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Filamentous soil bacteria of the genus Streptomyces carry out complex developmental cycles that result in
sporulation and production of numerous secondary metabolites with pharmaceutically important activities. To
further characterize the molecular basis of these developmental events, we screened for mutants of Streptomyces
coelicolor that exhibit aberrant morphological differentiation and/or secondary metabolite production. On the
basis of this screening analysis and the subsequent complementation analysis of the mutants obtained we
assigned developmental roles to a gene involved in methionine biosynthesis (metH) and two previously
uncharacterized genes (SCO6938 and SCO2525) and we reidentified two previously described developmental
genes (bldA and bldM). In contrast to most previously studied genes involved in development, the genes newly
identified in the present study all appear to encode biosynthetic enzymes instead of regulatory proteins. The
MetH methionine synthase appears to be required for conversion of aerial hyphae into chains of spores,
SCO6938 is a probable acyl coenzyme A dehydrogenase that contributes to the proper timing of aerial
mycelium formation and antibiotic production, and SCO2525 is a putative methyltransferase that influences
various aspects of colony growth and development.

Streptomycetes are common soil bacteria that have an un-
usual multicellular lifestyle (7). Colonies grow vegetatively via
formation of a branching substrate mycelium, which is com-
posed of multigenomic hyphae that are only occasionally di-
vided by cross walls. Morphological differentiation commences
with the growth of a layer of hair-like hyphae, the aerial my-
celium, in which individual filaments project from the surface
of the colony into the air. The aerial hyphae are ultimately
partitioned into uninucleoid compartments that mature into
pigmented spores. Dispersal and subsequent germination of
these spores complete the cycle. Metabolic changes that ac-
company this process of morphological differentiation result in
the production of numerous useful secondary metabolites; the
majority of antibiotics in current use, as well as drugs with
anticancer, antifungal, and immunosuppressant activities, are
obtained from Streptomyces species (5).

As a means of understanding the pathways responsible for
differentiation in this important bacterial genus, over the past
30 years several screening analyses for developmental mutants
have been carried out with the model species Streptomyces
coelicolor (6, 15, 26, 32, 37). Most recently, an effective method
for insertional mutagenesis of S. coelicolor has been developed
(12), and this method continues to reveal novel loci involved in
various aspects of this organism’s growth and development (12,
13, 39). It is noteworthy that the vast majority of the develop-
mental genes identified to date appear to encode proteins with
gene-regulatory functions (sigma factors, response regulators,
etc.) (reviewed in references 8 and 9). This is despite the fact
that there is experimental evidence, at least on rich media such
as R2YE medium, that there is an extensive cascade of extra-

cellular signaling molecules that govern the early stages of S.
coelicolor differentiation during which the aerial mycelium is
formed (31, 44). The identities of the enzymes and/or struc-
tural proteins involved in the synthesis of and response to these
proposed signals remain to be determined.

Using the insertional mutagenesis protocol (12), we contin-
ued the search for genes involved in the fundamental processes
of aerial mycelium formation, sporulation, and antibiotic pro-
duction in S. coelicolor. We discovered three loci not previously
implicated in developmental events that encode a likely vita-
min B12-dependent methionine synthase, an acyl coenzyme A
(CoA) dehydrogenase, and a methyltransferase. The products
of these genes are therefore promising targets for future in-
vestigations of the metabolic changes that occur in developing
colonies and also possibly for delineation of the pathways re-
sponsible for biosynthesis of the previously proposed extracel-
lular signaling molecules.

MATERIALS AND METHODS

Strains and growth conditions. Prototrophic S. coelicolor strain M145 (SCP1�

SCP2�) (4, 19) was used as the parent in mutagenesis experiments (see below).
J2151 (�glkA119 bldM::hyg SCP1� SCP2�) was the source of the bldM::hyg allele
(27). J1915 (�glkA119 SCP1� SCP2�) was the parent of the J2151 strain (18).
Strain DB2321 (bldM::hyg SCP1� SCP2�) was one of eight identical transfor-
mants generated by transformation of M145 with genomic DNA isolated from
J2151 (19, 33).

S. coelicolor strains were typically propagated on R2YE solid medium (19) at
30°C. Auxotrophy was assessed on solid minimal medium (19), and Escherichia
coli-S. coelicolor conjugation experiments were conducted on MS-MgCl2 solid
medium (11, 19).

Mutagenesis of S. coelicolor. Insertional mutagenesis of M145 was conducted
as described previously by in vitro transposition with Tn5apr of plasmid libraries
of S. coelicolor DNA and subsequent introduction of the mutagenized libraries
into M145 cells by either protoplast transformation or conjugation from E. coli
(12). Transformants and exconjugants were selected by growth on R2YE and
MS-MgCl2 media, respectively, flooded with apramycin (25 �g/ml). Colonies
were visually screened for colonies with defects in the developmental process,
and analysis was continued for the defective strains that also exhibited double-
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crossover marker replacement with a transposon-disrupted allele (apramycin-
resistant, spectinomycin-sensitive colonies). In each case, linkage of the trans-
poson insertion to the developmental mutation was tested by genomic DNA
transformation (33). Genomic DNA was prepared from each mutant and used to
transform M145 protoplasts (19). For the mutants described here, all of the
resulting transformants exhibited phenotypes identical to that of the original
mutant (DB2571, 3 transformants; DB5931, 4 transformants; AG1440, 285 trans-
formants; NY247, 34 transformants; NY1868, 19 transformants). The chromo-
somal locations of the Tn5apr insertions were determined by sequencing the
transposon-flanking DNA (12). The deduced chromosomal locations were veri-
fied by PCR amplification of the transposon-disrupted alleles.

Complementation of mutants. Complementation plasmids were constructed
by using the integrating vector pSET152S (13). To test the complementation of
NY1868, the SCO6938 and SCO6939 genes were PCR amplified from M145
genomic DNA with the following primer pairs: 5�-GCTCTAGAGCTGGGCGA
CGCGTTGCAGGGT-3� and 5�-GGAATTCCAGTGCACAGGTGATGGACC
ACATC-3� (for SCO6938) and 5�-GCTCTAGAGCCATCAGGTCGGCGATC
TTGCTTT-3� and 5�-CGGAATTCCGTGAATTGCGCCGCCACCACTAA-3�
(for SCO6939). These genes were cloned between the XbaI and EcoRI sites of
pSET152S to obtain pSET152S-SCO6938 and pSET152S-SCO6939. These plas-
mids were then introduced into NY1868 by conjugation from E. coli
ET12567(pUB307) (11), and complementation in spectinomycin-resistant excon-
jugants was visually assessed after several days of growth on R2YE medium.

The complementation of NY247 was assessed in a similar manner except that
primers 5�-GCTCTAGAACCAGGAAGTGCTCCTCGTACATGTC-3� and 5�-
GGAATTCTACAGACCTCGTTGCCCTGT-3� were used for construction of
pSET152S-SCO2525 and primers 5�-GCTCTAGAACCAGGAAGTGCTCCTC
GTACATGTC-3� and 5�-GGAATTCCGAAGACCAGCACGCTCACACCTC
CT-3� were used for construction of pSET152S-SCO2525�24.

Scanning electron microscopy. Microscopy was performed with an environ-
mental scanning electron microscope (FEI Quanta 400). Individual colonies
were cut from R2YE agar plates and fixed in 4% glutaraldehyde in 0.1 M HEPES
buffer (pH 7.2). Colonies were rinsed in HEPES buffer several times, incubated
for 1 h in 1% osmium tetroxide, and then rinsed in progressively higher concen-
trations of ethanol (50 to 100%) (5 min each time). A final rinse for 5 min in
hexamethyldisilazane was performed prior to air drying. Colonies were sputter
coated with gold-palladium for 30 s (E5200 Polaron SEM autocoating unit).
Microscopy was performed under a high vacuum at 10.0 kV.

RESULTS

Mutagenesis of S. coelicolor used to identify developmental
genes. Insertional mutagenesis with an in vitro transposition
system has proven to be an effective means of identifying novel
developmental genes in S. coelicolor (12, 13, 39). We used this
method to generate a new collection of mutants with abnor-
malities in aerial mycelium formation, sporulation, and sec-
ondary metabolite production. In each case, genomic DNA
was isolated from the mutant and backcrossed into the wild-
type strain to verify that a transposon insertion caused the
phenotype observed. The phenotypes of the insertion mutants,
both early and late in the development of an aerial mycelium,
are shown in Fig. 1. Colonies of wild-type strain M145, which
was used as the parent for mutagenesis, exhibited upon mat-
uration a fluffy, grey aerial mycelium that had undergone abun-
dant sporulation; colonies also produced large amounts of the
blue-pigmented antibiotic actinorhodin. Insertion mutants
NY1868 and DB5931 showed delayed progression through the
developmental cycle. Mutant DB2571 produced an aerial my-
celium but was unable to sporulate. Mutant AG1440, which
was also a methionine auxotroph, formed a highly pigmented,
blue aerial mycelium that failed to sporulate. Finally, insertion
mutant NY247 exhibited a variety of aberrations in its aerial
mycelium, pigmentation, and colony morphology (see below).

By sequencing the DNA flanking the transposon insertion in
each of the mutants and comparing this sequence information
to the information for the complete S. coelicolor genome (4;

http://www.sanger.ac.uk/Projects/S_coelicolor/), we identified
the genes disrupted in each case (Table 1). Two of the inser-
tions were in known developmental genes. DB5931 carried an
insertion in the well-studied gene bldA, which encodes a leucyl-
tRNA that is required in development (14, 23, 30, 40). The

FIG. 1. Comparison of wild-type S. coelicolor and five insertion
mutants. The wild-type (WT) parent strain, M145, and the mutants
were grown on solid R2YE medium plates at 30°C for 2 days (A) and
5 days (B). The mutant phenotypes were caused by transposon disrup-
tion of an unknown gene in the case of NY247 and NY1868, transpo-
son disruption of metH in the case of AG1440, transposon disruption
of bldM in the case of DB2571, and transposon disruption of bldA in
the case of DB5931.

TABLE 1. Genes identified

Strain Tn5apr insertion site and flanking sequencea Gene

DB5931 AAGGCGCGCGAAGCGGAGCCCATGGCCTG bldA
DB2571 GCGGAGGACGGCCATGACTTCCGTCCTCG bldM
AG1440 TTTGGAGGCGGCCGTGGTCTACGGCTACT metH
NY1868 CAACGCCAGTGCACAGGTGATGGACCACA SCO6939
NY247 GTCGGCCAGAGCCTGGAGCCGTTCACCCA SCO2525

a The Tn5apr insertion site is indicated by boldface type.
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transposon in DB2571 was found to be inserted into the re-
cently identified gene bldM, which has been described as a
response regulator gene required for aerial mycelium forma-
tion (27). Consistent with the methionine auxotrophy of
AG1440, this mutant carried an insertion in the coding region
of the probable metH gene that encodes a methionine synthase
(36). In the remaining mutants (NY247 and NY1868), the
transposon disrupted the coding regions of genes that were
novel and whose functions have not been characterized.

Disruption of known developmental genes yields unexpected
phenotypes. Two of the mutant strains shown in Fig. 1 had
insertions in known developmental genes. However, in both
cases the phenotypes observed were different than those de-
scribed for previously isolated mutants with mutations in the
genes (23, 27). In the case of bldA, a deletion mutant (J1681)
that exhibits phenotypes identical to those of bldA point mu-
tants has been described (23). On R2YE medium, these strains
do not form an aerial mycelium (thus the designation bald) and
also do not produce the red- and blue-pigmented antibiotics.
The bldA mutant isolated in this study, DB5931, showed a less
severe disruption of the developmental cycle. Aerial mycelium
formation and the subsequent sporulation were delayed ap-
proximately 2 days in a DB5931 culture compared to the aerial
mycelium formation and sporulation of a culture of the M145
wild-type strain. However, after 4 to 5 days of growth grey
spores were observed in the mutant culture; antibiotic produc-
tion also occurred quite normally. The transposon insertion in
DB5931 was located in the portion of the gene that encodes
the 5� region of the transcript that is absent in the mature
tRNA (23). Perhaps a small amount of mature tRNA is pro-
duced in DB5931, allowing this mutant to escape with a delay
rather than a complete block in aerial mycelium formation.
The genetic background may also affect the severity of the
observed bldA phenotype. J1681 was constructed in the J1501
background (hisA1 uraA1 strA1), while DB5931 was generated
in the prototrophic M145 background (19). Our attempts to
construct a bldA deletion mutant in M145 were unsuccessful.

In the case of DB2571, which has a disruption in bldM, we
also observed a developmental phenotype different from that
reported for a previously constructed knockout strain (J2151)
(27). J2151 had a bld phenotype with a complete block in
differentiation and a lack of aerial mycelium formation (Fig. 2)
(27), like J3146, a bldM derivative of M600 (M. Elliot and M.
Buttner, personal communication). In contrast, DB2571
formed an aerial mycelium, but the aerial hyphae did not
initiate sporulation (Fig. 2 and data not shown). To confirm
this difference, the bldM::hyg allele from J2151 was moved to
the M145 background by genomic transformation. The result-
ing strain, DB2321, could likewise form an aerial mycelium but
could not sporulate (Fig. 2 and data not shown). The originally
isolated bldM point mutants, also generated in M145, had
phenotypes similar to those of DB2571 and DB2321, and the
locus was originally designated whiK (37). Thus, although bldM
is clearly essential for complete differentiation, the genetic
background appears to have a strong influence on the bldM
null mutant phenotype.

Primary metabolism gene is required for sporulation. Auxo-
trophic strain AG1440 displayed several developmental abnor-
malities when it was cultured on rich medium that permitted
vegetative growth (Fig. 1). Colonies developed an immature

aerial mycelium composed of kinky filaments (Fig. 3). Very
few, if any, spores were produced from these aerial filaments.
The aerial mycelium was also bright blue, presumably due to
overproduction of actinorhodin. AG1440 could not grow on
minimal medium unless it was supplemented with methionine;
this auxotrophy was rationalized by the location of the inser-
tion in the coding region of metH (Table 1) (36). The metH
gene (SCO1657 or SCI46.02c) is inferred to encode the vitamin
B12-dependent methionine synthase that catalyzes the final
step in methionine biosynthesis, the conversion of homocys-
teine to methionine. The S. coelicolor genome also contains a
metE homolog (SCO0985 or SCBAC19F3.12) encoding an ap-
parent vitamin B12-independent methionine synthase (4). Pre-
sumably, in the absence of MetH activity, the methionine levels
in the cell are not sufficient for growth on minimal medium and
sporulation on rich medium.

Probable acyl-CoA dehydrogenase participates in proper
timing of differentiation and antibiotic production. Mutant
NY1868 was characterized by a pronounced delay in aerial
mycelium formation and blue pigment production. Aerial my-
celium formation and the subsequent sporulation were delayed
by at least 1 day compared to aerial mycelium formation and
sporulation in the parent strain (Fig. 1). Once under way, the
delayed development appeared to be normal; aerial hyphae
underwent the coiling characteristic of the wild-type hyphae
and eventually produced abundant spores. Production of the
blue antibiotic actinorhodin was also delayed by a couple of
days; morphological mutants of S. coelicolor often have con-
current defects in secondary metabolism (5).

Sequencing revealed disruption of a previously uncharacter-
ized gene in NY1868, SCO6939 (SC1G8.11c), which encodes a

FIG. 2. Comparison of bldM alleles in different genetic back-
grounds. The strains were grown on R2YE solid medium at 30°C for 4
days. A bldM::hyg allele was previously introduced into the J1915
genetic background to obtain bald strain J2151, which is blocked for
aerial mycelium formation (27). Transfer of the bldM::hyg allele to
M145 by genomic transformation yielded strain DB2321, which pro-
duces an aerial mycelium but fails to sporulate. Strain DB2571, which
bears a bldM::Tn5apr allele and was generated in the M145 genetic
background, also produces a nonsporulating aerial mycelium.
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protein whose function is unknown (Fig. 4A). The four genes
immediately upstream of, and overlapping, SCO6939 (cvnA8
to cvnD8) have been designated a conservon to reflect the
conserved clustering and probable operon structure of these
genes and the 12 other paralogous clusters in the genome (4),
and the cvn9 cluster has recently been implicated in aerial
mycelium development in both S. coelicolor and Streptomyces
griseus (22). Analysis of the sequence of the SCO6939 product
by a BLAST search (2) indicated that its closest homologs were
in Streptomyces, including SCO6798 (SC1A2.07) in S. coelicolor
(whose corresponding gene is also located immediately down-
stream of a conservon, cvnA7 to cvnD7).

The insertion in SCO6939 occurred in the 3� end of the gene,
just 41 bp from the end of the coding region and 124 bp from
the start of the SCO6938 (SC1G8.10c) coding region. It was
therefore possible that this insertion disrupted not only the
final gene in the putative cvn8 operon but also transcription of
the downstream gene(s). Complementation experiments re-
vealed that indeed, the delayed development defects observed
in NY1868 were not complemented by DNA corresponding to
SCO6939 alone. However, complementation plasmids contain-
ing the downstream SCO6938 gene allowed the mutant to
produce an aerial mycelium and actinorhodin in a timely fash-
ion (Fig. 4B). The SCO6938 gene product showed strong sim-
ilarity to acyl-CoA dehydrogenases, a family of enzymes whose
members participate in oxidation of fatty acids and branched-
chain amino acids (25).

Putative methyltransferase is required for proper aerial my-
celium formation and colony morphology. Insertion mutant
NY247 had a number of abnormalities in morphological dif-
ferentiation compared to the morphological differentiation of
the corresponding wild-type strain (Fig. 1). An aerial mycelium
formed at the proper time. However, under low magnification
the hyphae appeared to be shorter and/or more matted than

those of the wild-type strain (data not shown); these aerial
hyphae also developed a lavender pigmentation, in contrast to
the progression from white to grey observed in normal sporu-
lating hyphae. These unusual hyphae were capable of forming
spores. Another striking phenotype of this mutant was that by
4 days of growth, cracks began to develop throughout the
colony surface. Overall, this mutant appeared to be quite sim-
ilar to a strain that has been described previously, AG24 (12),
which also produced short, purple aerial hyphae and cracked
colonies.

Sequencing revealed that the insertion in NY247 was differ-
ent from that in AG24 that was characterized previously (12).
In the case of NY247, the transposon disrupted the SCO2525
(SCC121.28c) gene (Fig. 5A). To confirm that this gene is
necessary for normal growth and development in S. coelicolor,
NY247 was transformed with integrating plasmids containing
either SCO2525 DNA alone or a combination of this gene and
its downstream open reading frame (SCO2525�24). The mul-
tiple defects observed in NY247 were complemented by
SCO2525 either alone or in combination with the downstream
gene (Fig. 6).

The SCO2525 gene product has not been assigned a function
(4), and no apparent bacterial homologs were revealed by a
BLAST search (2). However, SCO2525 did show some simi-
larity to the NNMT/PNMT/TEMT family of vertebrate meth-
yltransferases. A crystal structure has recently been deter-
mined for human phenylethanolamine N-methyltransferase
(PNMT), which catalyzes transfer of a methyl group from an
S-adenosyl-L-methionine (SAM) cofactor to the primary amine
of noradrenaline, yielding the final product adrenaline (24). A
partial alignment of the 257-amino-acid S. coelicolor SCO2525
protein and the 282-amino-acid human PNMT is shown in Fig.
5B. Strikingly, a considerable number of residues are identical
or show conservative substitution in the two proteins (22%

FIG. 3. Scanning electron micrographs showing the colony surfaces of wild-type S. coelicolor and a metH mutant. The aerial mycelium of
wild-type strain M145 produces abundant spores (A), while the aerial hyphae of metH mutant AG1440 appear to be wrinkled and lack any visible
signs of sporulation (B). Colonies were grown on solid R2YE medium for 4 days at 30°C prior to scanning electron microscopy.
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overall identity), including 75% of the active site residues that
have been implicated in SAM cofactor binding (24). On the
basis of this alignment, we propose that SCO2525 encodes a
methyltransferase required for morphological differentiation
in S. coelicolor.

DISCUSSION

We used insertional mutagenesis to identify a collection of
both known and novel genes involved in the development of
the important bacterial model organism S. coelicolor. Mutants
defective in aerial mycelium formation, sporulation, and anti-
biotic production have been known for over 30 years. However,
the signals and molecular pathways that elicit the developmen-
tal events remain poorly defined. Most of the previously iden-
tified bld and whi genes appear to encode regulatory proteins
(reviewed in references 8 and 9), which raises the question of
what genes and subsequent biochemical activities must be

properly regulated in order to achieve differentiation. Here we
identified three likely biosynthetic enzymes with roles in de-
velopment: the methionine synthase MetH, the putative meth-
yltransferase SCO2525, and the probable acyl-CoA dehydro-
genase SCO6938.

The methionine auxotroph isolated here, AG1440, not only
failed to grow vegetatively on minimal medium but on rich
medium developed an aerial mycelium that could not sporu-
late. A methionine requirement for sporulation has also been
described previously for a Streptomyces fradiae mutant (42).
This strain was not an auxotroph but did require addition of
methionine for sporulation to occur. The authors speculated
that this mutant was defective in conversion of homocysteine
to methionine, the reaction catalyzed by the metH gene prod-
uct that is disrupted in AG1440, since biosynthetic intermedi-
ates upstream of methionine did not allow sporulation.

The discovery that disruption of metH blocks sporulation in
aerial hyphae of S. coelicolor provides further evidence that the
levels of methionine and/or SAM play an important role in
both morphological differentiation and secondary metabolite
production. It was recently demonstrated that in both S. coeli-
color and Streptomyces lividans increased levels of SAM due to
either overexpression of the SAM synthetase gene metK or
exogenous addition can inhibit sporulation of aerial mycelia
and cause overproduction of actinorhodin (20, 34). The metH

FIG. 4. Genomic location of the insertion in mutant NY1868 and
complementation of the insertion. (A) The Tn5apr transposon was
found to be inserted into the 3� end of the SCO6939 gene in the
chromosome of NY1868. This gene and the flanking genes are shown,
and the scale at the top indicates the base pair positions of these genes
in the S. coelicolor chromosome sequence determined by the Sanger
Centre genome sequencing project (4). The Sanger Centre annotation
is indicated below each gene. The DNA regions that were PCR am-
plified, cloned into pSET152S, and used in complementation experi-
ments are indicated at the bottom. (B) The delay in development
exhibited by NY1868 was not complemented by a pSET152S derivative
containing SCO6939 but was complemented by a construct containing
SCO6938. The strains were grown on R2YE solid medium at 30°C for
2 days. WT, wild type.

FIG. 5. Genomic location of the insertion in mutant NY247. The
Tn5apr transposon was found to be inserted into gene SCO2525 in the
chromosome of NY247. (A) SCO2525 gene and flanking genes. The
scale bar at the top indicates the base pair positions in the S. coelicolor
genome sequence (4). SCO2525 and SCO2524 have been annotated as
unknown hypothetical proteins, while SCO2526 has been annotated as
a possible acetyltransferase by the Sanger Centre. The DNA regions
that were PCR amplified, cloned into pSET152S, and shown to com-
plement the defects in NY247 are indicated at the bottom. (B) Partial
alignment of SCO2525 with human PNMT (hPNMT). Identical resi-
dues are shaded, and residues that participate in binding to the SAM
cofactor in human PNMT are indicated by asterisks (24). These active
site residues are well conserved in the two proteins.
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mutant AG1440 likewise did not sporulate and appeared to
produce increased amounts of blue actinorhodin. SAM is syn-
thesized from methionine and ATP via the action of the SAM
synthetase, and in E. coli SAM serves as a corepressor of the
methionine biosynthetic genes (43). Repression of SAM syn-
thetase activity by methionine has been demonstrated in Strep-
tomyces hygroscopicus (21). If the regulation of methionine
biosynthesis in S. coelicolor is similar to the regulation of me-
thionine biosynthesis in these other organisms, then high in-
tracellular levels of SAM may cause methionine concentra-
tions to be reduced in the cell and vice versa. This would
explain how both metK overexpression (high SAM levels) and
metH disruption (low methionine levels) could cause the same
developmental phenotype. The overproduction of actinor-
hodin elicited by high SAM concentrations has been explained
by increased transcription of the actII-ORF4 gene, whose
product activates transcription of the actinorhodin biosynthetic
genes (20, 34). It will be interesting to determine if the tran-
scription of actII-ORF4 and other genes that regulate morpho-
logical differentiation is likewise altered in this metH mutant.

We also identified a putative methyltransferase, an enzyme
that uses SAM as a cofactor to transfer a methyl group to a
substrate molecule, which is required for proper colony mor-
phology, aerial mycelium formation, and pigmentation. There
is a high degree of conservation between the active-site resi-
dues of human PNMT and SCO2525. PNMT catalyzes the final
step in the biosynthetic pathway of the hormone adrenaline, in
which tyrosine is hydroxylated to form 3,4-dihydroxyphenylala-
nine (DOPA), DOPA is decarboxylated to give dopamine,
dopamine is hydroxylated to give noradrenaline, and finally
noradrenaline is N methylated to form adrenaline (29). Does
the SCO2525 methyltransferase participate in a similar path-
way for production of a metabolite or signal molecule required

for proper streptomycete colony growth and development?
And if so, what is the enzyme’s physiological substrate? The
SCO2525 sequence contains, in addition to many of the SAM
binding residues, several of the amino acid residues that have
been modeled to contact the human PNMT noradrenaline
substrate (24). These include residues that interact with the
aromatic ring and the amine of noradrenaline (human PNMT
F182, N39, and Y222) but not the residues that interact with
the �-hydroxyl group that arises from hydroxylation of the
dopamine precursor (human PNMT E219 and D267).

S. coelicolor may produce molecules whose structures are
related to the structures of adrenaline pathway intermediates
that could serve as substrates for the SCO2525 methyltrans-
ferase. Streptomyces species typically are able to synthesize
DOPA from tyrosine, and the DOPA is then utilized in mel-
anin pigment biosynthesis (17). While S. coelicolor does not
make melanin, its genome does contain the melC2 gene, whose
product is a monophenol monooxygenase (tyrosinase) that
should be capable of catalyzing DOPA production (35). It is
also possible that S. coelicolor possesses a DOPA decarboxyl-
ase that could convert DOPA to dopamine. The first bacterial
example of an L-DOPA decarboxylase was found in Sorangium
cellulosum (28), and the product of the S. coelicolor SCO2782
(SCC105.13) gene is very similar to this myxobacterial enzyme
(although BLAST searches have indicated that it is more sim-
ilar to 2,4-diaminobutyrate decarboxylases and glutamate de-
carboxylases than to aromatic amino acid decarboxylases [38]).
S. coelicolor also possesses a homolog of the S. griseus epoA
(SCO6712 or SC4C6.22) gene, which encodes a phenol oxidase
that uses DOPA as a substrate to produce an unidentified
compound that can stimulate aerial mycelium formation in
both S. griseus and S. coelicolor (10). Finally, certain Strepto-
myces species have been found to produce large amounts of the
aromatic compound phenylethylamine, which lacks the �-hy-
droxyl and catechol groups of noradrenaline and may be gen-
erated from the decarboxylation of phenylalanine (1, 41). Bio-
chemical studies are necessary to determine if SCO2525 can
catalyze methyl transfer to phenylethylamine, DOPA, deriva-
tives of DOPA, or some other molecule.

If the SCO2525 gene product is necessary for methylation of
a cellular metabolite that participates in colony development, it
might be expected that this gene is not expressed during veg-
etative growth but rather is expressed during aerial mycelium
formation. Huang and colleagues performed a global analysis
of gene expression of S. coelicolor grown in liquid culture (16).
While aerial mycelium formation and sporulation do not occur
under these culture conditions, antibiotic production does take
place, and some of the genes involved in morphological differ-
entiation were shown to be upregulated upon the switch from
primary to secondary metabolism as the culture progressed
toward the stationary phase. Notably, expression of the
SCO2525 methyltransferase gene increased more than three-
fold during the stationary phase compared to expression dur-
ing the logarithmic growth. The timing and magnitude of
SCO2525 induction observed were comparable to the timing
and magnitude of induction of the actinorhodin biosynthetic
genes. The gene encoding the SCO2782 pyridoxal-dependent
decarboxylase likewise showed induction during the stationary
phase.

As described here, an acyl-CoA dehydrogenase (SCO6938)

FIG. 6. Requirement of SCO2525 for proper aerial mycelium for-
mation and colony morphology. The defects apparent in NY247 (up-
per right) were complemented by introduction of pSET152S deriva-
tives bearing SCO2525 either alone or in combination with the
downstream gene (lower half). The strains were grown on R2YE solid
medium for 5 days at 30°C. WT, wild type.
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has been implicated in initiation of aerial mycelium formation
and actinorhodin production in S. coelicolor. Acyl-CoA dehy-
drogenases involved in the catabolism of branched-chain fatty
acids have been described as enzymes that are important for
generating acyl-CoAs used to synthesize antibiotics in Strepto-
myces (45). It therefore seems possible that the dehydrogenase
identified in this study participates in the formation of acyl-
CoA species necessary for synthesis of a secondary metabolite
that stimulates aerial mycelium formation and actinorhodin
production in S. coelicolor. It has also previously been shown
that in S. coelicolor an acyl-CoA synthetase, another enzyme
involved in fatty acid catabolism, is necessary for timely acti-
norhodin production (3).

In the screening analysis described in this paper we identi-
fied new genes whose products contribute to the developmen-
tal process in S. coelicolor. Not surprisingly, we also identified
previously described developmental loci. However, disruption
of these previously described loci gave phenotypes that were
perceptibly different from those observed previously in other
genetic backgrounds, highlighting the importance of consider-
ing the background when the role of putative developmental
genes is investigated. The new genes described here, unlike
many previously described developmental genes, encode pro-
teins with proposed enzymatic activities that may contribute to
synthesis of cellular metabolites that promote aerial mycelium
formation and subsequent sporulation. The phenotypes of the
corresponding mutants were too leaky to assess the position of
the new genes in the previously described extracellular signal-
ing cascade that initiates aerial mycelium formation (i.e., none
of the mutants exhibited a true aerial mycelium-negative, bld
phenotype [44]). However, future biochemical characterization
of the encoded enzymes should provide insight into the mo-
lecular events that govern the progression of a streptomycetes
colony from vegetative growth to aerial mycelium formation
and finally culminate in sporulation.
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