Cole et al. 1987) 
and (2) actinorhodin 

In a similar way, the finding that the product of act- 
VA-ORF6 resembles that of tcmVI-ORF1 implies a 
common mechanism in the reactions catalysed by these 
two gene products, tcm-VI mutants are blocked in one 
or more early reactions in the biosynthesis of the anthra- 
cycline antibiotic tetracenomycin, after polyketide chain 
assembly (Motamedi et al. 1986). There are three ORFs 
in the tcmVI region (H. Motamedi and C.R. Hutchinson, 
personal communication) and recent sub-cloning and 
complementation analysis suggests that tcmVI-ORF1 is 
needed for hydroxylation of C-5 of the tetracyclic ring 
system of tetracenomycin F1 to tetracenomycin D3 
(C.R. Hutchinson, personal communication). Thus the 
ac tVA-ORF6 product, also, is a likely candidate for a 
ring hydroxylase. 

Genetic evidence implicates at least two further 
members of the actVA set of ORFs in ring hydroxylation 
reactions. One representative of the actVA class of mu- 
tants maps to actVA-ORF3,  two are possible candidates 
for ORF4, and 14 others map to ORF5, pointing to 

involvement of at least two, and possibly all three, of 
these ORFs in conversion of the actVA metabolite to 
the next intermediate in the pathway. The available evi- 
dence suggests that the hydroxyl at C-6 is introduced 
before that at C-8 because the actVB mutant, act-235, 
accumulates as a shunt product, kalafungin, which is 
hydroxylated at C-6 but not at C-8 (Cole et al. 1987). 
Thus, ac tVA-ORF3 and -ORF5 (and perhaps -ORF4) 
seem to be involved in hydroxylation at C-6. That DNA 
in the actVA region is also implicated in C-8 hydroxyla- 
tion is indicated by the finding that pIJ2315 (Fig. 7), 
which carries all of the actVA ORFs except ORF6, 
caused the production of the hybrid compound, mederr- 
hodin A (8-hydroxymedermycin), when introduced into 
the medermycin producer, Streptomyces sp. AM-7161 
(Hopwood et al. 1985 b). (The accumulation of kalafun- 
gin by actVB mutants does not imply that actVB DNA, 
instead of actVA DNA, controls C-8 hydroxylation: 
chemical arguments suggest that dimerisation of the two 
monomers to give the dimeric actinorhodin ring system 
would precede C-8 hydroxylation and so it is reasonable 
to suppose that actVB mutants are not deficient in C-8 
hydroxylation ability itself, but perhaps are defective in 
the ability to carry out the dimerisation reaction.) 

Taking the homology results and the genetic data to- 
gether, at least four of the five ORFs 2-6 are implicated 
in the introduction of hydroxyl groups onto the ring 
carbons of actinorhodin. Hydroxylation reactions in 
other systems are often quite complex. The so-called cy- 
tochrome P450 systems require up to three dedicated 
proteins (O'Keefe and Harder 1991), while some other 



systems,  such as me thane  m o n o o x y g e n a s e  and  pheno l  
hydroxy lase ,  consis t  o f  even m o r e  subuni t s  (Ca rdy  et al. 
1991; N o r d l u n d  et al. 1990). Since there  are  no signifi- 
can t  resemblances  be tween  the p r o d u c t s  o f  any  o f  the 
actVA O R F s  and  cy toch romes ,  fe r redoxins  or  reduc-  
tases,  the C-6 and  C-8 h y d r o x y l a t i o n s  in a c t i n o r h o d i n  
b iosynthes i s  are  p r e s u m a b l y  no t  car r ied  ou t  by  P450 
m o n o o x y g e n a s e s ;  no s imilar i t ies  were found ,  ei ther,  wi th  
any o f  the o ther  m u l t i c o m p o n e n t  systems.  Thus  the hyd-  
roxylases  o f  the a c t i n o r h o d i n  p a t h w a y  m u s t  be o f  a dif- 
ferent  type  which  r emains  to  be charac ter i sed .  

The  o rgan iza t i on  a n d  roles o f  the  genes in the actII 
( F e r n a n d e z - M o r e n o  e t a l .  1991), actIII ( H a l l a m  e t a l .  
1988) and  actI, VII ,  IV, VB regions  (M.A.  Fe rnandez -  
M o r e n o  et al., in p r e p a r a t i o n )  are  now largely  under -  
s tood  in genera l  terms.  The  p resen t  w o r k  has  revealed 
a set o f  six genes in the actVA region  and  has  a l lowed 
a p r e l im ina ry  a l loca t ion  o f  roles to at  least  five o f  them. 
In paral le l ,  a set o f  genes in the  ad jacen t  actVI region  
has  been  charac te r i sed  (E. Mar t inez ,  in p repa ra t ion ) .  
Thus,  we are  ahnos t  a t  the p o i n t  where  the bas ic  archi-  
tecture  o f  the whole  gene cluster  t ha t  con t ro l s  p roduc -  
t ion and  expor t  o f  a c t i n o r h o d i n  is def ined well enough  
to p rov ide  a power fu l  s p r i n g b o a r d  for  the next  stages 
o f  m o r e  de ta i led  func t iona l  u n d e r s t a n d i n g  o f  the  com-  
plete set o f  genes for  this m o d e l  an t ib io t ic .  
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