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A 40-kb region of DNA from Sorangium cellulosum So ce26, which contains polyketide synthase (PKS) genes
for synthesis of the antifungal macrolide antibiotic soraphen A, was cloned. These genes were detected by
homology to Streptomyces violaceoruber genes encoding components of granaticin PKS, thus extending this
powerful technique for the identification of bacterial PKS genes, which has so far been applied only to
actinomycetes, to the gram-negative myxobacteria. Functional analysis by gene disruption has indicated that
about 32 kb of contiguous DNA of the cloned region contains genes involved in soraphen A biosynthesis. The
nucleotide sequence of a 6.4-kb DNA fragment, derived from the region with homology to granaticin PKS genes,
was determined. Analysis of this sequence has revealed the presence of a single large open reading frame
beginning and ending outside the 6.4-kb fragment. The deduced amino acid sequence indicates the presence of
a domain with a high level of similarity to 3-ketoacyl synthases that are involved in polyketide synthesis. Other
domains with high levels of similarity to regions of known polyketide biosynthetic functions were identified,
including those for acyl transferase, acyl carrier protein, ketoreductase, and dehydratase. We present data
which indicate that soraphen A biosynthesis is catalyzed by large, multifunctional enzymes analogous to other

bacterial PKSs of type L.

Polyketides are a large group of structurally diverse second-
ary metabolites, several of which have applications as antibi-
otics, immunosuppressants, anticancer agents, and veterinary
products. In recent years genetic studies have yielded detailed
information on the organization and function of genes involved
in the biosynthesis of polyketides in microorganisms (17).
Cloning, sequencing, and functional analysis of these genes
have improved our understanding of the genetic programming
of polyketide synthases (PKSs) leading to a variety of dif-
ferent polyketides (15, 16). Among the prokaryotes, how-
ever, these genetic studies have focused on actinomycetes,
which are gram-positive soil bacteria that are a very rich
source for polyketides. Another group of bacteria that pro-
duce a large number of secondary metabolites, including
several polyketides, are the gram-negative myxobacteria,
which, like the actinomycetes, are soil bacteria that have a
complex life cycle with multicellular differentiation (26).
However, knowledge of the genetic control of polyketide
synthesis in these microorganisms is still very limited. Genes
of Myxococcus xanthus that are involved in the biosynthesis
of the macrolide antibiotic TA (identical to myxovirescin A
[31]) have been cloned and were found to be clustered on a
36-kb chromosomal segment (33). To date, no sequence
data or detailed functional analysis of this gene cluster has
been published.

To obtain more information on the genetic control of
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polyketide biosynthesis in myxobacteria and to detect potential
similarities to well-studied systems of actinomycetes, we have
undertaken and describe here the cloning and analysis of genes
for the synthesis of the macrolide soraphen A. Soraphen A is
a highly active antifungal antibiotic produced by the myxobac-
terium Sorangium cellulosum So ce26 (12). Soraphen A inhibits
the growth of a variety of fungi with a spectrum of activity that
is particularly suited for the control of fungal plant pathogens.
A very interesting feature of soraphen A is its novel mode of
action. It is a strong inhibitor of the fungal acetyl coenzyme A
carboxylase and therefore disrupts the synthesis of fatty acids,
leading to growth inhibition and finally to the death of the
fungal cell (25, 32). The chemical structure of soraphen A has
been elucidated (4). It is a macrocyclic polyketide containing
an 18-member lactone ring with a characteristic unsubstituted
phenyl ring attached to it (Fig. 1).

Several Streptomyces genes coding for the synthesis of
polyketides have been found to have significant homology to
each other (21), and this homology has been used to detect and
clone polyketide genes from other members of the genus Strep-
tomyces (2, 19, 21, 28, 34). We were interested to determine
whether a significant level of nucleotide sequence homology
for polyketide biosynthesis genes extends also to other groups
of bacteria, such as the myxobacteria. Streptomycetes and myxo-
bacteria have a similar, high G+C content in their DNA
(about 70%). This fact increases the chance of finding DNA
homology among genes that are involved in similar enzymatic
reactions for chain elongation (ketosynthase) and processing
of the keto groups (ketoreductase, dehydrase, and enoylreduc-
tase) involved in polyketide biosynthesis. For this reason we
have chosen the experimental approach of using DNA frag-



3674 SCHUPP ET AL.

OCH

OCH,
o

O
AN
') OI;\F] OH
OCH,

FIG. 1. Chemical structure of soraphen A, showing the derivation of each
carbon atom in the lactone ring (3a). Carbons connected by thick black and thick
grey lines are derived from acetate and glycerol, respectively; the three methyl
side groups, the carbons to which they are connected, and one adjacent carbon,
indicated by branched thick black lines, are derived from propionate; and C-1
and the phenyl group are derived from phenylalanine.

ments coding for a Streptomyces PKS as a hybridization probe
for the isolation of genes from the myxobacterium S. cellulo-
sum that are involved in the biosynthesis of the polyketide
soraphen A.

MATERIALS AND METHODS

Strains and plasmids. The S. cellulosum strains used were the wild-type strain
So ce26 (12) and its streptomycin-resistant mutant SJ3 (18). Escherichia coli
HB101 and JM101 were used for cloning, and E. coli ED8767 (23) was used for
conjugative plasmid transfer. E. coli vectors used for cloning and sequencing
were pHC79 (14), pBR322 (6), pUC18 and pUC19 (24), and pBluescript (Strat-
agene, La Jolla, Calif.). For conjugative plasmid transfer the E. coli vectors pUZS8
(13), pSUP2021 (29), and pCIB132 were used. pCIB132 is a derivative of
pSUP2021 which was constructed by us by excision and subsequent reversal of
the 5-kb Notl fragment followed by removal of the resulting 3-kb BamHI frag-
ment, leaving a unique BamHI site for cloning.

Media and growth conditions. E. coli was grown at 37°C in Luria broth or on
Luria broth agar, with the appropriate antibiotic. S. cellulosum was grown at 30°C
on solid medium S42 (18) or in liquid medium G55, which contained, per liter,
8 g of potato starch (Noredux, Cerestar Italia S. p. a., Milan, Italy), 8 g of potato
dextrin (Blattmann, Wiadenswil, Switzerland), 2 g of glucose, 6 g of defatted
soybean meal (Mucedola S. r. 1., Settimo Milanese, Italy), 2 g of yeast extract
(Fould & Springer, Maison Alfort, France), 1 g of aspartic acid, 1 g of
CaCl, - 2H,0, 1 g of MgSO, - 7TH,0, 12 g of HEPES (N-2-hydroxyethylpipera-
zine-N'-2-ethanesulfonic acid), and 0.008 g of Fe(III)-EDTA. The pH of the
medium was adjusted to 7.5 with NaOH before autoclaving. Fifty grams of
adsorber resin XAD1180 (Rohm and Haas, Frankfurt, Germany) per liter was
added to medium G55 when it was used as the production medium for soraphen.

Genetic procedures. Standard genetic techniques with E. coli and for in vitro
DNA manipulations were as described earlier (22). Isolation of total DNA from
S. cellulosum, Southern blot analysis, and matings between E. coli and S. cellu-
losum for plasmid transfer were as described previously (18). S. cellulosum
transconjugants were selected on S42 agar containing 20 mg of phleomycin
(Cayala, Toulouse, France) per liter and 300 mg of streptomycin (Sigma, St.
Louis, Mo.) per liter.

Construction of an S. cellulosum genomic library. Genomic DNA of strain So
ce26 was partially digested with Sau3A, treated with calf intestinal phosphatase,
and size fractionated on sucrose density gradients. DNA fragments of 35 to 45 kb
were ligated to BamHI-restricted pHC79 cosmid DNA. The ligated DNA was
packaged into lambda phage particles by using an in vitro DNA packaging system
from Boehringer Mannheim Biochemicals (Indianapolis, Ind.), and these parti-
cles were used to transfect E. coli HB101.

DNA sequencing. DNA sequencing was accomplished by the dideoxynucle-
otide chain termination method (27) with an automated sequencer (model 373A;
Applied Biosystems, Foster City, Calif.). DNA fragments were subcloned into
pBluescript, and sequencing was performed with the universal primers specific
for the opposite sides of the cloning sites. Subsequent sequencing was performed
with oligonucleotide primers that were designed for 3’ regions of newly obtained

J. BACTERIOL.

DNA sequence. Oligonucleotides were synthesized with an Applied Biosystems
model 394 automated DNA synthesizer. In all cases, the sequences of both DNA
strands were determined.

Computer analysis of DNA and protein sequences. Primary DNA sequence
data were analyzed and assembled by using software from DNASTAR (Madison,
Wis.). DNA and protein sequences were analyzed with the University of Wis-
consin Genetics Computer Group programs (11).

Assay of soraphen production. Cells derived from a single colony of S. cellu-
losum were cultivated at 30°C for 7 days as a surface culture on an area of 1 to
2 cm? on S42 agar (with appropriate antibiotics added for transconjugants). The
cells were harvested with a plastic loop, transferred into 5 ml of medium G55 in
a 20-ml flask, and incubated at 30°C on a rotary shaker (180 rpm) for 5 to 6 days
(all further incubations were at 30°C and 180 rpm). The whole culture was then
transferred into 50 ml of medium G55 in a 200-ml flask and incubated for 3 days.
Five milliliters of this second preculture was transferred into a 200-ml flask with
50 ml of medium G55 containing the resin XAD1180. After 4 and 7 days of
incubation, 2.5 ml of each of the two feeding solutions, i.e., 6% yeast extract
(Fould & Springer) and 10% Bacto-maltose (Difco) plus 20% potato dextrin
(Blattmann) was added. After 14 days of incubation, the resin of the whole
culture was harvested on a polyester sieve (B 420-47-N; Satorius, Gottingen,
Germany) and eluted with 50 ml of isopropanol by shaking for 1 h at 180 rpm in
a 200-ml shake flask. The isopropanol eluate was centrifuged for 5 min in an
Eppendorf centrifuge, and the clear supernatant was analyzed by high-pressure
liquid chromatography (HPLC) for its soraphen A content. Reverse-phase
HPLC analysis was performed with a silica-based stationary phase (Lichropher
100 RP-18 [5 mm]; Merck, Darmstadt, Germany) in a 125- by 4-mm column and
with a phosphate buffer (pH 6.5) acetonitrile gradient as the mobile phase.
Soraphen A was detected by its absorption at 210 nm.

Nucleotide sequence accession number. The DNA sequence reported here has
been deposited in the GenBank and EMBL data libraries under accession num-
ber U24241.

RESULTS

Cloning of S. cellulosum DNA homologous to the gral region
of Streptomyces violaceoruber. Several polyketide-producing
streptomycetes have been demonstrated by Southern blot anal-
ysis to contain DNA sequences that are homologous to the act!
region encoding part of the Streptomyces coelicolor PKS for
actinorhodin biosynthesis (21). This homology has been used
to identify and clone, among others, the PKS genes (gra) of the
granaticin producer Streptomyces violaceoruber (28). To dem-
onstrate the existence of sequences in S. cellulosum So ce26
that are homologous to PKS genes from actinomycetes, we
performed a chromosomal Southern blot by using as a probe
the 4.8-kb BamHI fragment encoding open reading frames
(ORFs) 1 to 4 of the gral region (28). At a low stringency
several Sal/l DNA fragments of S. cellulosum So ce26 which
hybridized weakly to this probe were visible (Fig. 2A). This
experiment demonstrated that in S. cellulosum there are DNA
regions which show a degree of homology to gral that could
allow their identification and cloning by DNA hybridization.

A cosmid library of S. cellulosum So ce26 DNA was con-
structed in the cosmid vector pHC79. By screening the library
with the gral probe, 36 of 1,300 colonies gave a weak hybrid-
ization signal. The plasmid DNAs of these clones were isolated
and analyzed by Southern blotting. One clone, p98/1, revealed
a 1.8-kb Sall fragment which gave a clear hybridization signal
with the gral probe (Fig. 2A). This fragment was the same size
as one of the Sall fragments from S. cellulosum genomic DNA
that hybridized to the same probe. In contrast to the other
clones that contained hybridizing bands, p98/1 also gave the
same hybridization signal with a 1.3-kb Ncol subfragment of
gral, representing only ORF2.

To verify the presence of a Sall fragment of identical size in
the chromosome of S. cellulosum So ce26, a second Southern
blot was performed with the 1.8-kb Sall fragment of p98/1 as
the probe. This experiment confirmed the presence of an iden-
tical genomic fragment (Fig. 2B), indicating that we have
cloned an original chromosomal region of S. cellulosum. In
addition, this blot demonstrated the presence of two smaller
fragments with high levels of homology to the 1.8-kb fragment
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FIG. 2. Southern hybridization analysis of DNA fragments from S. cellulo-
sum So ce26. (A) Sall-cleaved S. cellulosum So ce26 genomic DNA and p98/1
plasmid DNA in ethidium bromide-stained agarose gels (lanes 1 and 3, respec-
tively) and after hybridization with the 3*P-labelled gral gene fragment from
Streptomyces violaceoruber (lanes 2 and 4, respectively). (B) Hybridization of the
32P-labelled 1.8-kb Sall DNA fragment derived from plasmid p98/1 to Sall-
cleaved p98/1 plasmid DNA and S. cellulosum genomic DNA (lanes 1 and 2,
respectively). (C) Hybridization of the 3?P-labelled 1.8-kb Sa/l DNA fragment to
EcoRV-cleaved genomic DNAs from the S. cellulosum So ce26 transconjugant
blocked in soraphen A biosynthesis by integration of the recombinant plasmid
containing the 6.4-kb Pvul fragment and from the parental strain SJ3 (lanes 1
and 2, respectively). Washing of the filters was in 0.2X SSC (1X SSC is 0.15 M
NaCl plus 15 mM sodium citrate) at 55, 60, and 70°C for panels A, B, and C,
respectively. Marker positions indicated at the right in panels B and C are from
N DNA cleaved with HindIII and from the 1.8-kb hybridizing fragment.

in both plasmid p98/1 and the genomic DNA of S. cellulosum
So ce26.

The cloned S. cellulosum chromosomal region in p98/1 was
further characterized by restriction enzyme analysis. The re-
striction map of the S. cellulosum insert in p98/1 is shown in
Fig. 3. From the sizes of the different restriction fragments, a
total length of approximately 39.6 kb for the cloned DNA in
p98/1 can be calculated. The 1.8-kb Sall fragment that gave the
hybridization signal in the Southern blot experiments was
found to be internal to the 6.4-kb Pvul fragment in the cloned
region (Fig. 3).

Functional test by gene disruption. The involvement of the
cloned region in soraphen biosynthesis was tested by gene
disruption. For these experiments we used the gene transfer
and plasmid vector system developed by us for S. cellulosum
(18). Four Pvul fragments (12.5, 6.4, 4.0, and 3.8 kb) of the
p98/1 insert (Fig. 3, upper shaded bars) were subcloned into
the Pvul site of the mobilizable plasmid pSUP2021 and intro-
duced by transformation into E. coli ED8767 containing the
helper plasmid pUZS, which supplied the transfer functions in
trans for plasmid mobilization. As a control plasmid, pSIB55
(18), containing a random 3.5-kb Pvul genomic fragment de-
rived from S. cellulosum So ce26 and cloned into pSUP2021,
was used. The resulting E. coli ED8767 derivatives containing
the recombinant pSUP2021-derived plasmids were used as do-
nors for mating experiments with S. cellulosum SJ3, a strepto-
mycin-resistant mutant of S. cellulosum So ce26 that allows
counter selection with streptomycin after mating as the recip-
ient.

All four Pvul fragments gave stable bleomycin-resistant S.
cellulosum transconjugants at frequencies similar to those ob-
tained with the control plasmid, pSJB55. The soraphen pro-
ductivities of these transconjugants were determined in shake
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flask cultures by HPLC analysis. The results are summarized in
Table 1 and show clearly that the four Pvul fragments yield
transconjugants with blocked soraphen biosynthesis. Previous
molecular characterization of transconjugants had shown that
pSUP2021-derived recombinant plasmids were maintained in
S. cellulosum only after integration into the chromosome by
homologous recombination between the cloned insert and the
homologous region in the chromosome (18). In the case of
transconjugants with the recombinant plasmid containing the
6.4-kb Pvul fragment, we confirmed its integration into the
chromosome by Southern blot analysis (Fig. 2C). Hybridiza-
tion of the 1.8-kb Sall fragment derived from the 6.4-kb Pyul
fragment to EcoRV-cleaved genomic DNA from the parent
strain So ce26 revealed the presence of a single homologous
fragment 29 kb in size, as expected from the restriction map of
p98/1 (Fig. 3). However, hybridization to genomic DNA de-
rived from a transconjugant blocked in soraphen biosynthesis
indicated the presence of two homologous EcoRV fragments
(Fig. 2C). This is consistent with the integration of pSUP2021
containing a single EcoRV site and the 6.4-kb Pvul fragment
into the chromosome of So ce26 within the 6.4-kb Pyul chro-
mosomal fragment.

To further demonstrate that blocked soraphen biosynthesis
in the transconjugants is a direct result of gene disruption, we
screened for a soraphen-producing phenotype in one transcon-
jugant derived from integration of the 6.4-kb Pvul fragment.
After several generations of unselective growth in liquid cul-
ture and plating of appropriate dilutions on S42 agar, 1 of
11,000 colonies was found in an agar diffusion test with Sac-
charomyces cerevisiae as the test organism to have reverted to
a soraphen-producing phenotype. This colony was subse-
quently cultivated in liquid culture and tested by HPLC anal-
ysis for soraphen production (Table 1) and plasmid loss
(Southern blot). The results of these analyses demonstrated
that soraphen production was restored to nearly the same level
as that of the parental strain SJ3 and that pSUP2021 sequences
were completely absent in this revertant. These analyses clearly
demonstrate a direct correlation between soraphen production
and gene disruption in the 6.4-kb Pvul region of the S. cellu-
losum chromosome.

Size of the region involved in soraphen biosynthesis in the
cloned insert of plasmid p98/1. The four Pvul fragments that
were shown to be involved in soraphen biosynthesis cover a
region of 29 kb (Fig. 3, upper shaded bars). In order to deter-
mine the limits of the soraphen A biosynthetic gene region of
S. cellulosum So ce26, further gene disruption experiments
were performed with other gene fragments. Three Bg/II frag-
ments (2.9, 3.2, and 2.9 kb in size) situated near the right end
of the insert of p98/1 (fragments B1, B2, and B3 in Fig. 3,
respectively) and the 1.3-kb BamHI fragment at the far left end
were analyzed. The fragments were subcloned into the unique
BamHI site of the mobilizable plasmid pCIB132, a derivative
of pSUP2021. Plasmid transfer to S. cellulosum with E. coli
ED8767 containing pUZS8 was as described for the experiment
with the Pvul fragments. As outlined in Fig. 3 (lower shaded
bars), the BamHI fragment located at the extreme left border
of the cloned region and one of the three Bg/II fragments
yielded transconjugants with blocked soraphen biosynthesis.
The two Bg/II fragments near the right end of the p98/1 insert
(B2 and B3; open bars in Fig. 3), however, yielded transcon-
jugants with normal soraphen production.

Sequence analysis of the 6.4-kb Pvul fragment. In order to
further characterize the cloned region of S. cellulosum So ce26
and to analyze potential similarities to PKS genes from acti-
nomycetes, the nucleotide sequence of the 6.4-kb Pvul frag-
ment was determined (see Materials and Methods). The nu-
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FIG. 3. Restriction map of the genomic region of S. cellulosum So ce26 cloned in plasmid p98/1. The shaded bars below the restriction map indicate the four Pvul
fragments (upper row) and a BamHI fragment and one Bg/II fragment (B1) (lower row) demonstrated by gene disruption to be involved in soraphen biosynthesis. The
size of each of the Pvul fragments in kilobase pairs is indicated inside each bar. The open bars (B2 and B3) indicate the two Bgl/II fragments that resulted in no
disturbance of soraphen biosynthesis upon gene disruption. Additional Pvul sites between the 6.4-kb Pvul fragment and the right end of the cloned region were not

mapped, and all BamHI sites are not shown. A scale is shown below the map.

cleotide sequence is shown in Fig. 4. It consists of 6,373 bp and
has a high G+C content (70.6%), which is typical for myxobac-
teria. Comparison of this sequence with the available nucle-
otide sequences from the GenBank/EMBL data bank by using
the program FASTA (11) revealed significant similarities with
PKS genes from actinomycetes. The highest score was ob-
tained with the eryA locus of Saccharopolyspora erythraea (10),
coding for the synthesis of 6-deoxyerythronolide B (the pre-
cursor of erythromycin), and with genes from Streptomyces
antibioticus coding for the synthesis of the polyketide antibiotic
oleandomycin (30). The degree of homology between these
sequences was analyzed with the program BESTFIT (11), us-
ing a local homology algorithm. In the eryA locus several re-
gions of about 1.8 kb with 60 to 63% identity were found, and
in the oleandomycin PKS gene region, encoding ORFs 5 and 6,
two regions of about 1 kb with identities of 57 to 59% were
found. The gral region, which was used as a probe to identify
clone p98/1, contains only shorter stretches of about 200 bp
with 60 to 65% identity.

The nucleotide sequence of the 6.4-kb Pvul fragment was
analyzed for ORFs, using the program FRAMES and
CODONPREFERENCE (11). This analysis revealed clearly
that the entire fragment represents one protein-coding region

TABLE 1. Soraphen A production by S. cellulosum So ce26
transconjugants obtained by plasmid integration through
homologous integration of Pvul fragments subcloned from p98/1

Strain and Pvul No. of individual Soraphen production

fragment colonies tested (mg/liter)”
Transconjugants
12.5 kb 20 0-4
3.8 kb 12 0-5
4.0 kb 12 0-4
6.4 kb 35 0-3
3.5 kb® 10 150-180
SJ3¢ 10 180-200
Revertant? 1 120

“ HPLC values of up to 5 mg/liter are within baseline and therefore are not
significant.

b Control plasmid pSJB55 with random 3.5-kb Pvul fragment.

¢ Parental strain without gene disruption.

@ Revertant colony from transconjugants blocked in soraphen A biosynthesis.

which is part of a larger ORF, with a start point and an
endpoint outside the 6.4-kb Pvul fragment. The frequency of
G+C base pairs in the third position of each codon in the
presumed ORF from the 6.4-kb fragment is 83%, which is
typical of an ORF from an organism with a high overall moles
percent G+C content. In addition, the codon preference value
for this ORF was determined to be 0.98, compared with a value
of 0.76 for a random sequence from a GC-rich sequence,
further supporting the existence of a single ORF. Within the
deduced amino acid sequence of this large ORF, several re-
gions that have a high degree of similarity to the PKS biosyn-
thetic domains of the eryA genes of Saccharopolyspora eryth-
raea (9) were identified. These include (listed by the first and
last amino acids in each domain with amino acid numbers from
Fig. 4), a ketoreductase (KR) domain (G-52 to G-231), an acyl
carrier protein (ACP) domain (L-337 to L-410), a B-ketoacyl
synthase (KS) domain (E-434 to L-857), an acyltransferase
(AT) domain (F-970 to V-1302), a dehydratase (DH) domain
(A-1324 to R-1503), a second KR domain (G-1819 to R-1999),
and the N-terminal portion of a second ACP domain (L-2065
to end). Further analysis of the 424 amino acids of the KS
domain indicated that it has 53% identity with the eryAIII KS
domain in module 6 (Fig. 5). When conservative amino acid
replacements are considered, the level of similarity is 70.2%.
This high degree of amino acid similarity demonstrates that
this portion of the encoded protein is likely to be a KS domain.
The results of similar comparisons between the other putative
PKS domains in the 6.4-kb Pvul fragment and the correspond-
ing domains in module 6 of ery4III also revealed high degrees
of identity and similarity. The putative KR and ACP domains
located 5’ to the KS domain in the 6.4-kb Pyul fragment were
found to be 56.2 and 41.9% identical and 69.1 and 60.8%
similar, respectively, to the KR and ACP domains of eryAIIl.
Similarly, the putative AT and KR domains located 3’ to the
KS domain in the 6.4-kb Pvul fragment had 48.0 and 48.3%
identity and 64.8 and 67.6% similarity, respectively, to the
corresponding domains of ery4Ill. The only DH domain
present in the ery4 gene system is in module 4 of eryAIl
Comparison of the deduced amino acid sequence of the puta-
tive DH domain in the 6.4-kb Pvul fragment with the eryAIl
DH domain revealed 43.6% identity and 63.0% similarity be-
tween the two. The high level of amino acid similarity between
the putative domains identified in the 6.4-kb Pvul fragment
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2401 COCTGEC GCTCGECAT
801 LPPTLNATYRNPLXENEALAIDVVDTPRPHPRH

2501 C TCTCCGCCTTCGGATT \CCAACC CTCGAAGAGECTCCCOECEICCTOCCGGCE
834 FDGSYRRAGISAI‘GFSGTNAHVILEEFPAALPA

2601 G GGA GCCCAGGCGAA
867EPATSQPASQ}\APAAHPVLLSARSEAAVRAQAKR

2701 GGC TCACCCTCGCGGAT TTCGC GCCCACTTCGAGCACCGIGCCGCTCT
201 LRDHLVAHDDLTLADVAYSLATTRAHFENR}\AL

280) l. T ACCGCG’CGALA. TCCTCTCCGCGCTCGACTCGC! GG}\CA/\GCCCGCCCCGAGCI\CCGTCCTCGGACGGAGCGGMGCCACC{C

934 vV A HNRDETLTLSALUDSTLAOQTDK H G

2501 TTCETCTTICCT TOCTEGECCRTCTTCEGCGCTCAGCTCGRAGERT

967 K L V F_V F P 6 QG S © W E G M A L 5 L L D s 5 PV F R A QL E & C
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3001 ¢ CTCACETC GCCOCGACGAGGOCECCCCCTOC Acee

1001ERALAPHVEHSLLAVLRRDEGAPSLDRVDVVQP

3101 COOCCTCTTTGRCGTCATGTCTCCCTOOUGGCCCTCTGOCOCTCOCTCOOCGTAGAGCECOOCELeaT CACAGTCAGGGCGAGATCGLEGCC
103 A L F A VMUV S L AALWRSILGVYVERAMAVVGHSQGETLHRA

3201 G AN
1067AFVAGALSLEDAARIAALRSKALTTVAGNGANAA

3301 CCGTCAA \GACCTACCTCGC
1101 VI:LGASDLQTYLAPHGDRLSIAAVNSPRATLVS
. 3aiT

3401
134 GI:PA)\IDALIOSLTAAQVI‘ARKVRVDYASHSAQ

3501 TCCAAGACGAG
llB'YHDAVin:LAAGLANlAPRTCELPLYsTVTG‘rRLD

3601 TC TCC
1201 GSELDGAYWYRNLRQTVLE‘SSATERLLDDGHRI‘

301 CF AGCCE GAC!
124 E v EV S B R BV LALALERETCERSELOPVYVES TR R

3801 GACGA TGCTCCTCTCCT TCTTCOCGCCCTICGETOCCE
l267DEGHLARLLLSNAELSTRGLALDHNAI‘FAPE‘APR

3501 ACGCGAGCGCTT TCCACGGCGCACH ¢

13001 K ¥V S L P T YGPF Q R ERFWWLDASTABHARBRDVASAGLTS
. . o

1001 GGCCGACCACCCGCT TTTGICT TCTC TCGAA

133 A D W P L L GAAVALADRGPDGEVFTGRIELSLAEHT® WL E

4101 ¢ TGTCCTGOCAGGCELCOCCTCCTCOAGCTCOCCETCATGTCGCCCATETCRT AGACG
1367 Do VvV E G oAb C b AR R R L EL ALY ALV G L DT E Dt

4201 TCACGC TCGCTCTCCCATC GCAGGGCGC! CAGATCTCCOT
1401 TLDPPLALPSQGAVLLQ]sVGPADGAGRRALSV

4301 TeATA
1434 NSRRNDALQDGPHTRNASGSLAQASPSNCLRCS

4401 GCOAAT CAAGGTTTCTACGCAGCCC oved
1467 AN .G P B S G AT QN DT QGFE YAALLESAGLATYGCE EF QoL
4501 ch:ecccccc'rcncucccccocmccmcrcrmxccmmcmwrrf C6eCas 1c6TIT

1501 Q R ALRRSGOQAPGRTPRERRGE RRSTFCEPTPEPREP
4601 GoC c AR TGCCCTTCTCGT TATCGCTGLGETCCGRTCG.
1340 A RGRLACARLCR R EGrRGL D AL L VER s T AR RS
4701 TGCGCGTGEGTT TCGCEETCRETCCTCETCROCEA

1567 £ B B B C A C VS TV L RANTERATERSS S b1 P EANEDSERCEK

4801 AGCGCTCOCCATOCOCGECEE CCARAG
1601 RSPC)\PRPPSSSADPGASNLDALFR[DHSELQS

4901 ecee TOC TC TGCT
634 BT s B B AP S e ALLGTEGCL DL G RV EL D RYTD L

5001 GCTCTA TCAT:
1567ALKSALBQGASPPSLVIAPFIALPEGDL]ASAR[

5101 TCGCCCTCTTGCARGECTRACTS

1701TTAHALALLQAWLAD[RLASSRLALVTRRAVAT
- . . . salr

5201 CCACGCTGAAGAAGACGTCAA( CGCGCCTCTCTGGGGTCTCGE TCTCGTCCTCGT

T
1734 NAEEDVKGLAHAPLHGLARSAQSEHPERPLVLV

5301  GACCTCGACG! \GCACGCCCTGCTCGROGCGETCL CCTCCOCAACGGCAAACCCCTCGTTCCAR
l'lS'lDLDDSEASQHALLGALDAREPEIALRNGKPLVPR

5401 GGCTCTCACGCCTC \GECBOCCACEGA GTCCCOCECAGGECTCOGA TEGECGECCT
WOl LS RLPQAETOTASFPAGLGETVLITGGETEILGAL

5501 AACCACGACGCCAN TGCTCCTCAC T AGCGAG
1834 VARRLVVNHDAKNLLLTSRQGASAPGADVLRSI:

S601  CTCOAAGETCTGOGIGCTTICGGTCACCCTC TCTARAGGACCTTCTGGATAACATICCGAGCCTCACECER
1667 L £ A L G A S ¥ T L A A C D V A D P RALKTDTLLDNTIEPSAHTEY

5701 TCGCCGCCGT‘CGTGCATGCCCCCAGCGTCCTCGACGGCGATCTGCTCGGCGCCATGAF T6C
1901 L L M S LB RT DRV E A KA DA

5801 CGCCT AGATA TTGCCGCCTTCATCCTCTT e
193¢ ANHLNQLTQDKPLAAFILFSSVAGVLGSSGHSN

5901 TACGCOGCTOCOAGEGCCTTOCTCRATACACTTOCGCACCACCGACTRGEC GCA

1967 Y A A A S A F L D A L A H HRRA Q P S A O

6001  GCGCA TCGCATGG TTCCCTCGACCTC

2000 AT E RV S AAG AP RMERNGCL P S TS EERL AL r D oA A

6101 GCTCT ACCGAGA TGGTCCCCECGCGCTTCG) c'r'ram.uu,\. TGTTCCAACGTCTCGTC

204 L FRTETATLVY?P?ARTED S AR LRANAGSVY ®PLFQRILELV

. . . ACP

6201 CGCGCTCGCI\CCGTACGCA}\GGCCO:CACCA;A TCTCAGCCT GAACGCGAGCGTGECC

2067 R A S N T AQ A S s Lot E R LS AL P B AERERAL
. vl

6301 TGCTCGATCTCAT COCCGTCETCGRCCTCGCCTCCTTCGART TC6 6373

2100 L O L ! R T E A An v LG L AS EES LD oD 2124

FIG. 4. Nucleotide sequence of the 6.4-kb Pyul fragment from plasmid p98/1 and the deduced amino acid sequence for the large ORF contained within. The
approximate locations of the catalytic domains are indicated by underlining the amino acid sequence of each domain and designating its identity at the beginning. The
nucleotide sequence of the presumed active site of the KS domain is overlined with a broken line, and the catalytic site C residue is in boldface. The positions of the
two Sall sites that define the ends of the 1.8-kb fragment found to be homologous to the gral gene fragment of Streptomyces violaceoruber are indicated.

and similar domains in the ery4 gene system strongly suggest
that the domains in the former have functions similar to those
of the corresponding domains in the latter.

Further confirmation of the function of the KS domain was
derived from the discovery of a region within it that is highly
similar to the sequence around the presumed active-site cys-
teine in other KSs (overlined with a broken line in Fig. 4). A
comparison of the amino acid sequence of this region with the
sequence of the presumed active-site domains from KSs from
several diverse sources is shown in Fig. 6.

DISCUSSION

We have demonstrated by Southern hybridization that there
is homology between genomic DNA from the gram-negative
myxobacterium S. cellulosum So ce26, which produces the
polyketide soraphen A, and Streptomyces violaceoruber genes
coding for components of granaticin PKS (gral) (28). Further-
more, we have utilized this homology to identify and isolate a
genomic clone containing DNA from S. cellulosum So ce26
that contains genes that have a role in the biosynthesis of

soraphen A. This clone, designated p98/1, was determined to
contain approximately 40 kb of genomic DNA. In order to
define the functional soraphen A biosynthetic regions in this
clone, we utilized a gene disruption system for this organism
(18) to demonstrate that 32 kb of the cloned DNA in p98/1 has
a role in soraphen A biosynthesis. This analysis indicates that
p98/1 contains the right boundary (relative to Fig. 3) of a large
genetic region that directs the synthesis of soraphen A but that
it does not contain the left boundary.

A 6.4-kb Pvul fragment with homology to the gral gene
fragment was sequenced (Fig. 4). Analysis of this sequence
revealed the presence of a single, continuous ORF beginning
and ending outside the fragment (Fig. 4). Within the deduced
amino acid sequence, several domains with high degrees of
homology to known PKS biosynthetic domains of the eryA4
genes of Saccharopolyspora erythraea were identified. In the
order of their occurrence, these were the KR, ACP, KS, AT,
DH, second KR, and second ACP domains. Analysis of these
domains indicated high levels of identity with the correspond-
ing domains of eryAIll from Saccharopolyspora erythraea (Fig.
5), which is involved in the biosynthesis of 6-deoxyerythrono-
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FIG. 5. Comparison of the deduced amino acid sequence from the KS-ho-
mologous domain from the 6.4-kb Pvul fragment of plasmid p98/1 (top se-
quence) with the KS domain from the synthase unit 6 of the eryAIIl gene from
Saccharopolyspora erythreae (bottom sequence). The degree of identity between
the two sequences is indicated as follows: complete identity, vertical bar; con-
servative replacement, two dots; neutral replacement, one dot; and no similarity,
no symbol. Numbers at the left and right margins indicate the amino acid
positions at the beginning and end of each row, respectively, for the S. cellulosum
PKS (first amino acid in the 6.4-kb Pvul fragment is assigned the number 1; see
Fig. 4) and for eryAIIl (GenBank accession number M63677).

lide B, the precursor in the synthesis of the polyketide antibi-
otic erythromycin. Additional evidence supporting the conclu-
sion that the KS-like region in the 6.4-kb Pvul fragment
encodes a KS domain is the presence of an amino acid se-
quence within it that is highly similar to the presumed active-
site domain that is present in all KSs examined to date (Fig. 6).
The presumed active-site cysteine residue in this region is
present in a location relative to the other amino acid residues
that is identical to that in other KSs.

So. cellulosum PKS GPRSSVDTACSSSLVSL
eryA ORF3 module 6 GPAVTVDTACSSSLVAL
eryA ORF3 module 5 GPAMTVDTACSSGLTAL
S. antibioticus PKS GPAVTVDTACSSSLVATL
gra ORF1 GPVTMVSDGCTSGLDSYV
tcm ORF1 GPVTVVSTGCTSGLDAYV
whiE ORFIIL GPVQTVSTGCTSGLDAYV
6-MSAS GPSTAVDAACASSLVATI
FAS E.coli fabB GVNTSISSACATSAHCTI
FAS rat GPSIALDTACSSSLLAL

FIG. 6. Alignments of segments of the deduced protein sequence around the
presumed active-site cysteine (boldface) in KSs, including soraphen A PKS of S.
cellulosum (this paper), 6-deoxyerythronolide B PKS (ery) (7, 9), PKS of Strep-
tomyces antibioticus (29), granaticin PKS (gra) (27), tetracenomycin C PKS (tcm)
(5), spore pigment (whiE) (8), 6-methylsalicylic acid synthase (6-MSAS) (3), E.
coli FAS (fabB) (20), and rat FAS (1).

J. BACTERIOL.

The synthesis of polyketides is known to be similar to the
process of fatty acid synthesis (17). In bacteria and higher
plants, fatty acid synthesis is catalyzed by separate polypeptides
which carry out the condensation event (KS) and the ketore-
duction, dehydration, and enoyl reduction of the B-carbonyl
group on each new two-carbon extender unit. This system is
the type II fatty acid synthase (FAS). However, in vertebrates
and fungi, fatty acid synthesis is catalyzed by distinct domains
on large, multifunctional polypeptides, and this system has
been termed the type I FAS (17). The same two types of
genetic organization have evolved for the synthesis of
polyketides. However, in contrast to the case with fatty acid
synthesis, the structural organization for PKS genes seems to
depend not on the life form of the producer organism but
rather on the chemical structure of the polyketide synthesized.
All polyketide biosynthetic systems for macrolide antibiotics
from bacteria that have been studied to date are similar to the
type I FAS, since they also use large multifunctional polypep-
tides (17). For example, in Saccharopolyspora erythraea, the
biochemical domains for the synthesis of 6-deoxyerythronolide
B are organized on three large polypeptides, typical of type I
PKS (10). Each contains two synthase units, or modules, each
of which contains the domains necessary for the addition and
specific processing of a single two-carbon extender unit.

The results from this study indicate that the soraphen A
biosynthetic genes have a modular organization similar to that
of the ery4 genes and other modular polyketide biosynthetic
systems of the type I class. This is supported by the presence of
an ORF larger than 6.4 kb in size that has been shown to
contain domains that are typically found in PKS biosynthetic
genes, including a KS domain. In the ery4 gene system, the
domains within each biosynthetic module are organized in a
conserved order: KS-AT-B-carbonyl group-processing do-
mains (if required) (KR, DH, and/or enoyl reductase)-ACP
(10). The biosynthetic domains within the 6.4-kb Pvul frag-
ment were found to have a similar order (KR-ACP-KS-AT-
DH-KR-ACP). The first two domains, KR and ACP, likely
represent the C terminus of one biosynthetic module, while the
subsequent KS, AT, DH, KR, and ACP domains make up a
second, complete module.

Examination of the structure of soraphen A and consider-
ation of the pattern of incorporation of building units (Fig. 1)
indicate the potential for eight biosynthetic modules. The
B-carbonyl-processing domains of the complete biosynthetic
module in the 6.4-kb Pvul fragment, the DH and KR domains,
should result in the incorporation of an enoyl bond in the
soraphen A ring structure. There is one enoyl bond between
carbons 8 and 9 of the lactone ring of soraphen A, and there-
fore it is likely that the complete biosynthetic module in the
6.4-kb Pvul fragment is responsible for processing these car-
bons derived from acetate. From the structure of soraphen A
it appears that there are three O-methylation events required
in the synthesis of soraphen A. The location and characteristics
of the other biosynthetic modules and the O-methyltransferase
genes have yet to be determined.

S. cellulosum So ce26 is in the order Myxobacterales, the
gliding bacteria, which are unicellular, gram-negative che-
moorganotrophs. Bacteria of the order Actinomycetales, on the
other hand, are mycelial, gram-positive heterotrophs and are
not closely related to the myxobacteria. However, the striking
similarity of the sorA genes of S. cellulosum at the nucleotide
and organizational levels to the type I PKS biosynthetic genes
from the actinomycetes suggests that there has been a genetic
exchange between these diverse bacteria that has resulted in
the dispersal of these genes in nature. One genetic feature
shared by the myxobacteria and actinomycetes is a high moles
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percent G+C content (67 to 71 and 69-73 mol%, respectively).
This would facilitate the expression of genetic material ex-
changed between these two groups of bacteria. An intriguing
question is how the basic type I PKS genetic system evolves in
one organism, after transfer from another, to direct the bio-
synthesis of a new metabolite with unique structural and bio-
logical properties.

As far as we are aware, this work represents the first molec-
ular analysis of genes from a myxobacterium that have a role in
the biosynthesis of a polyketide antibiotic and thus offers the
first opportunity to compare these systems with the better
characterized polyketide biosynthetic systems from the actino-
mycetes. Further work is needed to locate the left border of the
soraphen A biosynthetic gene region and to characterize the
complete gene region.
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