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The AbsA1 sensor kinase and its cognate response regulator AbsA2 are important regulators of antibiotic
synthesis in Streptomyces coelicolor. While certain point mutations in absA1 reduce or eliminate the synthesis
of several antibiotics, null mutations in these genes bring about enhanced antibiotic synthesis. We show here
that AbsA1, which is unusual in sequence and structure, is both an AbsA2 kinase and an AbsA2�P phospha-
tase. The half-life of AbsA2�P in solution is 68.6 min, consistent with a role in maintaining a relatively stable
state of transcriptional repression or activation. We find that mutations in the absA locus that enhance
antibiotic synthesis impair AbsA2 kinase activity and that mutations that repress antibiotic synthesis impair
AbsA2�P phosphatase activity. These results support a model in which the phosphorylation state of AbsA2 is
determined by the balance of the kinase and phosphatase activities of AbsA1 and where AbsA2�P represses
antibiotic biosynthetic genes either directly or indirectly.

The streptomycetes are filamentous, spore-forming bacteria
that produce a remarkable diversity of secondary metabolites.
These compounds are not essential for viability, but as many of
them possess antimicrobial activity they are presumed to con-
fer a significant survival advantage in nature. These com-
pounds have furthermore found numerous medical applica-
tions as antibiotics, chemotherapeutic agents, immune
suppressants, and other drugs (11). Most streptomycetes pro-
duce multiple secondary metabolites. The model organism
Streptomyces coelicolor, for example, produces the well-charac-
terized antibacterial compounds actinorhodin, undecylprodi-
giosin, a calcium-dependent antibiotic (CDA) that is related to
daptomycin (18), and methylenomycin (6). Actinorhodin and
undecylprodigiosin are blue and red pigments, respectively,
and can therefore serve as useful indicators for the onset of
secondary metabolism. Antibiotic biosynthesis is carried out by
groups of enzymes that are encoded by large gene clusters (5).
The expression of the genes expressing these compounds is
regulated in a complex manner that includes transcription fac-
tors specific to individual biosynthetic gene clusters (14, 29, 38)
and others that appear to be master regulators controlling
multiple gene clusters (6, 10, 12, 15, 19, 24).

The absA operon consists of the open reading frames
(ORFs) absA1 (encoding a sensor kinase) and absA2 (encod-
ing a response regulator). This locus was discovered through
mutations in absA1 that severely compromised the production
of the pigmented antibiotics (10). In contrast to the effect of
these original alleles, strains bearing deletion mutations in
either absA1 or absA2 produced enhanced levels of the anti-
biotics, suggesting that absA exerted negative control of the
antibiotic biosynthetic genes (2, 10). Genetic experiments sug-

gested that the phosphorylated form of AbsA2 carried out this
negative regulation. For example, a mutation that changed the
presumed site of AbsA1 autophosphorylation enhanced anti-
biotic synthesis, as did a mutation that changed the presumed
site of phosphorylation in AbsA2 (2). In contrast, other muta-
tions in absA1, including a leucine-to-arginine mutation at
position 253, were characterized that had a strong inhibitory
effect on antibiotic synthesis and these were interpreted as
favoring the accumulation of AbsA2�P (3). If correct, a mech-
anism where phosphorylation of AbsA2 serves to reduce or
shut off antibiotic synthesis would be unusual: in most two-
component systems, response regulator phosphorylation leads
to activation of target genes (8, 16, 17, 30, 39). Alternatively,
AbsA2�P could activate transcription of a negative regulator
of antibiotic synthesis.

The promoters bound by AbsA2 have not been identified.
Transcript analysis demonstrated that expression of the act and
red gene cluster-specific regulators actII-ORF4 and redD were
enhanced in the absA deletion mutants and diminished in some
of the absA1 inhibitory mutants—the structural genes in the
act and red clusters were similarly affected by the absA mutants
(1, 33). The expression of a putative CDA-specific regulatory
gene called cdaR, which is also embedded in the CDA cluster,
was not affected by absA mutations (33). During the sequenc-
ing of the S. coelicolor chromosome, it became apparent that
the absA locus was embedded within the CDA gene cluster,
suggesting that its primary role is to control production of this
metabolite (2); indeed, strong effects of various absA muta-
tions were observed at many CDA biosynthetic gene promot-
ers (33). For example, the activity of the promoter that controls
the production of the three peptide synthetases in the cluster
was more active in absA deletion mutants and reduced in
inhibitory absA mutants (33).

AbsA1 is an unusual sensor kinase. Typical sensor kinases have
two transmembrane domains, one close to the amino terminus
and one further into the protein, resulting in a topology that
positions one major loop of the protein outside the cell where it
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can serve as a sensory domain. This topology positions the kinase
domain and carboxy terminus inside the cell. In contrast, AbsA1
is predicted to have as many as five transmembrane domains, with
four clustered close together between residues 29 and 162 and a
fifth ending 82 amino acid residues from the C terminus (Fig.
1A). If AbsA1 has an extracellular sensory domain, it may there-
fore be at the carboxy terminus as the extracellular loops con-
necting the first and second pairs of transmembrane domains are
predicted to be 33 amino acid residues and only 4 residues or
smaller (34). Furthermore, AbsA1 appears to lack two of the
conserved sequence motifs typically found in the catalytic do-
mains of sensor kinases: while it has clear H, X, N, and G2 boxes,
it lacks the so-called G1 and F boxes (37). These sequence pecu-

liarities, the predicted topology, and the prediction that AbsA2
phosphorylation has a primarily negative influence on the tran-
scription of antibiotic biosynthetic gene clusters suggest that
AbsA1 may differ from other sensor kinases at the mechanistic
level.

We have tested several predictions concerning absA by recon-
stituting the function of AbsA1 and AbsA2 in vitro and correlat-
ing all the effects we observed in vivo. Our results are generally
consistent with the view that AbsA2�P is a negative regulator of
the synthesis of the four S. coelicolor antibiotics, including CDA,
although we found no evidence for direct interaction of this pro-
tein with any of three promoters in the CDA biosynthetic gene
cluster.

FIG. 1. Proteins used in this work. (A) Schematic representation of AbsA1 (top) and the cytoplasmic portion of AbsA1 (bottom). The black
boxes represent putative transmembrane domains. The site of autophosphorylation (H202), and a residue involved in phosphatase activity (L253)
are indicated. (B) A total of 2 �g of each purified protein was resolved by SDS–10% PAGE and stained with Coomassie brilliant blue. The
following abbreviations are used in the figures and figure legends: A1, AbsA1-cyt162-467; A1(H202A), AbsA-cyt162-467H202A; A1(L253A),
AbsA1-cyt162-467L253A; His-A2, His6-AbsA2; MBP-A2, MBP-AbsA2.

688 SHEELER ET AL. J. BACTERIOL.



MATERIALS AND METHODS

Bacterial strains and culture conditions. The strains used in this study are
listed in Table 1. Escherichia coli strain XL-1 Blue was used to propagate all
plasmids. Plasmids were demethylated in E. coli ET12567 and introduced into
Streptomyces by protoplast transformation. E. coli strains BL21(DE3) and
ER2058 were used for protein overexpression. E. coli strains were grown at 37°C
in Luria-Bertani medium. Antibiotic concentrations used for plasmid selection
were 100 �g of ampicillin/ml, 50 �g of kanamycin/ml, and 50 �g of apramycin/ml.
S. coelicolor strains were grown in liquid YEME and on solid R2YE (26).

Plasmids, primers, and sequencing. The plasmids used in this study are listed
in Table 2. Primers were purchased from either Sigma Aldrich or the Mobix
Laboratory at McMaster University. PCR was performed using VentR, DEEP
VentR, and Pfu DNA polymerases (New England Biolabs and Stratagene). DNA
sequencing was performed by the Mobix Laboratory.

Construction of absA1 complementation plasmids pAbsA1, pAbsA1(H202A),
and pAbsA1(L253A). The 1.846-kbp absA1 gene, including the promoter region,
was amplified by PCR with primers absA1-1 (5� GAATTCGTGGCTCCTTCC
AAAGTC 3�, with an EcoRI site at positions 1 to 6) and absA1-2 (5� TCTAG
AGCAGTACGCGAATCATCC 3�, with an XbaI site at positions 1 to 6). The
absA1 fragment was ligated to pSET152 to generate pAbsA1. Site-directed mu-
tagenesis was used to change histidine 202 and leucine 253 to alanine residues.
The H202A (5� CAC 3� 3 5� GCC 3�) site-directed mutation was created with
primers absA1H202A-1 (5� CAGGATCGCGCAGGATATCGCCGACTC
CCTG 3�) and absA1H202A-2 (5� GAGGGAGTCGGCGATATCCTGCGCG
ATCCTG 3�). The L253A (5� CTG 3�3 5� GCC 3�) site-directed mutation was
created using primers absA1L253A-1 (5�CTGCACGAGGTGATCGGGGCCC
TGCGGGAGGAC 3�) and absA1L253A-2 (5� GTCCTCCCGCAGGGC-
CCCGATCACCTCGTGCAG 3�). Bold letters indicate altered base pairs. The
template for the PCRs was pBluescriptAbsA1. Following the PCRs, DpnI was
added to digest the parental DNA template. The sample was transformed into
E. coli XL-1 Blue, and candidate DNA was isolated and sequenced.
pBluescriptAbsA1H202A and pBluescriptAbsA1L253A were digested with
EcoRI and XbaI and ligated to pSET152 to generate pAbsA1(H202A) and
pAbsA1(L253A), respectively. The constructs were introduced into S. coelicolor
strain C530 by protoplast transformation.

Construction of absA1-cyt486-1401 and absA2 overexpression vectors. The
915-bp absA1 cytoplasmic gene fragment was amplified by PCR with primers
absA1cyt-1 (5� CCCGCATATGCCCCACGTTGCCC 3�, with a NdeI site at
positions 5 to 10) and absA1cyt-2 (5� CTCGAGCCGCCGGGCGTCCCGC
CTGA 3�, with a XhoI site at positions 1 to 6) and ligated to pET21-a(�) to
generate pET21A1. The 669-bp absA2 gene was amplified with primers absA2-1
(5� CATATGATTCGCGTACTGCTCGC 3�, with an NdeI site at positions 1 to
6) and absA2-2 (5�AAGCTTCTAACGGTTGAGGTCGGCG 3�, with a HindIII
site at positions 1 to 6) to generate fragment absA2-1. absA2 was also amplified
with primers absA2-3 (5� GAATTCATGATTCGCGTACTGCTCGC 3�, with an
EcoRI site at positions 1 to 6) and absA2-2 to generate fragment absA2-2. The
absA2-1 and absA2-2 fragments were ligated to pET28-a(�) and pMAL-c2X to
generate pET28A2 and pMALA2, respectively.

Site-directed mutagenesis of absA1-cyt486-1401. pBluescriptAbsA1H202A was
used as the template in the PCR to change histidine 41 to alanine (5� CAC 3�3
5� GCC 3�). Primers absA1cyt-1 and absA1cyt-2 were used to generate the
absA1-cytH202A DNA fragment. This fragment was ligated to pET21-a(�) to
generate pET21HA. Site-directed mutagenesis was used to change leucine 253 to
an alanine residue (5� CTG 3� 3 5� GCC 3�). This mutation was created with
primers absA1L253A-1 and absA1L253A-2, with pPCRA1 (AbsA1 in pPCR-
Script AMP) as the template. pPCRA1L253A was digested with NdeI and XhoI
and ligated to pET21-a(�) to generate pET21LA.

Overexpression of AbsA1-cyt162-467, AbsA1-cyt162-467H202A, AbsA1-cyt162-467L253A,

and His6-AbsA2. Plasmids pET21A1, pET21HA, and pET21LA were transformed
into E. coli BL21(DE3). The purification procedure for all three of the proteins
was similar. Following induction with 1 mM isopropyl-�-D-thiogalactopyranoside
and growth for 3.5 h at 30°C, the two 1-liter cultures were harvested, washed with
0.85% saline, resuspended in lysis buffer A (50 mM phosphate buffer [pH 7.4],
0.5 M NaCl, and 10% glycerol plus 1� protease inhibitor cocktail [Roche]) and
passed twice through a French pressure cell. The lysed cells were centrifuged,
and the clarified lysate was applied to a 1-ml nickel sulfate column (Amersham
Pharmacia) and washed with wash buffer A (50 mM phosphate buffer [pH 7.4],
0.5 M NaCl, 50 mM imidazole, 10% glycerol). The bound protein was eluted with
elution buffer A (50 mM phosphate buffer [pH 7.4], 0.5 M NaCl, 0.8 M imidazole,
10% glycerol) with a gradient up to 100%. The eluted protein was dialyzed
overnight into SP Sepharose wash buffer B (50 mM phosphate buffer [pH 7.2], 50
mM NaCl, 0.1 mM dithiothreitol [DTT], 10% glycerol) and further purified with
either SP Sepharose resin (Amersham Biosciences) or a 1-ml prepacked SP
Sepharose column (Amersham Pharmacia). A gradient of elution buffer B (50
mM phosphate buffer [pH 7.0], 1.0 M NaCl, 0.1 mM DTT, 10% glycerol) was
used to elute the bound protein. The eluted protein was dialyzed into storage
buffer A (10 mM Tris-HCl [pH 8.0], 0.1 mM EDTA, 0.1 mM DTT, 0.1 M NaCl,
30% glycerol) and concentrated. The above conditions were also used to purify
His6-AbsA2 but with the following exceptions. The protein that eluted from the
nickel column was dialyzed into Q Sepharose wash buffer C, which consists of 20
mM Tris-HCl (pH 7.8), 50 mM NaCl, 0.1 mM DTT, 0.5% CHAPS {3-[(3-
cholamidopropyl)-dimethylammonio]-1-propanesulfonate}, and 10% glycerol,
and further purified with Q Sepharose resin (Amersham Biosciences). A gradient
of elution buffer C (20 mM Tris-HCl [pH 7.8], 2 M NaCl, 0.1 mM DTT, 0.5%
CHAPS, 10% glycerol) was used to elute the bound protein. The eluted protein
was dialyzed into storage buffer B (10 mM Tris-HCl [pH 8.0], 0.1 mM EDTA, 0.1
mM DTT, 0.3 M NaCl, 0.1% CHAPS, 30% glycerol) and concentrated. Protein
concentrations were determined with the Bio-Rad protein assay dye reagent with
bovine serum albumin as the standard. The protein was flash frozen in liquid
nitrogen and stored at �80°C.

Overexpression of maltose binding protein (MBP)-AbsA2 fusion. Plasmid
pMALA2 was transformed into E. coil ER2058. Two 1-liter cultures were in-
duced with 0.6 mM isopropyl-�-D-thiogalactopyranoside and grown for 22.5 h at
16°C. The cells were harvested by centrifugation, washed with 0.85% saline, and
resuspended in column buffer (20 mM Tris-HCl [pH 7.4], 200 mM NaCl, 1 mM
EDTA, 1 mM DTT, 10% glycerol) containing 1� protease inhibitor cocktail.
The sample was passed twice through a French pressure cell, and the clarified
lysate was applied to amylose resin (New England Biolabs). The bound protein
was eluted with column buffer plus 10 mM maltose. The protein was diluted to
one-quarter strength with 20 mM Tris-HCl (pH 7.8) and 10% glycerol to reduce
the NaCl concentration, applied to Q Sepharose resin, washed with wash buffer
D (20 mM Tris-HCl [pH 7.8], 50 mM NaCl, 0.1 mM DTT, 10% glycerol), and
eluted with a gradient of elution buffer D (20 mM Tris-HCl [pH 7.8], 2 M NaCl,
0.1 mM DTT, 10% glycerol). Glycerol was added to 15%, and the protein was
flash frozen in liquid nitrogen and stored at �80°C.

Alpha-chymotrypsin limited proteolysis. A total of 8 �g of AbsA1-cyt162-467

was incubated in 85 �l of storage buffer with 0.4 �g of alpha-chymotrypsin (Miles
Laboratories Pye, Ltd.) at room temperature for 2, 15, or 60 min. Proteolysis was
stopped by the addition of 3� sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) loading buffer. Samples were resolved by 13% SDS–
PAGE and visualized by Coomassie brilliant blue staining.

In vitro phosphorylation analysis. Twenty-microliter autokinase reactions
were carried out in kinase buffer (50 mM Tris-HCl [pH 8.0], 2 mM DTT, 50 mM
KCl, 10% glycerol, and 0.1 mM MgCl2) and included 0.9 �M AbsA1-cyt162-467,
60 �M ATP, and 0.022 �M (2 �Ci) [�-32P]ATP (4,500 Ci/mM, 10 mCi/ml; ICN).
The reaction mixtures were incubated at 30°C for 30 min, and the reaction was

TABLE 1. Bacterial strains used in this study

Strain Genotype Source or reference

E. coli
BL21(DE3) F� dcm ompT hsdS(rB

� mB
�) gal met 	(DE3) Novagen

ER2058 F� ara-14 leuB6 fhuA2 
(argF-lac)U169 lacY1 lon::miniTn10(Tetr) glnV44 galK2 rpsL20(Strr) New England Biolabs
ET12567 xyl-5 mtl-5 
(malB) zjc::Tn5(Kanr) 
(mcrC-mrr)HB101 dam dcm hsdS 28
XL-1 Blue recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac[F� proAB lacqZ
M15 Tn10(Tetr)] Stratagene

S. coelicolor
C530 J1501 hisA1 uraA1 strA1 pgl absA1 
530 2

VOL. 187, 2005 AbsA1 SENSOR KINASE 689



stopped by the addition of 3� SDS-PAGE loading buffer plus DTT. Samples
were resolved by SDS–10% PAGE, and the wet gels were exposed to X-Omat
Blue Kodak film. The phosphotransfer reaction mixture was identical to the
autokinase reaction mixture, except that 0.9 �M AbsA2 was present in the
former.

In vitro dephosphorylation analysis. MBP-AbsA2 (1.8 �M) was phosphory-
lated by 1.8 �M AbsA1-cyt162-467L253A at 30°C for 30 min in a 1-ml phospho-
transfer reaction mixture that included 11 nM ATP and 29 nM (132.5 �Ci)
[�-32P]ATP (4,500 Ci/mM, 10 mCi/ml; ICN). A total of 450 �l of amylose resin
resuspended in kinase buffer was added to the completed kinase reaction mixture
and incubated on ice for 10 min. The amylose resin was centrifuged for 1 min at
14,000 rpm, and the supernatant was decanted. The resin was washed three times
with 1.2 ml of kinase buffer and then resuspended in 400 �l of kinase buffer
containing 10 mM maltose. Following a 10-min incubation on ice, the sample was
pelleted and the supernatant was decanted. A total of 15 �l of the supernatant
containing phosphorylated MBP-AbsA2 was added to 1.15 �M AbsA1-cyt162-467.
The 24.3-�l reaction mixture was incubated at 30°C for 1, 4, 20, 60, or 300 min,
and the reaction was stopped by the addition of 3� SDS-PAGE loading buffer
plus DTT. The reactions were resolved by SDS–10% PAGE. Products were
visualized by autoradiography and quantified by a PhosphorImager with Image-
Quant software.

Cross-linking of AbsA1-cyt162-467 and AbsA2. Prior to cross-linking, the pro-
teins were exchanged into the cross-linking buffer (50 mM phosphate [pH 7.4],
0.3 M NaCl, 1 mM DTT, 1 mM EDTA, 20% glycerol). In a 20-�l reaction
mixture, 5 �M of AbsA1-cyt162-467, His6-AbsA2, or AbsA1-cyt162-467 and His6-
AbsA2 were incubated for 30 min at 30°C in the presence of 1,000 �M of
dimethyl suberimidate. The reactions were stopped by the addition of 1 �l of 1
M Tris-HCl (pH 8) and resolved by SDS–10% PAGE. Products were visualized
by silver staining.

RESULTS AND DISCUSSION

Effects of absA1 mutations in vivo. To test and confirm
previous genetic work on absA1, we introduced the absA1 ORF
and promoter region into the single-copy integrating vector
pSET152. Using site-directed mutagenesis, we constructed
mutant absA1 alleles in which the presumed site of autophos-
phorylation, H202, and the residue L253, shown previously to
be important for AbsA1 function, were changed to alanines.

We introduced pSET152, pAbsA1, pAbsA1(H202A), and
pAbsA1(L253A) into an in-frame absA1 deletion mutant con-

structed in the Champness laboratory to determine the effects
of the mutations on function in vivo. The absA1 null mutant
produced a greater overall amount of the pigmented antibiot-
ics than congenic wild-type strain J1501 (2). As expected, in-
troducing a wild-type allele reduced the level of the pigmented
antibiotics considerably, relative to level in the strain contain-
ing the pSET152 control vector (Fig. 2). To our surprise, the
strain containing the H202A allele of absA1 produced even
more of the pigmented antibiotics than the strain that lacked a
functional absA1 gene (Fig. 2). In contrast and consistent with
previous work with an L253R mutant of absA1 (3), the L253A
allele virtually eliminated production of the pigmented antibi-
otics. These data are generally consistent with the previously
reported genetics of the absA genes and provided us with a
basis for further biochemical experiments.

Phosphorylation of AbsA2 by AbsA1-cyt162-467. Genetic
analysis of the absA genes strongly supports a model in which
AbsA2�P inhibits antibiotic synthesis (2); however, the signals
and mechanisms that establish the level of phosphorylation of
the protein in the cell are not well understood. To begin to
address these questions, we reconstituted AbsA1 function in
vitro and tested a number of the predictions concerning the
most well-characterized absA1 mutants. We amplified an
absA1 DNA fragment encoding the predicted intracellular do-
main of the protein, which we referred to as the cyt fragment
(residues 162 to 467), and introduced it into pET21-a(�) to
produce the expression plasmid pET21A1. We generated a
mutant allele of absA1-cyt486-1401, changing the predicted site
of AbsA1 autophosphorylation (H202A) in pET21A1 to pro-
duce the plasmid pET21HA. To follow up on our in vivo
experiment with the absA1-L253A mutant, we also introduced
an L-to-A mutation at the corresponding position in
absA1-cyt486-1401 L253A to produce plasmid pET21LA. We
also amplified the absA2 ORF and introduced it into vectors
pET28-a(�) and pMAL-c2X to produce expression plasmids

TABLE 2. Plasmids used in this study

Plasmid Descriptiona Phenotypeb Reference or source

S. coelicolor
pSET152 lacZ� MCS reppUC oriT fC31 int attP aac(IV)3 Aprr 7
pAbsA1 absA1 in pSET152 Aprr This work
pAbsA1(H202A) absA1H202A in pSET152 Aprr This work
pAbsA1(L253A) absA1L253A in pSET152 Aprr This work

E. coli
pBluescript II SK(�) Phagemid cloning vector Ampr Stratagene
pPCR-Script Amp Phagemid cloning vector; variant of pBluescript II SK(�)

containing a Srfl site for insertion of blunt-end amplicons
Ampr Stratagene

pET21-a(�) Protein overexpression vector resulting in a C-terminal His6-tagged
protein; T7 promoter

Ampr Novagen

pET21A1 absA1 cytoplasmic fragment in pET21-a(�) Ampr This work
pET21HA absA1-cyt162–467H202A cytoplasmic fragment in pET21-a(�) Ampr This work
pET21LA absA1-cyt162–467 L253A fragment in pET21-a(�) Ampr This work
pET28-a(�) Protein overexpression vector resulting in a N-terminal His6-tagged

protein; T7 promoter
Kanr Novagen

pET28A2 AbsA2 in pET28-a(�) Kanr This work
pMAL-c2X Protein overexpression vector resulting in an N-terminal maltose

binding protein fusion; Tac promoter
Ampr New England Biolabs

pMALA2 AbsA2 in pMAL-c2X Ampr This work

a MCS, multiple cloning site.
b Antibiotic resistance markers are apramycin (Aprr), ampicillin (Ampr), and kanamycin (Kanr).
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pET28A2 and pMALA2, respectively. The first of these fused
absA2 to a His6 tag and the second fused it to a malE gene
encoding the E. coli maltose binding protein. We introduced
these expression vectors into E. coli expression strains and
found that all wild-type and variant proteins were expressed in
a soluble form and could be readily purified (Fig. 1B). We are
not able to explain the slight reduction in mobility of AbsA1-
cyt162-467L253A; however, all gene fragments used in this work
have been sequenced end to end, so we are certain that the
amino acid sequence is correct.

To compare the activities of AbsA1-cyt162-467, AbsA1-
cyt162-467H202A and AbsA1-cyt162-467L253A in vitro, we
needed to demonstrate that the mutations had not caused
substantial protein misfolding. We therefore carried out the
limited proteolysis experiment in which we incubated 0.4 �g of
alpha-chymotrypsin with 8 �g of each protein for 2, 15, and 60
min and assessed the extent of proteolysis by SDS-PAGE. As
shown in Fig. 3, all three proteins were extremely resistant to
proteolysis and exhibited virtually identical cleavage patterns
consistent with one principal region of cleavage. We concluded
from this that the three proteins had folded in a similar and
probably correct manner.

We then tested purified AbsA1-cyt162-467 for autophosphor-
ylation activity and for phosphotransfer to AbsA2. We incu-
bated 0.9 �M AbsA1-cyt162-467 with [�-32P]ATP, ran the reac-
tion products on SDS-PAGE, and located radiolabeled bands
by autoradiography. As shown in Fig. 4, our purified AbsA1-

cyt162-467 was able to autophosphorylate under these condi-
tions (lane 2). To determine whether AbsA1-cyt162-467�P
could transfer phosphate to AbsA2, we incubated AbsA2 with
AbsA1-cyt162-467 and [�32P]ATP. AbsA2 was not labeled when
incubated with ATP on its own but was labeled when AbsA1-
cyt162-467 was present (lanes 1 and 3). The intensity of the
AbsA1-cyt162-467 band was greatly reduced in the presence of
AbsA2, consistent with direct phosphate transfer from AbsA1-
cyt162-467 to AbsA2. We confirmed the specificity of this phos-
phorylation by incubating AbsA1-cyt162-467 with the unrelated
response regulator RamR, showing that AbsA1-cyt162-467 did
not phosphorylate this protein to any measurable extent (data
not shown). As another test for the specificity of these reac-
tions, we determined the acid-base sensitivity of AbsA1-
cyt162-467�P and AbsA2�P. As expected, the phosphate in
AbsA2�P was hydrolyzed during incubation at low or high pH,
consistent with phosphorylation of an aspartate residue while
the phosphate in AbsA1-cyt162-467�P was only hydrolyzed at
low pH, consistent with phosphorylation of a histidine residue
(36).

Sequence alignments predicted that the histidine residue at
position 202 in the full-length protein was the likely site of
AbsA1 autophosphorylation, and genetic experiments have
suggested that mutations altering this residue compromised
the function of the absA genes in vivo. We therefore carried
out an autophosphorylation reaction with purified AbsA1-
cyt162-467 bearing an alanine residue at position 202 and found

FIG. 2. Effect of AbsA1 (pAbsA1), AbsA1H202A [pAbsA1(H202A)], and AbsA1L253A [pAbsA1(L253A)] on production of actinorhodin and
undecylprodigiosin in the absA1 null C530.

FIG. 3. Limited proteolysis of A1, A1(H202A), and A1(L253A). Proteins were incubated with alpha-chymotrypsin for the indicated time in
minutes, resolved by SDS–13% PAGE, and stained with Coomassie brilliant blue.
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that this protein did not show any autophosphorylation activity
under conditions in which the wild-type protein was active (Fig.
4, lane 4). To determine whether this histidine residue was
required for phosphorylation of AbsA2 by AbsA1-cyt162-467,
we carried out phosphotransfer reactions with the H202A vari-
ant with purified AbsA2. We found that the H202A mutation
abolished phosphorylation of AbsA2 by AbsA1-cyt162-467 (lane
5). In sum, our results are consistent with H202 in AbsA1
serving as the site of autophosphorylation and confirm that this
residue is necessary for normal phosphotransfer to AbsA2.

An absA1 allele that changed residue 253 from a leucine to
an arginine caused greatly reduced antibiotic synthesis in vivo;
this was interpreted as evidence for enhanced phosphorylation
of AbsA2 in the presence of this allele (3). We found that
changing the residue from a leucine to an alanine caused a
similar change in antibiotic synthesis in vivo (Fig. 2) and pur-
sued the L253A protein biochemically. If the reduction in
antibiotic synthesis was due to enhanced AbsA2�P levels in
the cell, this could have been brought about either by more
active AbsA1-cyt162-467 kinase activity or by compromised
AbsA2�P dephosphorylation activity. To determine whether
either of these was the case, we purified the L253A variant of
the AbsA1-cyt162-467 fragment and characterized its activity in

vitro. When incubated with [�-32P]ATP, the L253A variant
(Fig. 4, lane 6, and Table 3) exhibited autophosphorylation
that was similar to that of the wild-type protein (3.9% phos-
phorylated protein after electrophoresis versus 3.3% for the
wild-type variant). This suggests that the L253 residue has little
or no role to play in the autophosphorylation reaction of
AbsA1. The L253A variant was also capable of carrying out
phosphotransfer to AbsA2 and, consistent with the allele caus-
ing enhanced levels of AbsA2�P in vivo, the extent of phos-

FIG. 4. Autophosphorylation and phosphotransfer activity of A1, A1(H202A), and A1(L253A). A total of 0.9 �g of each protein was incubated
with [�-32P]ATP for 30 min at 30°C. The reaction products were resolved by SDS–10% PAGE and visualized by autoradiography.

TABLE 3. The extent of phosphorylation of purified AbsA1-cyt162-467
and AbsA2a

Lane % AbsA1-cyt162-467 % AbsA2

1 NA 0
2 3.3 NA
3 0.85 0.95
4 0 NA
5 0 0
6 3.9 NA
7 3.3 5.9

a The data shown in Fig. 4 were the basis for this quantification. The duration
of each reaction was 30 min.
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phorylation of the AbsA2 protein was approximately sixfold
greater than that of the wild type (Fig. 4, lane 7, and Table 3).

We quantified the degree of phosphorylation of each protein
in the reactions shown in Fig. 4 (Table 3 and Materials and
Methods). By the time SDS-PAGE and autoradiography were
completed, 3.3% of AbsA1-cyt162-467 and 3.9% of AbsA1-
cyt162-467L253A were phosphorylated, suggesting that the ki-
nase activities of the two proteins were quite similar. When
phosphotransfer to AbsA2 was possible, reactions containing
wild-type AbsA1-cyt162-467 yielded a total of 0.85% phosphor-
ylated AbsA1-cyt162-467 and 0.95% phosphorylated AbsA2.
The reaction mixture containing the AbsA1-cyt162-467L253A
protein yielded a greater degree of phosphorylation of both
proteins: 3.3% phosphorylated AbsA1-cyt162-467-L253A and
5.9% phosphorylated AbsA2. We carried out a number of
experiments of this type in an effort to enhance the total yield
of AbsA2�P; however, we were never able to exceed this level.
Note that these measurements were made several hours after
the reaction had occurred. The initial phosphorylation state
prior to electrophoresis must have been substantially higher.

Dephosphorylation of AbsA2�P by AbsA1-cyt162-467. To un-
derstand how absA controls antibiotic synthesis, it was neces-
sary to determine whether AbsA1-cyt162-467 has an AbsA2�P
phosphatase activity and, if so, whether H202A or L253A al-
tered this activity. In addition, we also needed to determine
whether AbsA2 possessed autophosphatase activity. In some
two-component systems, the sensor kinase acts as a phospha-
tase and dephosphorylates the response regulator whereas in
others, removal of the phosphoryl group is either solely or
partially dependent upon the autophosphatase activity of the
response regulator (37). To address these questions, we
needed to first establish an AbsA2�P dephosphorylation as-
say; for this, we therefore took advantage of our purified MBP-
AbsA2 fusion protein. We first confirmed that this protein
could be phosphorylated by AbsA1-cyt162-467 and AbsA1-
cyt162-467L253A. As shown in Fig. 4B, the proteins exhibited
virtually identical capacities to phosphorylate the MBP fusion
to AbsA2 as they did to the protein bearing the much smaller
His6 fusion, demonstrating that the MBP moiety did not sig-
nificantly alter the structure of AbsA2 in the fusion. Further-
more, none of the AbsA1-cyt162-467 proteins were able to phos-
phorylate an unrelated MBP fusion protein (data not shown),
so we were confident that this was a specific reaction.

To establish the dephosphorylation assay, we used AbsA1-
cyt162-467L253A to phosphorylate MBP-AbsA2 because it
yielded the most highly phosphorylated product. The phos-
phorylated AbsA2 fusion was then separated from AbsA1-
cyt162-467L253A by incubating the completed kinase reaction
mixture with amylose resin. The MBP-AbsA2 fusion protein
bound the resin efficiently as in the initial purification, whereas
AbsA-cyt162-467L253A did not. The resin was then washed, and
AbsA2�P was eluted with kinase buffer containing 10 mM
maltose. We confirmed that there was no detectable AbsA1-
cyt162-467L253A in the eluate by running the protein from a
nonradioactive trial experiment by SDS-PAGE and staining it
with Coomassie brilliant blue.

Once it was established that AbsA2�P could be efficiently
separated from AbsA1-cyt162-467L253A, we labeled MBP-
AbsA2 with [�-32P]ATP by AbsA1-cyt162-467L253A, purified
the AbsA2 fusion as above, and incubated it on its own or in

the presence of 1.15 �M AbsA1-cyt162-467, AbsA1-cyt162-467

H202A, and AbsA1-cyt162-467L253A. As shown in Fig. 5A, the
AbsA2 protein dephosphorylated spontaneously in solution
with a half-life (t1/2) of 68.6 min. Acyl phosphates typically have
half-lives of �5.0 h at pH 7 and 37°C (31), and many response
regulators have an autophosphatase activity that greatly re-
duces the stability of the phosphorylated form of the protein.
CheY�P, for example, which regulates the direction of rota-
tion of the E. coli flagellum, has a t1/2 of 20 s, consistent with
the need for rapid changes in the direction of swimming during
bacterial chemotaxis (27). In contrast, OmpR, which controls
porin gene expression and must maintain stable patterns of
gene expression unless there are changes in environmental
osmolarity, has a t1/2 of 1 to 2 h (23). The half-life of AbsA2�P
was less than that of phosphoaspartate, suggesting that the
protein has a modest autophosphatase activity, but the relative
stability of the phosphorylated form of the protein is also
consistent with the presumed role of the protein: maintaining
an expression pattern for antibiotic biosynthetic genes until
environmental or developmental conditions necessitate a
change.

When we incubated AbsA2�P with 1.15 �M AbsA1-cyt162-467,
we observed rapid dephosphorylation of the response regula-
tor: under these conditions, the t1/2 of AbsA2�P was reduced
to 4.28 min. The H202A variant of AbsA1-cyt162-467 dephos-
phorylated AbsA2�P even more rapidly, conferring a t1/2 of
1.25 min. As with all of the experiments in this work, we
repeated this observation at least three times and found the
effects of the H202 mutation on phosphatase activity to be
highly reproducible. This difference cannot simply be due to a
change in the balance between opposing phosphorylation and
phosphatase reactions, because ATP was not added to these
reactions. This could therefore suggest that a subtle structural
shift brought about by the H202A mutation not only disal-
lowed autophosphorylation and phosphotransfer to AbsA2 but
also enhanced the phosphatase activity of AbsA1-cyt162-467. In
contrast, altering the site of autophosphorylation usually re-
duces the phosphatase activity of the kinase, as is the case of
EnvZ (21), or has no affect on this activity, as is the case for
NtrB (25).

The L253A mutant caused a clear and reproducible defect in
the AbsA1-cyt162-467 phosphatase activity compared to wild-
type and AbsA1-cyt162-467-H202A phosphatase activity. The
t1/2 of AbsA2�P in the presence of this variant was 17.46 min
or about four times slower than that of the wild-type protein.
It was clear, however, that the protein retained residual activ-
ity; this may explain our inability to generate more than 6%
phosphorylated AbsA2 in the reactions shown above (Table 3).
In vivo, this change must shift the level of AbsA2�P to favor
the inhibition of antibiotic synthesis, since the kinase reaction
of the protein is normal. We do not imagine that L253 plays a
catalytic role in dephosphorylation of AbsA2�P; it is difficult
to imagine how a leucine side chain could do such a thing.
Instead, we imagine that AbsA1 may shift its conformation
when switching between the two activities and that the L253A
mutation may inhibit the shift to the dephosphorylation con-
formation. This would have to be a rather subtle rearrange-
ment, as there was no obvious difference between the sensitiv-
ities of AbsA1-cyt162-467 and the two AbsA1-cyt162-467 variants
to proteases (Fig. 3). Interestingly, L253 is located in the pu-
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tative X region of AbsA1, a sequence motif that has been the
target of mutations that reduced phosphatase activity in other
sensor kinases such as EnvZ (20) and NtrB (4).

absA1-cyt486-1401 mutations have no effect on the stability of
AbsA1-cyt162-467-AbsA2 complexes. The fact that the H202A
variant of AbsA1-cyt162-467 possesses a functional AbsA2�P
phosphatase activity could explain the effect of the H202A
allele on pigment production in an absA1 null strain provided
that there is an AbsA1-independent mechanism for phosphor-
ylating AbsA2 in vivo. Alternatively, perhaps AbsA2 possesses
a reduced affinity for its target promoters such that it is still
able to exert some effect on transcription even in the unphos-
phorylated form. In this scenario, the effect of the H202A

allele might be to bind up AbsA2 in stable complexes that are
normally separated as a result of phosphorylation. To test this,
we carried out a chemical cross-linking experiment to explore
the interactions of AbsA1-cyt162-467 and AbsA2 (Fig. 6).

We first found that both AbsA1cyt162-467 and AbsA2 form
cross-linked species in the absence of other proteins (Fig. 6,
lanes 1 and 2), suggesting that both form dimers or other
higher-order complexes. This is the norm for most sensor ki-
nases and response regulators (13, 32). The H202A mutation
had no effect on the capacity of AbsA1-cyt162-467 to form a
complex with itself (lane 3). When cross-linking was carried
out in the presence of both proteins, we observed AbsA1-
cyt162-467-AbsA2 species in addition to the two homodimeric

FIG. 5. Phosphatase activity of A1, A1(H202A), and A1(L253A). (A) Phosphorylated MBP-A2 was incubated alone or in the presence of A1,
A1(H202A), or A1(L253A) for the times indicated (in minutes). Reaction products were resolved by SDS–10% PAGE and visualized by
autoradiography. (B) The dephosphorylation of MBP-A2 in the absence and presence of A1 is represented graphically.
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species (lanes 4 and 5). The formation of these three com-
plexes was not affected by the inclusion of ATP in the reactions
(data not shown), suggesting that phosphorylation does not
have a major effect on the oligomeric state of either protein.
These data suggest that the effect of the H202A allele on
pigment production in the absA1 null mutant (Fig. 2) cannot
be explained simply by AbsA2 sequestration by AbsA1. We
suggest therefore that the effect may be due to the presence of
an alternative AbsA2 phosphorylating activity in S. coelicolor
and that the H202A variant of AbsA1 accordingly lowers the
level of AbsA2�P in cells, thereby increasing pigment produc-
tion over and above that of the absA1 deletion. Many response
regulators can be phosphorylated by acetyl phosphate or other
low-molecular-weight phosphodonors in vitro; for some this
may occur in vivo as well (9, 22, 35). The enhanced pigment
production by the absA1 null mutant containing the absA1-
H202A allele may therefore be due to the dephosphorylation
of AbsA2�P that had been modified by acetyl phosphate or
some other molecule.

In sum therefore, these experiments demonstrated that
AbsA1 possesses both kinase and phosphatase activities that
are specific for AbsA2. The concordance between the effects of
the H202 and L253 mutations in vivo are supportive of the
hypothesis for absA function in which phosphorylation of
AbsA2 represses transcription of antibiotic biosynthetic genes

(Fig. 7). We assume that some kind of extracellular or perhaps
intracellular signaling molecule controls the kinase and phos-
phatase activities of AbsA1 in vivo; however, the nature of this
mechanism is unknown at present.

Finally, transcript analysis carried out in the Champness
laboratory suggested a number of possible genes that might be
targets of AbsA2. The promoters upstream of absA1 and the
CDA peptide synthetase genes, for example, appeared to be
up- and down-regulated, respectively, by AbsA2�P (33). The
gene encoding a putative cluster-specific regulator or SARP,
cdaR, appeared to be expressed independently of absA. We
amplified DNA fragments containing these three promoters,
labeled them with [�-32P]dATP, and attempted mobility shifts
with purified AbsA2. Surprisingly, we did not observe any
direct interactions between any of these DNA fragments using
either the His6-AbsA2 or the MBP-AbsA2 fusion proteins.
Phosphorylating AbsA2 did not change this outcome. This
result could be due to the fact that we could not phosphorylate
all of the AbsA2 in vitro or due to spontaneous dephosphor-
ylation of AbsA2 during electrophoresis. If so, the interactions
would have to be entirely dependent on the phosphorylation
state of AbsA2. It is also possible that absA, although located
in the CDA biosynthetic gene cluster, acts on antibiotic syn-
thesis indirectly or that AbsA2 binds DNA cooperatively with
another protein—an obvious candidate being CdaR. We are
currently testing these hypotheses.
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FIG. 6. Cross-linking of A1, His-A2, and A1 plus His-A2. AbsA2
(5 �M) alone (lane 1), AbsA1-cyt162-467 alone (lane 2), AbsA1-
cyt162-467H202A alone (lane 3), AbsA1-cyt162-467 plus AbsA2 (lane 4),
or AbsA1-cyt162-467H202A plus AbsA2 (lane 5) were incubated in the
presence of dimethyl suberimidate for 30 min at room temperature,
resolved by SDS–10% PAGE, and visualized by silver staining.

FIG. 7. AbsA1 responds to unknown cellular or environmental
cues by phosphorylating AbsA2. AbsA2�P then inhibits antibiotic
synthesis by interacting with the promoters of currently unknown
genes.
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