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Abstract  AfsKav is a eukaryotic-type serine/threonine protein
kinase, required for sporulation and avermectin production
in Streptomyces avermitilis. In terms of their ability to
complement SIW4001 (AafsK-av), afsK-av mutants T165A
and T168A were not functional, whereas mutants T165D and
T168D retained their ability, indicating that Thr-165 and Thr-
168 are the phosphorylation sites required for the role of
AfsKav. Expression of the S-adenosylmethione synthetase gene
promoted avermectin production in the wild-type S. avermitilis,
yet not in the mutant harboring T168D or T165D, demonstrating
that tandem phosphorylation on Thr-165 and Thr-168 in AfsKav
is the mechanism modulating avermectin production in response
to S-adenosylmethione accumulation in S. avermitilis.
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Protein kinases provide an efficient means of reversibly
modulating the biochemical properties of proteins, thereby
regulating various cellular events and rendering the cell
adaptable to metabolic or environmental changes. Eukaryotic-
type serine/threonine (Hanks’ type) protein kinases (STPKs)
have recently emerged as the bacterial components involved
in the regulation of differentiation processes [8, 14, 16, 24],
and mycobacterial STPKs have attracted attention as the
primary subject of special bacterial STPK studies focused
on identifying new targets for an antituberculosis drug. The
sequence analysis of the Mycobacterium tuberculosis genome
reveals eleven STPKs [5], yet the predicted number of
STPKs in the genome of Streptomyces, a renowned producer
of antibiotic metabolites, outnumbers that in Mycobacterium
tuberculosis, with forty-four and thirty-two STPKs predicted
in S. coelicolor [1] and S. avermitilis [15], respectively.
This abundance of STPKs in Streptomyces may reflect
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the diversity of environments that this organism can cope
with. As early as 1994, AfsK was identified in S. coelicolor
due to its ability to phosphorylate AfsR, a transcriptional
regulatory protein for actinorhodin biosynthesis [13]. The
AfsK/AfsR system controls actinorhodin biosynthesis in S.
coelicolor without any apparent contribution to morphological
differentiation, whereas an ortholog system is involved in
the control of morphological differentiation in S. griseus
[19,20]. In S. avermitilis, the avermectin producer, the
afsK ortholog (afsK-av) displays a global regulatory role
and controls sporulation, melanogenesis, and avermectin
production {17]. Accordingly, the present study performed
site-directed mutagenesis and in vivo characterization
studies to identify the phosphorylation sites that are critical
for the in vivo function of AfsKav.

The (auto)phosphorylation residues have already been
characterized in vitro in various bacterial STPK studies:
PknB in M. tuberculosis 3, 22], PknB, PknD, PknE, and
PknF in M. tuberculosis [ 7], PrkC in Bacillus subtilis [12],
and AfsK in S. coelicolor [18]. Moreover, all these STPKs
have been found to be autophosphorylated by one or more
threonine residues in the activation loop. In terms of
phosphorylating a myelin-basic protein, a surrogate substrate,
two threonine residues (Thr-171 and Thr-173) are critical
for the kinase activity of PknB |7], whereas four threonine
residues (Thr-162, Thr-163, Thr-165, and Thr-167) contribute
to the activity of PrkC [12]. In the case of AfsK in §.
coelicolor, Thr-168 has been defined as the only critical
autophosphorylation site for phosphorylating AfsR, the
specific target of AfsK [18]. The multiple alignment of
AfsKav with AfsK, PknB, and PrkC revealed a candidacy
of four residues (Ser-163, Thr-165, Thr-168, and Thr-170)
for phosphorylation sites, and they are the subjects of the
present study (Fig. 1; Thr-168 in AfsKav aligns with Thr-
168, Thr-165, and Thr-171 in AfsK, PrkC, and PknB,
respectively).

It has been previously demonstrated that a plasmid copy
of afsK-av (pJWS4004) readily complements the phenotypic
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Fig. 1. Alignment of activation loop regions in certain bacterial
STPKs [18]. The conserved residues are shaded, and the residues
selected for mutation are marked above.

The alignment was petformed using MultAlign software [6]: AfsKc, AfsK
(SC04423) from S. coelicolor; AfsKav, AfsK ortholog from S. avermitilis
(SAV3816); AfsKg (GenBank locus P54742), AfsK ortholog from S.
griseus; PknB (Rv0014c) from M. tuberculosis, PrkC (BSU15770) from B.
subtilis.

defects resulting from the loss of afsK-av in STW4001 (afsK-
av::neo) [17]. Therefore, the four potential phosphorylation
residues in AfsKav (Ser-163, Thr-165, Thr-168, and Thr-
170) were separately switched to Ala using a standard site-
directed mutagenesis procedure, and the resulting afsK-av
fragments subcloned into pWHMS3, a Streptomyces-E. coli
shuttle plasmid [21]. The oligonucleotide primers used
for the site-directed mutagenesis are listed in Table 1. The
authenticity of all the PCR products was confirmed by
nucleotide sequencing. The insert of pJWS4004, the full-
length afsK-av starting 303-nt upstream from the translational
start codon, was used as the template for the site-directed
mutagenesis. The resulting pJWS4004 derivatives were
introduced into SJW4001 and tested for their ability to
revert the phenotypic defects of STW4001. As shown in
Fig. 2A, whereas mutants S163A and T170A restored the
ability to sporulate in STW4001 (afsK-av::neo), mutants

Table 1. Oligonucleotide primers used in this study.

Fig. 2. Complementation of STW4001 (afsK-av::neo) with wild-
type copy or mutated copies of qfsK-av. S. avermitilis and its
derivative strains were grown in R2YE agar media with 50 ug/
ml of thiostrepton for 5 days at 28°C.

A. (a) Wild-type strain/pWHM3, (b) STW4001/pWHM3, (c) STW4001/
PIWS4004 (S163A), (d) STW4001/pIWS4004 (T165A), () STW4001/
PIWS4004 (T168A), and (f) STW4001/pJWS4004 (T170A). B. (a) Wild-
type strai/pWHMS3, (b) STW4001/pJWS4004 (T165D), (c) STW4001/
pIWS4004 (T168D), (d) STW4001/pJWS4004 (T165D/T168A), and (e)
SIW4001/pJWS4004 (T165A/T168D).

T165A and T168A failed to do so. Avermectin production
was also restored by mutants S163A and T170A, yet not
by mutants T165A and T168A (data not shown). The
production of avermectin was evaluated by an HPLC analysis
of the organic extract of an R2YE agar culture, as previously
documented [17]. It should also be noted that this Ala
replacement mutagenesis was also performed with the
AfsKav catalytic domain (300 residues) region in pJWS4008,
which was previously validated for its ability to complement
STW4001 [17]. Mutants T165A and T168A also abolished
the ability of the AfsKav catalytic domain to complement

Oligonucleotides

Sequences”

S163A, sense

S163A, antisense
T165A, sense

T165A, antisense
T168A, sense

T168A, antisense
T170A, sense

T170A, antisense
T165D, 1%, sense®
T165D,1*, antisense®
T165D, 2", sense®
T165D, 2", antisense®
T168D, sense

T168D, antisense
T165A (T168D) sense
T165A (T168D) antisense

5'-GGCGTTIGCGAACACGCGTCTGACC-3'
5'-CGTGTTCGIC AACGCCCGACGCGAT-3'
5-TCGAACIGCGCGTCTGACCATGACG-3'
5'-CAGACGCGIC GTTCGAAACGCCCGA-3'
5-CGTCTG[GCC ATGACGAACGTCGCC-3'
5'-CGTCATGGOCAGACGCGTGITCGA-3'
5'-ACCATGIGCGAACGTCGCCGTCGGC-3'
5-GACGTT CGQ CATGGTCAGACGCGT-3'
5-TCGAACIGAIG CGTCTGACCATGACG-3'
5'-CAGACG GTTCGAAACGCCCGA-3'
5-TCGAACGACCGTCTGACCATGACG-3'
5'-CAGACG[QITC GTTCGAAACGCCCGA-3'
5'-CGTCTGIGAICATGACGAACGTCGCC-3'
5'-CGTCATGTJCAGACGCGTGTTCGA-3'
5-TCGAACIGCGCGTCTGGACATGACG-3'
5'-CAGACGCGQGTTCGAAACGCCCGA-3'

*T165D mutation was achieved by two rounds of site-directed mutagenesis.

°Cognate triplet codons are underlined and mutated nucleotide positions are boxed.



SIW4001 in sporulation and avemectin production, whereas
mutants S163A and T170A retained this complementing
ability (data not shown).

Therefore, these results indicate that Ser-163 and Thr-
170 have no relevant contribution to the function of
AfsKav, implying that Thr-165 and Thr-168 are the critical
phosphorylation residues for the role of AfsKav. Thus,
for further confirmation that Thr-165 and Thr-168 are
phosphorylation sites, both residues were switched to Asp,
which mimics the phosphorylated residue structure, and it was
found that mutants T165D and T168D restored the ability
to sporulate in SJTW4001 (Fig. 2B), thereby substantiating
that these two Thr residues are the phosphorylation sites
determining AfsKav activity. Tomono et al. [18] recently
identified Thr-168 as the sole autophosphorylation residue
in the AfsK catalytic domain (AfSKAC), as AfSKAC obtained
from E. coli expression displayed phosphorylation towards
Ser-71, Ser-128, Thr-168, and Thr-170, among which
Thr-168 was identified as the autophosphorylation site
contributing to the kinase activity [18]. It has also been
asserted that AfSKAC (T168D) is a constitutively active
kinase. The amino acid sequence of AfsK (S. coelicolor
origin) is nearly identical to that of AfsKav in the N-
terminal catalytic domain (five residue differences in the
300 N-terminal residues), allowing the assumption that
Thr-165 may be a transient phophorylation site, thereby
escaping detection as phosphorylated in vitro. It has
also been assumed that T165A is inactive, as transient
phosphorylation on Thr-165 is required for phosphorylation
on Thr-168. If this is the case, mutant T165A/T168D
should be active, whereas T165D/T168A is not. To test this
hypothesis, double replacement mutants of TI65A/T168D
and T165D/T168A were prepared from mutant copies
of T168D and T165D, respectively. However, in the
complementation test, both mutants failed to restore the
sporulating ability, indicating that a tandem phosphorylation
modification was required to induce AfsKav activity to
support the sporulation of S. avermitilis (Fig. 2B). Moreover,
there was no avermectin production in SITW4001 with
T165A/T168D or T165D/T168A. Therefore, it would seem
that the phosphorylation residue profiles were not comparable
between AfsK and AfsKav, despite the high homology in
their catalytic domain sequences.

The role of STPKs in signal transduction is mediated by
signal perception, which induces {auto)phosphorylation, and
delivery of the perceived message based on phosphorylating
other proteins. Thus, when replacing Thr with Asp, the
phosphor-amino acid mimic, mutants T165D and T168D
(including a double replacement mutant of T165D/T168D)
would be supposed to be inactive in the perception process,
while still active in phosphorylating a target protein, such
as the AfsR ortholog in S. avermitilis. It was proposed that
the signal perception itself remained intact in mutants T165D
and T168D, yet the signal perception was incapable of
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Fig. 3. Avermectin production by SJW4001 (afsK-av::neo)
strains complemented with mutated copies of afsK-av in
pIWS4004 and the S-adenosylmethione synthetase gene metK in
pSET152.

S. avermitilis and its derivative strains were grown in R2YE agar media
with 50 ug/ml of thiostrepton for 5 days at 28°C, and the agar extracted
with ethylacetate and methanol for an HPLC analysis. The avermectin
yield is presented as the avermectin (ng)/wet cell weight (g). (a) Wild-type
strain/pWHM3, (b) Wild-type strain/pWHM3/metK, (c) SIW4001/
pJWS4004, (d) SIW4001/pJWS4004/metK, (¢) SIW4001/pITWS4004
(T165D), () STW4001/pJWS4004 (T165D) metK, (g) STW4001/pJWS4004
(T168D), (h) STW4001/pTWS4004 (T168D)/metK, (i) STW4001/pJWS4004
(T165D/T168D), and (j) STW4001/pJWS4004 (T165D/T168D)/metK.

conferring a competent phosphorylation modification in
these mutants, as one of the critical residues was already
fixed phosphorylated. This hypothesis was tested by
employing S-adenosylmethionine (SAM) synthetase (MetK)
as a stimulator for avermectin production. SAM has already
been documented as a positive effecter for secondary
metabolisms in S. coelicolor [4, 11, 25] and the expression
of metK has induced SAM accumulation and activated
a secondary metabolism in S. lividans [10]. Moreover, the
introduction of multicopy mezK to S. avermitilis has been
demonstrated to enhance avermectin production by two- to
four-fold compared with the vector-alone control [23]. In
the present study, a metK expression plasmid was prepared
by cloning S. spectabilis metK [10] in pSET152, a site-
specific integrating plasmid [2] under the control of the
280-bp ermE promoter [9]. The introduction of the metK
gene enhanced the avermectin yield by no less than two-
fold in the wild-type strain and SJW4001/pJWS4004
(afsK-av), yet not in mutant T165D, T168D, or T165D/
T168D (Fig. 3), thereby supporting the hypothesis that
the expression of merK results in S-adenosylmethionine
accumulation, which then induces a signal to activate the
(auto)phosphorylation of AfsKav on Thr-165 and/or Thr-
168 to promote avermectin biosynthesis.

In conclusion, this irn vivo characterization study of
AfsKav successfully identified the phosphorylation residues
essential to its regulatory role. Two Thr residues in the
activation loop were confirmed to be essential to the role
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of AfsKav in vivo, thus expanding current knowledge on
Streptomyces STPKs.
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