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Abstract A  Hanks-type protein kinase AfsK
autophosphorylates on  threonine residue(s) and
phosphorylates AfsR, a global regulator for secondary
metabolism in Streptomyces coelicolor A3(2). Mass
spectrometry of a tryptic digest of the autophosphorylated
form of AfsKAC corresponding to the kinase catalytic
domain (Met-1 to Arg-311) of AfsK, together with
subsequent site-directed mutagenesis of the candidate
amino acids, identified threonine-168 as a single
autophosphorylation site. Threonine-168 is located in the
activation loop that is known for some Ser/Thr kinases to
modulate kinase activity on phosphorylation of one or more
threonine residues within the loop. Consistent with this,
mutant T168D, in which Thr-168 was replaced by Asp,
became a constitutively active kinase; it phosphorylated
AfsR to the same extent as AfsKAC produced in and
purified from Escherichia coli cells during which a
considerable population of it had been already
phosphorylated intermolecularly. All these findings show
that autophosphorylation or intermolecular phosphorylation
of threonine-168 in AfsK accounts for the self-activation of
its kinase activity.

Keywords serine/threonine kinase, autophosphoryla-
tion, self-activation, antibiotic production, Streptomyces

A number of proteins in Streptomyces, including
Streptomyces coelicolor A3(2), are phosphorylated on
their serine/threonine and tyrosine residues in response
to developmental phases [1, 2]. Recent completion of
the genome projects of S. coelicolor A3(2) [3] and
S. avermitilis [4] has revealed the presence of about 40
proteins having a kinase catalytic domain similar to those
of the typical eukaryotic serine/threonine and tyrosine
kinases. All these observations clearly show that a given
Streptomyces strain possesses several protein kinases of
eukaryotic type, some of which regulate growth,
morphological development and secondary metabolism.
Of the protein serine/threonine kinases in Streptomyces,
AfsK that phosphorylates serine/threonine residues of AfsR
was first discovered, representing the first instance in the
bacterial world in which the ability of a bacterial Hanks-
type protein kinase to phosphorylate an exogenous protein
has been demonstrated [5]. The AfsK-AfsR system in
S. coelicolor A3(2) globally controls the biosynthesis
of secondary metabolites including actinorhodin,
undecylprodigiosin, methylenomycin, and a calcium-
dependent antibiotic [2].

Autophosphorylated amino acid residues of Hanks
kinases in prokaryotes, such as PrkC in Bacillus subtilis
[6], PknB in Mycobacterium tuberculosis [7~9], PknD,
PknE and PknF in M. tuberculosis [9], and PknH in M.
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tuberculosis [10], have been determined. All these kinases
autophosphorylate on two or more threonine residues in the
activation loop. The two phosphorylated threonines in
PknB are both important for activation of its kinase activity
[8, 9]. On the other hand, phosphorylation of one threonine
residue in the activation loop is important for mammalian
cAMP-dependent protein kinase A (PKA) [11, 12] and
AMP-activated protein kinase (AMPK) [13]. Because of
high similarity of AfsK in amino acid sequence and
accordingly in tertiary structure to these kinases, we
expected that AfsK would also autophosphorylate one or
more threonine residues in the activation loop. In the
present study, we determined the amino acid residue(s) that
AfsK phosphorylates intermolecularly. AfsK was found to
autophosphorylate on a single threonine residue at position
168 and to enhance its kinase activity toward AfsR as a
substrate. In addition, amino acid replacement of Thr-168
by aspartate yielded a constitutively active AfsK kinase, as
is found for PKA and AMPK.

Purification of AfsSKAC and AfsR in Active Forms

AfsK produced as fusion proteins with thioredoxin and
glutathione S-transferase in Escherichia coli formed
inactive, inclusion bodies, despite various
conditions, such as cultivation at low temperatures [14]. We
therefore established an efficient process for refolding
AfsK in a highly active form for determination of the
autophosphorylated residue(s). The AfsK protein we used
for the present study was AfsKAC (Met-1 to Arg-311
covering the kinase catalytic domain) fused to thioredoxin
(TRX), which had a structure of TRX-His tag-AfsK (Met-1
to Arg-311)-His tag containing two His-tags at its N- and
C-termini. The expression plasmid, pTRX-KAC-His, was
constructed by standard DNA manipulation. AfsKAC
showed the same kinase activity toward AfsK itself and
AfsR, as did AfsK of the full length [14]. In addition,
phosphorylation patterns on AfsK and AfsR were also the
same; the major phosphorylated residues of both substrates
were threonine, as determined by phosphoamino acid
analysis by cellulose thin-layer chromatography (TLC) [14,
15]. E. coli BL21 (DE3) pLysS harboring pTRX-KAC-His
was cultured and AfsKAC was collected from an insoluble
fraction, as previously described [14]. After solubilization
of AfsSKAC with 8 M urea, the sample was directly applied
to an FPLC column (Ni-nitrilotriacetic acid column;
Qiagen) equilibrated with a buffer containing 8 M urea and
refolded during a linear gradient of 6 to 0 M urea. AfsKAC
was then eluted by a linear gradient of 50~500 mM
imidazole. The gradual removal of urea by using a linear
gradient within the column in FPLC gave AfsKAC with a
much higher autophosphorylation activity than the step-
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wise removal of urea; only 1 ug AfsKAC yielded a
phosphorylated signal on autoradiogram, whereas more
than 5 ug of the AfsKAC protein, prepared through the
step-wise removal of urea, was required for detection of a
3?P-signal (data not shown). AfsR as a substrate of AfsK
was purified from a soluble fraction of E. coli harboring
pET16-afsR, as previously described [15]. Protein
concentrations were measured with a Bio-Rad dye-binding
protein assay kit using bovine serum albumin as the
standard.

Intermolecular Phosphorylation of AfsKAC

A considerable population of AfsK purified from E. coli is
autophosphorylated in E. coli cells and during purification
(see below). For autophosphorylation of the non-
phosphorylated population of AfsKAC, the standard
reaction mixture, containing 15pmol of the kinase in
10mM Tris-HCI (pH 7.2), 10 mM MnCl,, 10 mM MgCl,,
0.lmM ATP, 10uCi (370kBq) [y-*P]JATP, 1mM
dithiothreitol in a total volume of 20 ul, was incubated at
30°C for 15 minutes. The reaction was terminated by
boiling for 2 minutes after adding 4 ul of a dye solution.
Phosphoamino acid analysis by cellulose TLC revealed the
presence of phospho-threonine as an overwhelmingly large
population and phospho-serine as a faint population (data
not shown), as was found for full length AfsK [14, 16].

Mass Spectrometry

For preparation of phosphorylated AfsKAC, the stopped
reaction mixture was fractionated by SDS-polyacrylamide
gel electrophoresis. After the gel had been stained
with Coomassie brilliant blue, a band corresponding
to AfsKAC was excised, and gel pieces were destained
with 50% CH,CN in 50 mM NH,HCO,; solution. After
removal of the supernatant, cysteine residues were
reduced with dithiothreitol and carbamido-methylated
with iodoacetamide. The proteins were then digested
with trypsin at 37°C for overnight. The tryptic peptides
were recovered by sequentially adding 50% CH,CN/1%
trifluoroacetic acid (TFA), 20% HCOOH/25% CH,CN/15%
2-propanol, and 80% CH;CN solutions. The supernatants
were collected and pooled in one tube, and the volume was
reduced under vacuum. The dried tryptic peptides were
suspended in 2% CH;CN/0.1% TFA and applied to the
following LC-MS/MS system. Chromatographic separation
was accomplished on the MAGIC 2002 HPLC system
(Michrom BioResources, Inc., Auburn, CA). Peptide
samples were loaded onto a Cadenza C18 custom-packed
column (0.2X50 mm; Michrom BioResources, Inc.), in
which Cadenza CD-C18 resin (Imtakt Corporation, Kyoto)
was packed. Peptides were eluted using a linear gradient of
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Table 1 Tryptic peptides containing a single phosphate, as determined by LC-MS
Observed Molecular weight
m/z [MH; ] phosphorylated form Delta Sequence
(IMH3 *1x2-2.00) (non-phosphorylated form)
860.58 (1719.16) 1718.78 (1638.80) 0.38 68-AVSGFYTAAVVDADPR-83
1119.29 (2236.58) 2236.45 (2156.48) 0.13 117-WLAAGVAEALQSIHGAGLVHR-137
1095.54 (2189.08) 2189.42 (2109.44) -0.34 167-LTMTNVAVGTPAYMSPEQAK-186

167-L[pTIMTNVAVGTPAYMSPEQAK-186
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Fig. 1

Automatic nanoflow LC-MS/MS analysis of a phosphorylated peptide (positions from 167 to 186; m/z 1095.54).

The observed and calculated values of the N-terminal (b-ion series) and C-terminal (y-ion series) peptide fragment ions for b7 and y12
are highlighted, on the assumption that Thr-168 is phosphorylated. The MS/MS data show the presence of a phosphate group on Thr-168 or
Thr-170. Observed values in Da: b6 (740.7), b7 (811.3), b8 (911.5), b10 (1069.5), b11 (1166.2), b12 (1236.7), b15 (1618.3), b18 (1973.5); y5
(572.4), y6 (659.6), y7 (790.5), y8 (954.5), y10 (1122.5), y11 (1223.5), y12 (1280.5), y13 (1379.5), y14 (1450.6), y15 (1549.7), y16 (1663.7).

5~60% CH;CN in 0.1% HCOOH in 30 minutes with a
flow-rate of 1 ul/minute. Samples were ionized with
Nanoflow-LC ESI. The LCQ-Deca XP ion trap mass
spectrometer (Thermo Electron Corp., USA) was used to
obtain MS/MS spectrum data. Phosphorylation was
screened with the Mascot database-searching software
(Matrix Science, Inc., London).

The mass spectrometry identified tryptic peptides
covering 58% of AfsKAC. Of these peptides, three peptides
(precursor ions) were predicted to contain a single
phosphoamino acid (Table 1). For example, the Mr of the
first peptide in Table 1, predicted from the observed value
(Mr=observed [MH;"] (860.58)xX2—2=1719.16), is
almost the same (delta=0.38) as the value (1718.78)
calculated on the assumption that a single amino acid is
phosphorylated.

Analysis of each precursor ion by MS/MS revealed that
Ser-71 for the first peptide in Table 1, Ser-128 for the
second, and Thr-168 or Thr-170 for the third were
phosphorylated. Figure 1 is the MS/MS spectrum for the
third peptide (m/z 1095.54). For example, peptide ion b7
was observed at m/z 811.9, which is very close to the value
(m/z 811.3) calculated on the assumption that a single
amino acid, Thr-168 or Thr-170, is phosphorylated.
Consistent with this, peptide ion y12 was observed at m/z
1280.5, which is the value calculated on the assumption
that this peptide has no phosphates. Because of the failure
to detect b2, b3, y17 or y18, we could not determine which
of the two, Thr-168 or Thr-170, was phosphorylated.
As described later, site-directed mutagenesis of the
two Thr residues revealed that Thr-168 was actually
phosphorylated.
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Site-directed Mutagenesis of Ser-71, Ser-128, Thr-168
and Thr-170

Of the four amino acid residues, Thr-168 and Thr-170 were
presumed to be the functionally important phosphorylated
residues because these are located within the activation
loop and have been reported to be phosphorylated in PKA
[10], PknB [7~9] and several other Ser/Thr kinases. The
phosphorylation on Thr residue(s) in AfsK was also
consistent with the observation that Thr in AfsK was
overwhelmingly phosphorylated, when determined by
phosphoamino acid analysis [5, 14]. No phosphorylation on
Ser residues corresponding to position 71 or 128 of Hanks
kinases has so far been observed. In addition, these serine
residues are not conserved among serine/threonine kinases;
for example, the amino acids of PKA and PknB,
corresponding to Ser-71, are both GIn and those,
corresponding to Ser-128, are Tyr for PKA and Phe for
PknB.

We changed the four amino acids as candidates for
the functionally autophosphorylated residues of AfsK
to Ala by standard site-directed mutagenesis. Correct
replacement was checked by direct nucleotide sequencing.
These mutant AfsKAC proteins were similarly produced in
E. coli, refolded, and incubated with [y-*?P]ATP to see
the effect of the mutations on autophosphorylation.
Because a considerable population of the AfsKAC
sample purified from E. coli has been phosphorylated
intermolecularly, it phosphorylates non-phosphorylated
AfsK in the sample, giving a distinct *?P-labeled
signal on incubation with [y-*P]ATP [14] (see below).
As expected, mutant S128 A autophosphorylated to the
same extent as AfsKAC and phosphorylated AfsR
(data not shown). However, mutant S71A showed no
autophosphorylation (data not shown). We assume that the
failure of mutant S71A to autophosphorylate is due to an
unfavorable conformational change caused by the amino
acid replacement or to insufficient refolding. This idea was
supported by the observation that a single amino acid
replacement at Thr-168 almost completely abolished the
ability of AfsKAC to autophosphorylate (see below).

Thr-168 is conserved in all the Hanks kinases from
prokaryotes to eukaryotes, and Thr-170 is also conserved
in most of these kinases (Fig. 2A), which implies the
biological importance of these threonines, especially Thr-
168. Mutant T170A autophosphorylated and phosphorylated
AfsR, as did AfsKAC (Fig. 3A), which excluded the
possibility that Thr-170 was a phosphorylated residue. On
the other hand, AfsR-phosphorylating activity of mutant
T168A was greatly reduced. The slightly remaining
activity toward AfsR was presumed to be due to the basal
kinase activity of non-phosphorylated AfsKAC. A faint

A 168

\4
AfsK 155-DEGIASGVSNT--RLEMTNVAVGTPAYMSPE
PkaG 151-DEGIVRSVDAD--SLIEGSGHMAGSPGFMSPE
AfsL 161-DEGISLAADST--AHTATGTTIGTPQYMAPE
PknB 156-DEGIARAIADSGNSVEOBAAVIGTAQYLSPE
PknD 156-DEGIARAASDP--GLEOBGHAVGT YNYMAPE
PknE 157-DEGIASATTDE--KLEQOLGNEVGHL Y YMAPE
PknF 159-DEGIAGWVDDPS-GLEABNMTVGTVSYAAPE
PknH 157-DEGIASATTDE--KLWOLGTAVGTWKYMAPE
PrkC 152-DEGIATALSSH--MIWHENSVLGSVHYLSPE
Pknl 202-DEGIAKLADAHM-PQTHAGIIVGTPEYMAPE
Pkn4 154-DEGIARLMDIEE-RMTVTGTLVGSPAHMAPE

PKA 184-DEGFAKRVKGR--TWRLC———-GTPEYLAPE
activation loop

—
-

substrate

inactive active

Fig. 2 Alignment of the amino acid sequences forming
an activation loop of serine/threonine kinases (A) and
schematic illustration of self-activation of kinase activity on
phosphorylation of one or more threonine residues within
the loop (B).

A. AfsK, PkaG, and AfsL are from Streptomyces; Pkn kinases,
from Mycobacterium; PrkC, from Bacillus, Pkn1 and Pkn4, from
Myxococcus; and PKA, from Mus musculus. Highly conserved
amino acids are shaded. The blackened Thr residues are those
experimentally determined to be phosphorylated. B. An illustration
for activation of kinase activity on phosphorylation of Thr residue(s)
in the activation loop. The non-phosphorylated activation loop on
the bi-lobed kinase domain prevents the substrate from access to
the catalytic center, whereas the phosphorylation of the loop
perturbs the conformation so that the substrate makes an easy
access. Modified from Huse and Kuriyan [21].

phosphorylation of AfsKAC itself was perhaps due to
non-specific phosphorylation by the basal kinase activity.
Consistent with this idea, AfsKAC and mutant T170A
gave smeared protein bands on SDS-polyacrylamide
gel electrophoresis, whereas mutants at position 168,
such as T168A, T168D, or TI168E, gave a distinct
single band (Fig. 3C). The smeared bands of AfsKAC
and T170A represent a mixture of the proteins that
have been phosphorylated in E. coli cells and during
purification mainly at Thr-168 and slightly at non-
specific positions, as was observed previously [14]. We
thus concluded that Thr-168 was a residue that was
intermolecularly autophosphorylated. Self-activation of
AfsK by phosphorylation of a single Thr residue in the
activation loop is the same as for eukaryotic PKA [11, 12],
but a contrast with M. tuberculosis PknB [8] that self-
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Fig. 3 Autophosphorylation of AfsKAC and site-directed
mutant AfsKAC proteins and phosphorylation of AfsR by
these proteins (A and B) and SDS-polyacrylamide gel
electrophoresis of AfsKAC, AfsKAC mutants and AfsR (C).
A and B. For autophosphorylation of AfsKAC (wt) and its
mutants and phosphorylation of AfsR by these kinases, 30 pmol
of AfsR was added to the standard reaction for AfsKAC
autophosphorylation, described in the text, and the reaction
mixture was incubated at 30°C for the indicated minutes. C.
AfsKAC and mutant proteins were produced in E. coli, refolded,
purified, and subjected to SDS-polyacrylamide gel electrophoresis.
AfsKAC and mutant T170A give a smeared band. AfsR (993 amino
acid residues with a His-tag at its N-terminal end), used as a
substrate of AfsKAC, was also produced by E. coli and similarly
analyzed. The molecular size standards used are phosphorylase b
(97 kDa), bovine serum albumin (67 kDa), and ovalbumin (43 kDa).

activates by phosphorylation of two Thr residues (Fig. 2A).

Despite sequence identity less than 27%, prokaryotic
and eukaryotic serine/threonine kinases show close
conformational similarity [7, 11, 17]. The conformational
changes in activation of these kinases with a characteristic
two-lobed structure are linked to changes at regulatory sites
that include phospho-acceptors in the activation loop
(Fig. 2B). On phosphorylation of one or more Thr residues
in the activation loop, the conformation of the region
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for the ATP- and substrate-binding sites, including the
activation loop, is changed so that the substrate is allowed
to make an easy access. The phosphorylation of Thr-168 in
AfsK is supposed to cause a similar conformational
change, resulting in activation of the kinase activity.

Mutant T168D as a Constitutively Active Kinase

An amino acid replacement of phosphorylatable Thr and
Ser residues by a negatively charged amino acid, Glu or
Asp, can mimic the effect of the phosphate group in
some eukaryotic Ser/Thr kinases and therefore results in
generating constitutively active enzymes [13, 18], although
no such examples for prokaryotic Hanks kinases have
been shown. The functional importance of phosphorylation
at Thr-168 was confirmed by a constitutively active
kinase activity of mutant T168D (Fig. 3B). Mutant T168D
phosphorylated AfsR to almost the same extent as
AfsKAC, indicating that T168D was a constitutively active
enzyme. A distinct phosphorylation of AfsKAC itself
was presumed to be due to non-specific phosphorylation.
Mutant T168E was less active than mutant T168D but more
active than T168A. We thus assume that intermolecular
phosphorylation of Thr-168 accounts for the self-activation
of AfsKAC and that the remaining C-terminal portion of
AfsK, probably interacting with other proteins [19], causes
no effects on autophosphorylation even of full-length AfsK.

The AfsK-AfsR-AfsS System for Regulation of
Secondary Metabolism

The AfsK-AfsR signal transduction pathway so far
demonstrated or suggested is as follows. AfsK loosely
attached to the inner side of the membrane
autophosphorylates a single threonine residue at position
168, perhaps sensing some external or internal signal, and
enhances its own kinase activity. The kinase activity is
modulated by KbpA, an AfsK-binding protein, by means of
protein-protein interaction [14]. The activated AfsK
phosphorylates AfsR in the cytoplasm, by which the DNA-
binding activity of AfsR is greatly enhanced [15]. In
addition to AfsK, other kinases, including PkaG and AfsL
(Fig. 2A), also phosphorylate AfsR, suggesting that AfsR
serves as an integrator of multiple signals sensed by these
kinases [2, 16]. Because of high end-to-end similarity of
these kinases to AfsK, they are supposed to self-activate by
autophosphorylation at a single Thr residue corresponding
to Thr-168. The phosphorylated AfsR binds the promoter
of afsS, which encodes a protein of 63 amino acids, and
forms a closed complex with RNA polymerase [15]. The
closed complex is then converted to a transcriptionally
active open complex, perhaps by the energy available
from ATP hydrolysis by AfsR. AfsS induced in this way
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activates transcription of pathway-specific activators, such
as actll-ORF4 for actinorhodin production and redD
for undecylprodigiosin [15], in an as yet unknown
manner. The AfsK/AfsR system forming a possible
regulatory network with other AfsK-type kinases, which
is conserved widely among Streptomyces, is supposed
to play a regulatory role for secondary metabolism
and morphological differentiation. In fact, the AfsK/AfsR
system affects aerial mycelium formation in S. griseus
[20].
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