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Abstract 

A DNA fragment that caused pigment production in Streptomyces lividans was isolated from a gene library of MI-digested 
chromosomal fragments of S. coelicolor A3(2). Subcloning and nucleotide sequencing proved the identity of the cloned gene to 

ptpA encoding a low-molecular-mass phosphotyrosine protein phosphatase. The S. lividans transformant containing ptpA on 
pIJ41 with a copy number of 34 per genome produced large amounts of undecylprodigiosin and A-factor, in addition to the 

pigmented antibiotic actinorhodin, whereas the transformant containing ptpA on an SCP2* derivative with a copy number of 
l-2 did not. The PtpA protein produced as a fusion to the maltose binding protein in Escherichia coli showed phosphatase 

activity toward o-phosphotyrosine, but not toward o-phosphoserine or o-threonine. Introduction of a mutant ptpA gene 
encoding an inactive protein with serine instead of the 9th cysteine caused no pigmentation. Disruption of the chromosomal 

ptpA gene of S. coelicolor A3(2), however, appeared to cause no detectable effect on the production of the pigmented 

antibiotics or A-factor and the ptpA disruptants developed aerial mycelium and spores normally. 
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1. Introduction 

The genus Streptomyces is characterized by the 
ability to produce a wide variety of secondary 
metabolites. Production of secondary metabolites in 

Streptomyces is genetically controlled by regulatory 
genes, some closely linked and some indirectly linked 

to the biosynthetic genes. The ufsR [1,2] and ufsQl 
[3] genes belong to the latter class, both of which 

* Corresponding author. Tel.: +81 (3) 3812 2111, ext. 5123; 
Fax: +81 (3) 5802 2931. 

influence secondary metabolism in Streptomyces coe- 
licolor A3(2). Both genes were identified on DNA 

fragments that conferred the ability to produce A- 
factor and the pigmented antibiotics actinorhodin 

and undecylprodigiosin on Streptomyces liviahns, 
which does not produce these metabolites under rou- 
tine cultural conditions. AfsR is phosphorylated on 

its serine and threonine residues by a protein kinase 
AfsK [4], and AfsQl is probably phosphorylated on 
its aspartate residue by AfsQ2 [3]. It is thus apparent 
that secondary metabolism is controlled by protein 
phosphorylation via a serinelthreonine kinase of a 
family of ‘eukaryotic’-type and a histidine kinase of 
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a family of bacterial two-component regulatory sys- 

tems. 
We cloned an additional DNA fragment from S. 

coelicolor A3(2) Ml30 by the strategy used for 

cloning afsR and afsQ1. The cloned fragment con- 

ferred the ability to produce a blue pigment in a 
very large amount on S. lividans, as did the afsR 

and afsQ1 genes. Subcloning, nucleotide sequenc- 

ing, and characterization of the gene product re- 
vealed that the gene responsible for pigment pro- 

duction encoded a protein very similar to 

phosphotyrosine protein phosphatases from various 
eukaryotic cells. Very recently, the same gene has 

been isolated by gene walking as a neighbor of the 

asaA locus by Li and Strohl [5]. They named the 
gene ptpA and found that PtpA produced in E. coli 

showed phosphotyrosine phosphatase activity. 

However, its biological function was unclear. We 
report here that ptpA actually controls secondary 

metabolite formation, as was expected by the clon- 

ing strategy. 

2. Materials and methods 

2.1. Bacterial strains and plasmids 

S. lividans HH21 [6] was an A-factor-deficient mu- 

tant derived spontaneously from strain TK21. 5’. coe- 

licolor A3(2) Ml30 (hisAl uraAl strA1 SCPll 
SCP22) [7] was the source of the ptpA gene. An A- 

factor-deficient mutant strain, S. griseus FT-1 no. 2 

[6], and Bacillus subtilis ATCC 6633 as an indicator 

strain were used for A-factor assays. Plasmids pIJ41 
(carrying thiostrepton and neomycin resistance) with 

a copy number of 34 per genome [8], an SCP2*- 

derived pKU209 (carrying thiostrepton resistance) 
with a copy number of 1-2 per genome [9], and 

pIJ486 (carrying thiostrepton and neomycin re- 
sistance) with a copy number of 40-100 [lo] were 
used as cloning vectors. Plasmid pMAL-c (New 
England BioLabs) was used for production of the 
native PtpA protein and a mutant PtpA protein as 
a fusion to the maltose binding protein (MBP). 
For DNA manipulation, E. coli JM109 and 
pUC19 [ll] or phage vector M13mp19 [ll] were 
used. 

2.2. General recombinant DNA techniques 

Restriction enzymes, T4 DNA ligase, Tag po- 
lymerase, and BcaBest DNA polymerase were pur- 
chased from Takara Shuzo Co. (Kyoto). Thiostrep- 

ton was a gift from Asahi Chemical Industry, 
Shizuoka, Japan. Nucleotide sequences were deter- 

mined by the deoxy chain terminating method [12] 

combined with the Ml3 cloning system [ 1 l] on a 

DSQ-1 DNA sequencer (Shimadzu). Southern hy- 

bridization was carried out by use of the DIG system 
(Boehringer Mannheim) as recommended by the 

supplier. DNA manipulation in E. coli were per- 

formed as described by Maniatis et al. [13] and those 

in Streptomyces were as described by Hopwood et al. 

PI. 

2.3. Assay of actinorhodin, undecylprodigiosin, and 

A-factor 

For assay of actinorhodin production, 1 ml of a 
stationary phase culture of S. lividans or 5’. coelicolor 

A3(2) grown in YEME medium [3] was transferred 

into 100 ml of YMPD medium (containing the fol- 
lowing (in g/l): yeast extract (Difco Laboratories), 2; 

meat extract (Difco), 2; Bacto Peptone (Difco), 4; 

NaCI, 5; MgS04*7HsO, 2; and glucose, 10) (pH 7.2) 
and incubated at 28°C on a reciprocal shaker. Both 
media were supplemented with 40 pg of thiostrepton 

per ml. A portion was removed at intervals. After 
removal of mycelium by centrifugation, A~15 at pH 

12 was measured with a scanning spectrophotometer, 
using fresh YMPD medium as the reference. Acti- 

norhodin shows its absorption maximum at 615 nm. 
Undecylprodigiosin is produced in mycelium, but 

not into the medium. For assay of undecylprodigio- 

sin, the pigments were extracted with methanol from 
mycelium grown at 28°C for 7 days on a cellophane 
sheet on the surface of Bennett-maltose agar medium 

(containing the following (g/l): yeast extract, 1; meat 
extract, 1; N.Z. amine (Wako Pure Chemicals), 2; 
and maltose, 10) (pH 7.2) containing 40 pg of thio- 
strepton per ml. After concentration of the pigments 
by evaporation, an orange pigment giving an Rf val- 
ue of 0.35 was separated by thin-layer (Whatman 
KC18F reverse-phase plate) chromatography with 
100% methanol as the solvent. Undecylprodigiosin 
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shows its absorption maxima at 533 and 468 nm at 

acidic and alkaline pH, respectively. 

A-factor production by transformants was assayed 
by the streptomycin-cosynthesis method [6]. Briefly, 

a test strain grown on an agar plug was transferred 
to a soft agar layer seeded with an A-factor-deficient 
mutant strain, S. griseus FT-1 no. 2, and incubated 

at 28°C for 2 days. Nutrient soft agar containing 

spores of B. subtilis as the indicator strain was then 
overlaid, and the plate was further incubated over- 

night at 37°C. The principle of this method is that A- 

factor diffused from the agar plug into the soft agar 

causes the mutant S. griseus strain to produce strep- 
tomycin, which in turn is detected by growth inhibi- 

tion of the indicator. 

2.4. Gene disruption with phage vector Ml3mp19 

For disruption of the chromosomal ptpA gene, the 

single-stranded DNA transformation method [ 141 

was used. The aphZZ gene on Tn5 [15] as a selection 

marker was recovered as a BamHI-Hind111 fragment 

after the 1.1 kb SmaI-Hind111 fragment excised from 
Tn5 had been cloned into the multi-cloning site of 

pUC19. This 1.1 kb BamHI-Hind111 fragment was 
cloned between the BamHI and Hind111 sites of 

M13mp19 after a 320 bp ApaLI-SplI fragment which 

is internal to the ptpd-coding region (see Fig. 1) had 

been cloned into the SmaI site. The recombinant 
single-stranded Ml3 DNA prepared from E. coli 
JM109 was introduced into S. coelicolor A3(2) 

Ml30 by the standard protoplast transformation 

method. After regeneration, neomycin (20 mg/ml) 

resistant colonies were selected by replica plating. 
Correct insertion of the whole recombinant Ml3 

DNA at the ptpA locus was checked by Southern 

hybridization against the S. coelicolor A3(2) chromo- 
somal DNA digested with BamHI with the 320 bp 
ApaLI-SplI fragment and 1.1 kb BamHI-Hind111 

fragment as probes. 

2.5. Expression of the native and a mutant PtpA in 
E. coli 

For expression of PtpA as a fusion to MBP in E. 
coli, the ptpA sequence was amplified by the poly- 
merase chain reaction with two primers : primer I, 5’- 
GCCGAATTCATGACCTACCGCGTCTGTTTC- 

GTGTGC-3’ (the italicized ATG represents the 

translational start codon of ptpA and an EcoRI 
cleavage sequence is underlined), and primer II, 5’- 

GGCAAGCTICCGGCAGGTGGAAGTGGGCG- 

GCGGCG-3’ (corresponding to the region 137-159 
bp downstream from the stop codon of ptpA; a Hin- 
dII1 cleavage sequence is underlined). The amplified 
fragment was digested with EcoRI and Hind111 and 

ligated between the EcoRI and Hind111 sites of 

pMAL-c. E. coli JM109 containing the plasmid, 

pMBP-PTPWT, constructed in this way was culti- 

vated in the presence of 0.5 mM isopropyl-P-D-thio- 
galactopyranoside (IPTG) according to the standard 

protocol. The cells were harvested and sonicated for 
preparation of the supematant. The supematant was 

then applied to an MBP alhnity column with amyl- 

ose resin (New England BioLab) and the MBM- 
PtpA fusion protein was eluted according to the re- 
commendation of the supplier. For amino acid re- 

placement of the 9th Cys to Ser, primer III, 5’- 

GCCGAATTCATGACCTACCGCGTCTGTTTC- 
GTGAGC-3’ (the italicized letter A indicates the 

base to be changed), was used instead of primer I, 

and the mutant PtpACgS protein was similarly ex- 

pressed and purified. 

Phosphotyrosine phosphatase activity was assayed 
with p-nitrophenylphosphate (p-NPP) as the sub- 

strate by measuring the amount of p-nitrophenol 
by following an increase in absorbance at 410 nm 

[16]. o-Phospho-L-tyrosine, o-phospho+serine, and 
o-phospho+threonine were purchased from Sigma. 

3. Results and discussion 

3.1. Cloning of ptpA and phosphotyrosine phosphatase 

activity of PtpA 

The S. coelicolor A3(2) DNA fragment we cloned 

into the PstI site of pIJ41 as a gene able to confer 
blue pigment production on S. lividans HH21 was 6- 

kb in size (Fig. 1). Subcloning experiments with 
pIJ41 as the vector identified a 1.2-kb PstI-BamHI 
fragment that caused pigment production. Because 
of the presence of two open reading frames in this 
1.2-kb fragment, as revealed by nucleotide sequenc- 
ing, we further subcloned the region to determine 
which reading frame was responsible for pigment 
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pIJ41-AP83 

pIJ41-AP84 

pIJ41-AP85 

Fig. I. Restriction map and subcloning of the cloned fragment. Plasmid pIJ41-AP80 contains the originally cloned 6-kb PstI fragment on 

pIJ41. The pIJ41-AP series plasmids contain the indicated fragments on pIJ41. Plasmid pIJ41-AP84 was constructed by deleting the indi- 

cated region. The ptpA gene on pIJ41-AP85 was located downstream of the promoter of aph (Pa& in pIJ41, since ptpA might be tran- 

scribed from a promoter in front of wfZ. Each of the plasmids was introduced into S lividam HH21 and actinorhodin production was 

examined on Bennett-maltose agar. The same pattern of actinorhodin production was also observed, when S. lividnns TK21 was used as 

the host. 

production. As shown in Fig. 1, one of the two open 

reading frames was sufficient to cause pigment prod- 

uction to the same extent as did the 1.2-kb PstI- 
BarnHI fragment. This means that ovfl. which is 

located closely to ouf2 and may constitute an operon 
with or@, exerts no or little effect on pigmentation. 
or- encoded a protein of 164 amino acid with an 

apparent molecular mass of 17.7 kDa, which showed 
end-to-end similarity in amino acid sequence to 
mammalian and prokaryotic small phosphotyrosine 

protein phosphatases. The nucleotide and amino 
acid sequences of orfz completely matches those of 
ptpA which has recently been isolated by Li and 
Strohl [5] by means of gene walking as a neighbor 
of asaA. 

We produced the PtpA protein as a fusion to MBP 
by using the T7 promoter in E. coli JM109 in order 
to characterize enzymatic properties of PtpA. The 
MBP-PtpA WT fusion protein was purified to almost 

homogeneity by using an MBP-affinity column. The 

Km and kcat values for hydrolysis of p-NPP by MBP- 

PtpA at pH 5.0, 37°C were 0.26 mM and 8.79 set-‘, 

respectively. Concerning substrate specificity, PtpA 
showed phosphatase activity specifically toward o- 
phospho-L-tyrosine. PtpA showed no phosphatase 
activity toward o-phospho+serine or o-phospho-L- 

threonine, indicating a strict substrate specificity of 

PtpA. 
Since cysteine-9 of the protein was expected to be 

essential for enzyme activity from alignment with 
other eukaryotic phosphotyrosine phosphatases 
[17-191, we generated a mutant protein, PtpACgS, 
with serine at this position by site-directed mutagen- 
esis. This cysteine is supposedly one of the active site 
residues and is contained in a phosphate-binding 
loop [17,18]. We purified the MBP-PtpACgS fusion 
protein from E. coli containing pMBP-PTPCgS, and 
assayed its phosphatase activity with p-NPP as the 
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substrate. As expected, this mutant protein showed 
no phosphatase activity. 

3.2. Phenotypes conferred by ptpA on S. lividans 

We first examined a copy number effect of ptpA on 

production of actinorhodins on Bennett-maltose 

agar medium. The visible blue pigment produced 

by S. lividans containing ptpA on pIJ41 was expected 
to be a mixture of actinorhodin and its derivatives 

[20]. Plasmid pIJ41 has a copy number of 3-4 per 

genome [8]. We placed the originally cloned 6-kb 
PstI fragment into the PstI site of pKU209 whose 

copy number is l-2 per genome [9] and introduced it 
into S. lividans. However, no or little pigmentation 

was observed, suggesting that overexpression of ptpA 

was required for pigment production. Our repeated 
attempts to clone ptpA into pIJ486, whose copy 

number is 40-100, failed, probably because produc- 

tion of pigments in a very large amount caused a 

deleterious effect on the host. This was also true 

for afsR; repeated attempts to place afsR on high- 

copy-number plasmids, such as pIJ385 and pIJ702, 
failed [l]. This may be due to overproduction of 
pigments, because even the growth of the S. lividans 

transformants containing either ptpA or afsR on 
pIJ41 was slightly inhibited. All of these observa- 

tions showed that pigment production was a result 

from overexpression of ptpA. In addition, the phos- 
phatase activity of PtpA was essential for pigmenta- 

tion, because introduction of the mutant gene encod- 
ing PtpACgS into S. lividans caused no pigmentation 

(data not shown). 

We then examined production of actinorhodins, 

undecylprodigiosin, and A-factor by S. lividans con- 
taining pIJ41-AP82. Although pIJ41-AP82 contained 
orfl in addition to ptpA, orfl did cause no effect on 

pigment production caused by ptpA, as mentioned 
above. The following phenotypes were examined by 

using an A-factor-deficient mutant strain, S. lividans 
HH21, in order to assay A-factor production. Simi- 

lar pigment production was also observed in S. livi- 
dans TK21, as was observed for afsR and afsQ1. 

3.2.1. Actinorhodin 
It was apparent that ptpA caused production of 

actinorhodins on solid medium. We then examined 
pigment production in liquid medium by S. lividans 

1 2 3 4 5 6 

Day ol Gmwlh 

wavelength (Ml) 

C 

Fig. 2. Phenotypes of S. lividam HH21 containing pIJ41AP82. 

A: The S. livtins transformant produced a large amount of acti- 

norhodins, whereas strain HH21 containing the vector pIJ41 did 

not. B: Undecylprodigiosin produced by the S. Iividans trans- 

formants was extracted, as described in Section 2. The pigment 

was examined at alkaline and acidic pHs on a scanning spectro- 

photometer. The transfonnant produced a sign&ant amount of 

undecylprodigiosin, whereas strain HH21 containing pIJ41 did 

not. C: S. Iividanr HH21 containing pIJ41-AP82 produced a 

large amount of A-factcor, as judged by a large growth inhibi- 

tion zone of the indicator. Strain HH21 containing pIJ41 pro- 

duced no detectable amount of A-factor. 

containing pIJ41-AP82 by following A615 of the cul- 
ture broth at pH 12. Most of the As15 values detected 
by this assay method was thought to reflect the 
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amounts of actinorhodins. As shown in Fig. 2A, S. 
lividans containing pIJ4 1 -AP82 produced a large 

amount of pigments, most of which represented ac- 
tinorhodins, whereas S. lividans containing the vector 

pIJ41 produced no pigments. The amount of the 

pigment produced by the S. lividans transformant 

was almost the same as that produced by S. lividans 

containing ufsR on pIJ41. 

3.2.2. Undecylprodigiosin 

S. lividans HH21 containing pIJ41-AP84 and 

pIJ41-AP82 produced apparently the same amount 

of an orange pigment in the mycelium on Bennett- 
maltose agar medium, whereas S. lividuns containing 

only vector plasmid produced no or little such pig- 
ment. For quantification of undecylprodigiosin in 

mycelium, the pigments were extracted with metha- 

nol from mycelium grown at 28°C for 7 days on a 

cellophane sheet on the surface of Bennett-maltose 
agar medium containing 40 pg of thiostrepton per 

ml. The pigment extracted from mycelium of S. livi- 

duns harboring pIJ41-AP82 showed a sharp peak at 
533 nm (orange) at acidic pH and a broad peak at 

468 nm (yellow) at alkaline pH, indicating that the 

pigment was undecylprodigiosin (Fig. 2B). The 
amount of undecylprodigiosin produced was esti- 

mated to be roughly the same as that produced by 

S. lividans containing ufsR on pIJ41. On the other 

hand, S. lividans harboring only the vector plasmid 
produced a very small amount of undecylprodigio- 

sin, giving a faint band of the Rf value of 0.35 on 

thin-layer chromatography. 

3.2.3. A-factor 

In S. coelicolor A3(2) and S. lividans, A-factor is 
regarded to be one of the secondary metabolites pro- 

duced by these strains [1,3], in contrast to the case in 
S. griseus where A-factor acts as an autoregulator 
[21,22]. Since afsR and afsQ1 caused production of 

A-factor in addition to actinorhodins and undecyl- 
prodigiosin, we also examined A-factor production 
of the S. lividuns transformant by the streptomycin- 
cosynthesis method. S. lividuns HH21 containing 
pIJ41-AP82 produced 8.0 ng of A-factor per colony, 
as estimated from the diameter of the growth inhibi- 
tion zone with a calibration curve 161, whereas S. 
lividans HH21 containing the vector pIJ41 produced 
no A-factor (Fig. 2C). 

3.3. Disruption of the chromosomal ptpA gene 

In order to examine the role of ptpA in secondary 

metabolism in S. coelicolor A3(2), we disrupted the 
chromosomal gene by use of Ml3-derived single- 

stranded DNA. Correct insertion into the ptpA locus 
was examined by Southern hybridization, as de- 

scribed in Section 2. This procedure yielded three 
ptpA disruptants. All three disruptants grew and 

sporulated normally on agar medium. Contrary to 

our expectation, these disruptants produced actino- 
rhodins, undecylprodigiosin, and A-factor at levels 

similar to those of the original Ml30 strain (data 
not shown). The ptpA disruptants produced visible 

pigments to the same extent as strain Ml30 on var- 

ious solid media containing different carbon sources, 

such as glucose and maltose, or different amounts of 

nitrogen sources, such as yeast extract, malt extract, 

and meat extract. 
No detectable change in phenotype of the ptpA- 

disruptants shows that this gene plays no obligate 

role in normal antibiotic biosynthesis in S. coelicolor 

A3(2). However, this does not rule out the possibility 

that ptpA exerts a subtle regulatory function in sec- 

ondary metabolism. We assume that effects in muta- 

tion in ptpA are quite subtle under the usual labora- 
tory cultural conditions. This is also true for ufsQ1 

encoding a protein similar to the response regulators 
of bacterial two-component regulatory systems; dis- 

ruption of ufsQl did not result in any detectable 

change in secondary metabolite formation [3]. 

S. lividans 

3.4. Multiple genes causing pigmentation in 

The above phenotypes caused by ptpA were the 

same as those caused by afsR and afsQ1. We assume 
that overexpression of PtpA results in stimulation of 
transcription of the biosynthetic gene cluster for 

these metabolites via one or more regulatory steps, 
because transcription of, at least, actinorhodin pro- 
duction genes is silent in S. lividans under the usual 
cultural conditions [23]. Introduction of ufsR into S. 
lividans stimulates transcription of the actinorhodin 
production genes, thus leading to production of ac- 
tinorhodins [23]. 

It is conceivable that both prokaryotic and eukar- 
yotic protein phosphorylation systems are involved 
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in signal transduction for the regulation of secondary 

metabolism. Consistent with this idea, in vitro phos- 

phorylation assays have suggested that a Strepto- 
myces strain contains multiple protein kinases sensi- 

tive to staurosporine and K-252a, known to be 
inhibitors of serine/threonine kinases [24]. In addi- 

tion, Waters et al. [25] showed the presence of pro- 
tein tyrosine phosphorylation in several Strepto- 
myces spp. Urabe and Ogawara [26] cloned two 
serinelthreonine kinase genes from S. coelicolor 
A3(2). PtpA encoding a phosphotyrosine phospha- 

tase is presumably a member of the signal transduc- 
tion network and modulates the activity of its target 

protein(s) with a phosphotyrosine residue(s) by de- 

phosphorylation. 
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