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Abstract—The dynamics of serine/threonine protein kinase activity during the growth of the wild-type Strep-
tomyces avermitilis strain 964 and its chloramphenicol-resistant (Cml") pleiotropic mutant with an enhanced
production of avermectins was studied by measuring the transfer of radiolabeled phosphate from [y->?P]ATP to
the serine and threonine residues of proteins in cell-free extracts. In both of the strains studied, radiolabeled
phosphate was found to incorporate into polypeptides with molecular masses of 32, 35, 41, 68, 75, 79, 83, and
137 kDa; however, the degree and the dynamics of phosphorylation of particular peptides were different in these
strains. The differences revealed could not be accounted for by the interference of ATPases or phosphoprotein
phosphatases. The data obtained may be interpreted as evidence that Cml™ mutation activates the protein kinase
signalling system of S. avermitilis cells in the early stationary growth phase and thus enhances the production
of avermectins and leads to some other physiological changes in the mutant strain.
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Actinomycetes of the genus Streptomyces are gram-
positive soil filamentous bacteria with a relatively com-
plex morphological differentiation characterized by the
formation of the spore-bearing substrate and aerial
mycelia [1]. The most profound metabolic alteration
associated with the morphological differentiation of
streptomycetes is an enhanced biosynthesis of second-
ary metabolites, including antibiotics [1]. An important
role in the regulation of morphological differentiation
and synthesis of secondary metabolites in Streptomyces
is played by various signal-transducing systems, such
as the phosphorylation of proteins by protein kinases
[2], tyrosine and serine/threonine protein kinases in
particular [3]. Urabe and Ogawara have succeeded in
the cloning, sequencing, and expression of two protein
kinase-encoding genes from S. coelicolor A3(2) [4].
There is evidence that Ser/Thr protein kinases are also
present in other Streptomyces strains [5-8], including
S. avermitilis [9, 10]. At the same time, little is known
about the relationship between the genes, their muta-
tions, and the respective changes in the phosphoryla-
tion of particular proteins, as well as about the physio-
logical and morphological changes in Streptomyces
cells associated with the phosphorylation of the serine
and threonine residues of proteins. In view of this, it
would be of interest to perform a comparative investi-
gation of protein kinases in mutant actinomycetes with
alterations in morphological differentiation and the reg-
ulation of the biosynthesis of antibiotics.

Earlier, we reported the detection of Ser/Thr protein
kinase activity in cell-free extracts of S. avermitilis 964
and its Cml" mutant with an enhanced production of the
macrolide antibiotic avermectin and characterized the
multiple endogenous target proteins of this kinase
phosphorylated at their Ser and Thr residues [10].

In the present work, we performed a detailed com-
parative analysis of the intensity of phosphorylation of
these target proteins by endogenous Ser/Thr protein
kinase in cell-free extracts of S. avermitilis 964 and its
Cml" mutant in the course of their growth from the early
exponential to the stationary phase.

MATERIALS AND METHODS

Strains. The two strains used in this work, S. aver-
mitilis 964 (ATCC 31272) and its Cml" mutant 12, were
obtained from the All-Russia Collection of Industrial
Microorganisms (VKIM) of the State Scientific
Research Institute of Genetics and Selection of Indus-
trial Microorganisms. Mutant 12, derived from the
wild-type strain 964, was resistant to 20 pg/ml
chloramphenicol and produced avermectin in amounts
of up to 2 mg/ml, as compared with 25 pg/ml produced
by the wild-type strain {10, 11].

Cultivation conditions. Strains were maintained at
4-6°C on a solid medium containing (%) Difco malt
extract, 1; Difco yeast extract, 0.4; CaCl,, 0.1; and agar, 2.
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Material for inoculation was prepared as follows. The
suspension of spores that was washed off of agar
medium with distilled water was placed in 750-ml
flasks with 50 ml of a medium containing (%) glucose,
2; soybean meal, 1.5; yeast extract, 0.5; and NaCl, 0.3
(pH 7). The culture for inoculation was grown on a
shaker (240 rpm) at 28°C for 42-44 h and introduced,
in an amount of 2.5 ml, into 750-ml flasks with 50 mi
of a medium containing (%) glucose, 4; yeast extract,
0.8; and NaCl, 0.3 (pH 7). Cultures were grown on a
shaker (240 rpm) at 28°C with regular sampling for the
preparation of cell-free extracts as described below.

Preparation of cell-free extracts. Culture samples
were filtered, and residue cells were washed with 1.5%
Tris buffer (pH 7.3) containing 1% NaCl and then
thrice with 50 ml of standard buffer of the following
composition: 10 mM triethanolamine, 10 mM KCl, 125
mM NaCl, 5 mM MgCl,, 6 mM 2-mercaptoethanol, 1
mM EDTA, 1 mM phenylmethylsulfonyl fluoride
(PMSF), and 10% glycerol (pH 7.8). The biomass was
frozen in acetone cooled by dry ice and ground with
two weight portions of alumina powder in a porcelain
mortar to a pastelike consistency. The paste was sus-
pended in an equal volume of standard buffer supple-
mented with DNase and RNase at a concentration of
20-25 pg/ml each, and alumina powder was removed
by low-speed centrifugation. The supernatant was
cleared by centrifugation at 15000 g for 30 min in a
Spinco L5/50 centrifuge (Beckman, the United States)
and immediately used for the protein kinase assay.

Ser/Thr protein kinase activity was assayed at
28°C in standard buffer supplemented with 0.1 M NaF,
0.15 M PB-glycerophosphate, 1 pg/ml leupeptin and
pepstatin, and 0.25 mM [y-*?P]ATP (5000 cpm/pmol).
The reaction mixture volume was 50—100 pl. The reac-
tion was started by adding 15 pg of cell-free extract
proteins and allowed to proceed for 15 min. Then the
reaction was stopped by adding 17-33 pl of 4-fold-
strength electrophoresis buffer [12], and the mixture
was heated at 95°C for 10-15 min. After cooling, the
mixture was dialyzed against single-strength electro-
phoresis buffer and subjected to electrophoresis.

Electrophoresis was carried out in 10% polyacryla-
mide gel slabs in the presence of sodium dodecyl sul-
fate {12] by applying 20-30 ug of proteins into sample
wells. Rabbit muscle myosin (205 kDa), Escherichia
coli B-galactosidase (116 kDa), phosphorylase b
(97.4 kDa), bovine serum albumin (66 kDa), ovalbu-
min (45 kDa), rabbit muscle glyceraldehyde-3-phos-
phate dehydrogenase (36 kDa), bovine erythrocyte car-
bonic anhydrase (29 kDa), and bovinre milk
o~—lactalbumin (14 kDa) were used as molecular weight
markers. Protein bands were visualized by placing
developed gel slabs in a solution of Coomassie R-250
in 50% trichloroacetic acid for 30 min and then destain-
ing them in 7% acetic acid. After drying, gel slabs were
autographed by exposing them with Kodak X-OMAT
AR film (Germany) for 5 days. The radioactivity of the
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excised gel pieces with protein bands was determined
by the Cherenkov method.

Analytical procedures. The concentration of pro-
teins was determined by the Shaffner—Weissmann
method [13]. The ATPase activity of extracts was
assayed as described previously [14]. The dry weight of
the biomass was determined by weighing the mycelium
dried to a constant weight at 105°C on filter paper. The
glucose concentration was measured by the Bertrand
method. The concentration of avermectin was deter-
mined by the densitometry of thin-layer chromato-
grams [15].

Reagents. ATP was purchased from Merck (Ger-
many), pronase was from Calbiochem (the United
States), PMSF, EDTA, RNase, and sodium dodecyl sul-
fate from Serva (Germany), mercaptoethanol and Coo-
massie Brilliant Blue R-250 from Loba-Chemie (Aus-
tria), DNase from Worthington (the United States), Tris
and B-glycerophosphate from Fluka (Germany), leu-
peptin and pepstatin from Sigma (the United States),
and [y->’P]ATP was obtained from Obninsk (Russia).

RESULTS AND DISCUSSION

S. avermitilis produces eight macrolide compounds,
known as avermectins and possessing antihelmintic
and insecticide activities [16]. The mutant strain
S. avermitilis 12 was derived from the parent strain
ATCC 31272 (VKIM 964) through a one-step selection
of chloramphenicol resistance mutation [11}. Cml’
mutation led to a 40-fold increase in avermectin pro-
duction and a decrease in the level of the morphological
variability of strain 12. As shown in [17], five minor
morphotypes of colonies of strain 964 amounted from
6 to 31% of the total number of colonies of this strain
grown on agar media, whereas such morphotypes
amounted to less than 10% in the case of the mutant
strain 12 [17]. Therefore, Cml* mutation has a pleiotro-
pic character and causes global changes in cell differ-
entiation and the regulation of secondary metabolism,
avermectin production in particular. It is likely that
chloramphenicol resistance mutation triggers some
mechanisms in the global regulation system of S. aver-
mitilis.

The functional role of the antibiotic resistance genes
of Streptomyces is yet unknown [11]. To gain some
insight into this problem, we investigated biochemical
mechanisms that may be responsible for the enhanced
production of avermectins and the reduced morpholog-
ical variability of the CmlI" mutant of S. avermitilis. In
the previous work [10], we revealed protein kinase
activity in cell-free extracts of S. avermitilis strains and
optimized a scheme for the in vitro assay of Ser/Thr
protein kinases. In the present work, this scheme was
applied to comparatively study proteins phosphory-
lated by endogenous protein kinase(s) in cell-free
extracts of the wild-type and mutant strains of S. aver-
mitilis. The design of the experiment was as follows:
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cell-free extract proteins were incubated in the assay
mixture for protein Kinases and then analyzed by elec-
trophoresis and autoradiography, as well as by measur-
ing the radioactivity of excised gel pieces with sepa-
rated protein bands.

The results of the electrophoretic analysis of pro-
teins in cell-free extracts of wild-type and mutant cells
grown for 12 to 64 h are shown in Fig. 1. It can be seen
that some polypeptides (up to eight in number) were
phosphorylated by endogenous protein kinases in the
course of incubation of cell-free extracts in the assay
mixture. The molecular masses of phosphorylated
polypeptides were estimated to be 137, 83, 79, 75, 68,
41, 35, and 32 kDa. The degree of phosphorylation of
the 79-kDa polypeptide was ten times higher and that
of the 35- and 32-kDa polypeptides and four times
higher than of other polypeptides. In some samples
with a high level of phosphorylation, two minor phos-
phorylated polypeptides with molecular masses of 90
and 62 kDa were detected. The intensity of phosphory-
lation as a whole and that of particular proteins varied
as the strains grew.

In strain 964, the total intensity of phosphorylation
was maximum by the 14th to 15th h of growth, then
decreased to comprise 1/15 of the maximum value by
the 27th h of growth, and virtually did not change in the
next 37 hours. At the same time, the degree of phospho-
rylation of 41-, 35-, and 32-kDa polypeptides was max-
imum after 12-13 h of growth. By the 14th to 15th h,
the degree of phosphorylation of the 41-kDa polypep-
tide decreased by an order of magnitude, and that of
35- and 32-kDa polypeptides decreased threefold. By
the 18th h, the degree of phosphorylation of the 41-kDa
polypeptide fell to zero, and that of 35- and 32-kDa
polypeptides exhibited a further fourfold decrease.
Within 24-27 h of growth, the degree of phosphoryla-
tion of the latter polypeptides increased two- to three-
fold, whereas that of the other polypeptides continued
to diminish.

In the mutant strain 12, the degree of phosphoryla-
tion of all polypeptides was maximum by the 13th to
14th h of growth. By the 21st to 24th h, the degree of
phosphorylation of all polypeptides decreased by about
30 times, except 35- and 32-kDa polypeptides, whose
degree of phosphorylation comprised 20% of the max-
imum value by the 15th to 18th h of growth. The second
maximum of phosphorylation of all polypeptides was
observed by the 41st h of growth. The degrees of phos-
phorylation of 32-, 35-, 41-, 68-, and 137-kDa polypep-
tides in the first and second maxima were close or
equal, whereas those of 75-, 79-, and 83-kDa polypep-
tides in the second maximum were 50~70% less than in
the first maximum.

It should be emphasized that the range and the rela-
tive intensity of protein bands visualized by staining
with Coomassie R-250 were almost the same in all of
the cell-free extracts studied (Fig. 2).
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Fig. 1. Autoradiograms of the in vitro phosphorylated pro-
teins of (a) wild-type strain 964 and (b) mutant strain 12 of
S. avermitilis. Cultivation times in hours are indicated below
the respective tracks. Samples were applied in amounts of
5 ug protein per well. Arrows show the position of molecu-
lar weight markers. X-ray film was exposed to developed
gels for 5 days.

Thus, the inference may be drawn that both wild-
type and mutant cells of S. avermitilis contain Ser/Thr
protein kinases phosphorylating at least eight endoge-
nous proteins. Variations in the degree of their phos-
phorylation could be explained by growth-dependent
changes in the activity of protein kinases or by the
interfering effects of phosphoprotein phosphatases and
ATPases possibly present in the cell-free extracts.
Although the protein kinase assay mixture used in our
experiments contained nonspecific inhibitors of phos-
phatases, we thought it reasonable to additionally
check the possibility of the interfering action of phos-
phatases. For this purpose, cell-free extracts of 15-h-
old cells of both strains incubated in the protein kinase
assay mixture were supplemented with a 100-fold
excess of unlabeled ATP and equal amounts of cell-free
extracts of 15-, 21-, and 30-h-old cells. The mixtures
were incubated at 28°C for the next 20 min and ana-
lyzed by electrophoresis. As is evident from Fig. 3,
none of the extracts tested exhibited noticeable phos-
phoprotein phosphatase activity. The ATPase activity of
cell-free extracts of 18-, 24-, and 30-h-old cells was,
respectively, 1.25, 0.82, and 0.71 pmol ATP/(min mg
protein) (strain 964) and 1.05, 0.9, and 0.77 pmol
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Fig. 2. Electrophoretograms of the in vitro phosphorylated

proteins of (a) strain 964 and (b) strain 12 of S. avermitilis

stained with Coomassie Brilliant Blue R-250. Cultivation

times in hours are indicated below the respective tracks.

Samples were applied in amounts of 5 pg protein per well.

Arrows show the position of molecular weight markers.
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Fig. 3. Autoradiograms of the proteins of 15-h-old cells of
(a) strain 964 and (b) strain_12 incubated in the protein
kinase assay mixture with [y-2P]ATP and then with 2.5 mM
of unlabeled ATP and equal amounts of cell-free extracts of
(1) 15-h, (2) 21-h, and (3) 30-h cultures. Samples were
applied in amounts of 10 pg protein per well. Arrows show
the position of molecular weight markers. X-ray film was
exposed to developed gels for 5 days.

ATP/(min mg protein) (strain 12). This implies that the
ATPase activity of cell-free extracts could not essen-
tially affect the results of the measurement of the ATP :
protein phosphotransferase reaction in the assay mix-
ture containing only 2.5 x 10* pmole of ATP and no
more than 15 pg of proteins. It should also be noted that
these control measurements were carried out with cell-
free extracts in which changes in the intensity of pro-
tein phosphorylation were especially drastic. There-
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fore, we can conclude that the changes observed in the
activity of endogenous protein kinases are not due to
the interfering effect of ATPases or phosphoprotein
phosphatases.

The data presented suggest that Cml" mutation acti-
vates the protein kinase signal-transducing system of
S. avermitilis in the early stationary growth phase. This
may be due to changes in the activity of enzymes
responsible for the reversible phosphorylation of pro-
teins or in the biosynthesis of target proteins.

Taking into account evidence available in the litera-
ture that the physiological parameters of growth may
affect the antibiotic-producing activity of S. avermitilis
strains [18], we performed analogous experiments with
strains 964 and 12 (Fig. 4). As seen from this figure, the
growth rate of strain 12 in the exponential phase was
higher than that of strain 964. In both strains, the bio-
synthesis of avermectin began in the stationary phase.
In the mutant strain 12, however, it began earlier and
proceeded at a higher rate.

The comparison of the electrophoretograms of
phosphorylated proteins (Fig. 1) and the growth kinet-
ics of the strains (Fig. 4) shows that there is a correla-
tion between the intensity of protein phosphorylation,
the growth rate, and the intensity of avermectin produc-
tion. Indeed, the maximum drop in the intensity of pro-
tein phosphorylation was observed in the late exponen-
tial phase, after 21 h of growth of strain 12 and after
27-30 h of growth of strain 964; this corresponded to a
higher growth rate of strain 12 and its earlier transition
to the stationary growth phase. Furthermore, the second
maximum in the intensity of protein phosphorylation in
strain 12, observed in the 41st h of growth, corre-
sponded to the beginning of the intense synthesis of
avermectin in this strain (since the 48th h of growth).
Taking into account the fact that the phosphorylated
protein patterns of cell-free extracts of 41-h-old cells of
strain 12 and of early-exponential-phase cells of strains
12 and 964 are very similar, the inference can be drawn
that the same proteins are involved in the regulation of
the growth and synthesis of secondary metabolites in
these strains.

Earlier, the dynamics of growth and the intensity of
protein phosphorylation were studied in S. lividans [5],
S. coelicolor [6], S. lincolnensis [7), S. granaticolor
[8], and S. avermitilis [9]. In most of these species, the
phosphorylation of proteins with molecular masses of
98-100, 41-45, and 33-35 kDa was observed in the
early exponential phase (20-24 h of growth), which is
considered the key phase determining the subsequent
synthesis of secondary metabolites [19]. It is believed
that information about environmental conditions
gained by actinomycetes at this growth phase is trans-
duced via a network of signalling systems and triggers
various biosynthetic pathways [11]. The most impor-
tant of these systems is probably protein phosphoryla-
tion by specific protein kinases [3]. Taken together, the
experimental data presented in this and in the afore-
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mentioned works indicate that the phosphorylation of
proteins with molecular masses of 98—100, 41-45, and
33-35 kDa is typical of actinomycetes of the genus
Streptomyces and may play a significant role in their
life cycle.

Let us consider in more detail the experimental
results obtained by Licha er al. [9], who performed a
comparative investigation of the phosphorylation of
proteins in cell-free extracts of the wild-type S. aver-
mitilis strain and its avermectin-superproducing mutant
RX2. The authors showed the incorporation of radiola-
beled phosphate into nine proteins, some of which had
molecular masses close to those determined by us
(33-35, 67, 78-79, and 98-100 kDa). In the mutant
strain RX2, the 35-kDa protein exhibited two phospho-
rylation maxima, one of which corresponded to the
exponential growth phase (12 h of growth) and the
other of which corresponded to the early stationary
phase (48 h of growth). Between these phases (in the
24th h of growth), there was a drastic drop in the inten-
sity of phosphorylation of this protein (such a drop was
absent in the wild-type strain). These data, which are
similar to those presented here, indicate that the second
rise in the intensity of protein phosphorylation in the
avermectin-superproducing mutant strains has a univer-
sal character.

Cml mutation, whose frequency is about 3 x 106,
makes S. avermitilis strain 12 resistant to 20 pg/ml
chloramphenicol. This mutation is pleiotropic; i.e., it
decreases the morphological variability of the mutant
strain and augments the production of avermectin by
about 40 times. As was suggested earlier [11], Cml*
mutation may be localized in the regulatory gene
responsible for the expression of silent genes in actino-
mycetes and for their physiological (regulatory) insta-
bility. The differences in the degree of protein phospho-
rylation in the wild-type and mutant cells from late
growth phases, which exhibit different levels of sec-
ondary metabolism, avermectin biosynthesis in partic-
ular, are unequivocal evidence that Cml™ mutation is
pleiotropic and that it can affect the protein kinase reg-
ulatory system.

It is known that actinomycetes possess multiple
resistance to antibiotics produced by other microorgan-
isms [20] and that antibiotic-resistance determinants
can be silent [11]. The nucleotide sequence of the kan-
amycin-resistance silent gene aph VIII of S. rimosus
turned out to be highly homologous to the four eukary-
otic Ser/Thr protein kinase genes [21]. Based on these
results, we may suggest that Cml" mutation in S. aver-
mitilis activates the protein kinase signalling system,
which is involved in the recognition and adaptation of
actinomycetes to antagonistic microorganisms. The
presence in the medium of an antibiotic produced by an
antagonistic microorganism may activate the signalling
system involved in the survival and maintenance of the
actinomycete population under stress conditions.
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Fig. 4. Cultivation parameters of S. avermitilis 964 (dashed
line) and S. avermitilis 12 (solid line): (/) biomass, g dry wt./l;
(2) glucose concentration in the medium, %; (3) avermectin
concentration in the medium, mg/l; and (4) pH.

Thus, the antibiotic-resistance genes of actino-
mycetes, the Cml" gene of S. avermitilis in particular,
may function as signalling systems informing about the
presence in the neighborhood of other, competing or
antagonistic, microorganisms. On the other hand, they
may be involved in cell differentiation and the modula-
tion of secondary metabolism.
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