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ABSTRACT In all organisms, chromosome replication is regulated mainly at the ini-
tiation step. Most of the knowledge about the mechanisms that regulate replication
initiation in bacteria has come from studies on rod-shaped bacteria, such as Esche-
richia coli and Bacillus subtilis. Streptomyces is a bacterial genus that is characterized
by distinctive features and a complex life cycle that shares some properties with the
developmental cycle of filamentous fungi. The unusual lifestyle of streptomycetes
suggests that these bacteria use various mechanisms to control key cellular pro-
cesses. Here, we provide the first insights into the phosphorylation of the bacterial
replication initiator protein, DnaA, from Streptomyces coelicolor. We suggest that
phosphorylation of DnaA triggers a conformational change that increases its ATPase
activity and decreases its affinity for the replication origin, thereby blocking the for-
mation of a functional orisome. We suggest that the phosphorylation of DnaA is cat-
alyzed by Ser/Thr kinase AfsK, which was shown to regulate the polar growth of S.
coelicolor. Together, our results reveal that phosphorylation of the DnaA initiator
protein functions as a negative regulatory mechanism to control the initiation of
chromosome replication in a manner that presumably depends on the cellular local-
ization of the protein.

IMPORTANCE This work provides insights into the phosphorylation of the DnaA ini-
tiator protein in Streptomyces coelicolor and suggests a novel bacterial regulatory
mechanism for initiation of chromosome replication. Although phosphorylation of
DnaA has been reported earlier, its biological role was unknown. This work shows
that upon phosphorylation, the cooperative binding of the replication origin by
DnaA may be disturbed. We found that AfsK kinase is responsible for phosphoryla-
tion of DnaA. Upon upregulation of AfsK, chromosome replication occurred further
from the hyphal tip. Orthologs of AfsK are exclusively found in mycelial actinomyce-
tes that are related to Streptomyces and exhibit a complex life cycle. We propose
that the AfsK-mediated regulatory pathway serves as a nonessential, energy-saving
mechanism in S. coelicolor.
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Streptomyces spp. are Gram-positive, mycelium-forming, soil bacteria. In addition to
their highly developed secondary metabolism and opportunities for industrial

exploitation, these bacteria are relevant to basic research given their unique and
complex life cycle, which shares some developmental features with the eukaryotic
filamentous fungi (1). One of the most remarkable features of Streptomyces is the
unidirectional cell extension at the hyphal tips. During the development of Streptomy-
ces colonies, vegetative hyphae, which contain long multinucleoid compartments,
undergo morphological differentiation. Upon nutrient depletion, the aerial hyphae
grow away from vegetative mycelium and are subsequently converted into chains of
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spores. In addition to this unique life cycle, Streptomyces spp. also exhibit distinctive
features in their chromosomes, which are large (ca. 8 to 10 Mbp), linear, and GC-rich (up to
80%) molecules with a centrally localized origin of chromosomal replication (oriC) and
terminal repeats at both ends (2). In both vegetative and aerial hyphae, chromosome
replication initiates asynchronously (not every chromosome localized within a single cel-
lular compartment undergoes replication) and finishes before the segregation of chromo-
somes into spores (3, 4).

Chromosome replication is a key event in the bacterial cell cycle that is mainly
controlled at the initiation step. It begins at a strictly defined chromosomal locus, oriC,
which differs among bacteria in terms of its length and the number and arrangement
of the unique motifs (DnaA boxes) that are bound by the replication initiator protein,
DnaA. Streptomyces origins are considered to be relatively long (800 to 900 bp) com-
pared to those of other bacteria (e.g., that of Escherichia coli is 250 bp, while that of
Caulobacter crescentus is 405 bp) (5, 6).

DnaA initiator protein consists of four functional domains that are involved mainly
in protein-DNA and protein-protein interactions. DnaA binds ATP and ADP, but only
ATP-DnaA is able to initiate replication. DnaA domain I participates in inter-DnaA
interactions and the binding of accessory proteins (7). Domain II is a flexible linker that
joins domains I and III (8); it is the least conserved domain that varies in its sequence
and length (e.g., it is approximately 220 amino acids [aa] in Streptomyces coelicolor and
�60 aa in E. coli). Domain III mediates inter-DnaA interactions in addition to carrying
various AAA� ATPase motifs (including the Walker A and B motifs, which facilitate
single-stranded DNA binding) and sequences that are involved in protein-membrane
interactions. The C-terminal domain IV contains a helix-turn-helix fold that binds
double-stranded DnaA box sequences (9).

During the initiation process, multiple DnaA molecules bind oriC to form a filamentous
nucleoprotein complex (orisome), which forces local unwinding of the DNA helix (10). The
double-stranded DNA opens at a DNA unwinding element (DUE), which is usually localized
within an AT-rich segment of oriC. The initiation process proceeds with the recruitment of
additional proteins (replicative helicase and primase), leading to further DNA unwinding
and RNA priming. Recruitment of DNA polymerase III and formation of the replication
complex (replisome) enable bidirectional DNA replication (11).

The initiation of chromosome replication must be tightly and precisely controlled.
To date, most of the knowledge regarding the molecular mechanisms that control the
bacterial initiation of chromosome replication comes from studies in E. coli, Bacillus
subtilis, and C. crescentus (12). In bacteria, two major orisome components are subject
to these regulatory mechanisms: oriC and DnaA. OriC may be modulated by altering its
accessibility for the DnaA protein, e.g., in E. coli, methylation of adenine residues within
oriC (by the Dam methylase), and subsequent SeqA protein binding inhibits replication
initiation by preventing formation of functional orisome (13–15). The protein level of
DnaA may be regulated by methylation-dependent transcriptional repression (14, 16).
Additionally, the DnaA protein downregulates transcription of its own gene by binding
to DnaA boxes localized in the dnaA promoter region (17, 18). Posttranscriptionally, the
DnaA protein level may be controlled by proteolysis, as recently demonstrated in C.
crescentus (19, 20). The activity of DnaA is regulated by various mechanisms, including
interactions with other proteins, such as Soj and YabA in B. subtilis (21, 22).

Streptomycetes are unique in generating multinucleoid cellular compartments in
which asynchronous DNA replication takes place; therefore, the members of this genus
may have unique regulatory mechanisms responsible for modulating chromosome
replication initiation during their complex life cycle. Global proteomic analysis of S.
coelicolor M600 as a model organism revealed that DnaA might be phosphorylated at
threonine 486, located within domain III (23). This apparently unique posttranslational
modification of the initiator protein may represent a novel mechanism for controlling
replication initiation in bacteria. Here, we provide further insight into the biological
function of DnaA phosphorylation.
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RESULTS
S. coelicolor DnaA is phosphorylated during replicatively active stages of the

life cycle. Although one phosphoproteomic study found that S. coelicolor DnaA is
phosphorylated at threonine 486 (23), a second study did not find evidence that DnaA
is phosphorylated (24).

To examine whether DnaA is indeed phosphorylated, we used immunoprecipitation
(IP) to purify phosphorylated DnaA. Protein extracts from S. coelicolor liquid cultures
were prepared as previously described (24), and 1 mg of cellular protein was subjected
to IP with a polyclonal anti-phospho-Thr (anti-[p]Thr) antibody, followed by SDS-PAGE
separation and Western blot analysis with anti-DnaA rabbit antiserum (Fig. 1A). To
exclude the possibility that DnaA was copurified with other immunoprecipitated
proteins, we performed an additional experiment where IP-eluted proteins were sep-
arated into two equal portions, one of which was subjected to phosphatase treatment.
Proteins from both samples were electrophoresed with the Phos-tag low-molecular-
weight compound, which slows down the gel migration of phosphorylated proteins
(25). Western blot analysis was performed, and we examined whether slower-migrating
DnaA proteins were present in the IP fraction that had not been treated with phos-
phatase. Our results confirmed that DnaA is phosphorylated in submerged and expo-
nentially growing S. coelicolor cells (Fig. 1B).

As S. coelicolor undergoes its full life cycle on solid media but not in submerged
cultures and our results suggested that phosphorylation can be seen in exponentially
growing cells, we examined the life cycle dependence of this phosphorylation. We used
IP to test for the presence of phosphorylated DnaA in extracts obtained from cells
grown on solid medium at the vegetative hyphal, aerial hyphal, and spore stages. To
prevent spore germination, we incubated freshly collected S. coelicolor spores with
anthranilic acid prior to lysis (26). Interestingly, the phosphorylation of DnaA protein
was observed during the replicatively active stages of growth but not in spores (in
which DNA replication does not occur) (Fig. 1C, upper). However, further analysis
revealed that the DnaA protein was not detected in spores (Fig. 1C, bottom).

Together, our results confirm that DnaA can be phosphorylated in S. coelicolor and
further show that this occurs during growth stages in which DNA replication is active.

S. coelicolor cannot tolerate a single dnaA allele encoding a pseudophospho-
rylated protein. To test the effect of DnaA phosphorylation in vivo, we attempted to
construct S. coelicolor mutant strains harboring different versions of DnaA. We first used
the integrative vector to introduce a dnaAhis6 gene encoding the wild-type protein, a
pseudophosphorylated T486D mutant (in which substitution of aspartic acid for the
threonine mimics the phosphorylated state), or a phosphoablative T486A mutational

FIG 1 Phosphorylation of DnaA during Streptomyces coelicolor life cycle. (A) Western blot analysis of DnaA proteins
in lysates obtained from liquid-grown cultures subjected to immunoprecipitation (IP) with the anti-phospho-Thr
(anti-[p]Thr) antibody. Negative controls were conducted without the antibody. Recombinant DnaAHis6 was used
as a positive control for the identification of DnaA. (B) Experiments were performed with phosphatase treatment
and addition of the Phos-tag compound to the polyacrylamide gel. The presence of a slowly migrating phospho-
DnaA band (DnaA~P) excludes the possibility that DnaA was simply copurified during IP. (C) Detection of DnaA
phosphorylation in extracts from solid medium-grown cultures of S. coelicolor at the vegetative hyphal stage,
vegetative/aerial hyphal stage, and after sporulation. (Upper) Arrow indicates the DnaA phosphoprotein. (Lower)
The presence of DnaA protein at each examined growth stage was analyzed by anti-DnaA Western blotting
performed on the crude cellular extracts.
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variant into the chromosomal att�C31 site. We then sought to delete the native dnaA
gene from the generated strains.

We successfully generated a strain that harbored only the wild-type dnaAhis6 se-
quence but were unable to obtain cells that produced only the pseudophosphorylated
protein (Fig. 2). This suggests that phosphorylation of the initiator protein leads to the
formation of a replication-inactive DnaA pool. We abandoned our efforts to generate a
strain expressing only the phosphoablative dnaAhis6 T486A gene, as discussed further
in the next section.

Phosphorylation of DnaA protein alters the mutual arrangement of domains III
and IV and influences protein activity. To test how phosphorylation influences DnaA
activity, we purified wild-type DnaAHis6, pseudophosphorylated DnaAHis6 T486D, and
phosphoablative DnaAHis6 T486A mutant proteins as previously described (27). Surpris-
ingly, we had difficulty purifying the T486A mutant. To test whether alanine substitu-
tion impacted the protein structure, we measured the circular dichroism (CD) spectra of
the purified proteins. The measured CD spectra were very similar between the wild-
type and phosphomimetic mutant proteins, whereas striking differences were observed
for the phosphoablative mutant (Fig. 3). This suggests that alanine substitution for
threonine 486 causes structural disorder, whereas aspartic acid substitution does not.
Therefore, we did not include the DnaAHis6 T486A mutant in our subsequent analyses.

To determine the possible influence of phosphorylation on the protein structure of
DnaA, we performed molecular modeling of S. coelicolor DnaA protein based on the
structure of DnaA protein from Aquifex aeolicus (PDB entry 3R8F) as a template and
molecular dynamics (MD) simulation for wild-type DnaA, T486D mutant DnaA, and
T486-phosphorylated (T486TP) variant of DnaA from S. coelicolor. Our molecular dy-
namics simulations revealed that the N-terminal part of domain III (residues 316 to 484)
(Fig. 4, shown in blue) is very rigid in all of the analyzed proteins, exhibiting structural
fluctuation of less than 2 Å for the whole domain, regardless of substitution at position
486. Similar rigidity was observed for domain IV (Fig. 4, green). However, the region that
links domains III and IV (localized within domain III, residues 485 to 512), which is
composed of a few short helices, displayed a high degree of conformational dynamics.
For the wild-type sequence, domains III and IV were separated from each other by a
broad cleft. According to the model, a deep and narrow nucleotide-binding pocket is
located between the rigid N-terminal portion of domain III and the short helices of the
sequence linking domains III and IV. These helices exhibit high conformational dynam-
ics but retain a specific, almost parallel orientation (Fig. 4, red and yellow colors). In the
T486D mutant and T486TP form of DnaA, the residues are bulkier than threonine and
push the red helix (residues 485 to 489) of the linker region away from the N terminus

FIG 2 Construction of S. coelicolor dnaA mutant strains. (Left) Schematic representation of the stepwise strategy used to generate the S. coelicolor mutant strains.
The DnaA protein-coding genes were introduced, along with the native promoter region, into the chromosomal att�C31 attachment site, followed by attempted
deletion of the native dnaA gene. (Right) Strain genotypes are listed in the table. S. coelicolor mutants were prepared using a PCR-targeting protocol (see the
supplemental material).
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of domain III. This small displacement of the red helix leads to larger displacement of
the yellow helix (residues 520 to 534), which pushes domain IV closer to domain III and
widens the nucleotide-binding pocket for both studied mutants. In both T486D and
T486TP models, we observe the same type of structural differences compared to the
wild-type protein model. However, in the case of the T486TP model, these differences
seem to be even more prominent than in the DnaA T486D model (Fig. 4). These
differences may result from a different positioning of additional negative charges in
both protein models (in T486D charge is localized on one oxygen atom of aspartic acid,
whereas in the case of T486TP negative charge is delocalized between oxygen atoms
in the phosphate group).

The localization of conserved T486 within DnaA domain III and the results of our
molecular modeling suggest that the ATPase activity mediated by this domain is
affected by phosphorylation (see Discussion). To test this hypothesis, we used the
malachite green assay to analyze the intrinsic ATPase activity of DnaA. Under our
experimental conditions, the wild-type protein generated free phosphate (Pi) from ATP
at an average rate of 59.2 fmol min�1 per pmol of DnaAHis6, whereas the pseudophos-
phorylated mutant exhibited approximately 2-fold more ATPase activity, generating an
average of 123.7 fmol of Pi min�1 per pmol of DnaAHis6 T486D (Fig. 5A).

We also performed gel retardation experiments to test the DNA-binding activity of
DnaA proteins to a PCR-generated fragment containing the entire oriC region. Our
pseudophosphorylated DnaA mutant exhibited lower affinity toward the oriC region
than the wild-type protein, as shown by electrophoretic mobility shift experiments
(Fig. 5B).

Taken together, our in vitro results show that phosphorylation of DnaA elevates its
ATPase activity and weakens its affinity toward the full-length oriC region. These
findings further support our hypothesis that phosphorylation of DnaA leads to forma-
tion of an initiation-inactive pool of the initiator protein.

The kinase AfsK phosphorylates DnaA. We next tried to identify the kinase
responsible for DnaA phosphorylation. S. coelicolor harbors 34 genes identified as
encoding putative eukaryotic-like serine/threonine protein kinases (STPKs), only a few
of which have been studied to date (28). We used a number of S. coelicolor kinase
deletion mutants (kindly provided by Mark Buttner) to test the phosphorylation status
of DnaA protein (kinase deletion mutants, designations, and genotypes are listed in
Table S1 in the supplemental material). Interestingly, among the analyzed mutants, we
did not observe a DnaA signal in the anti-[p]Thr immunoprecipitates obtained from the
strain lacking AfsK kinase, while the DnaA protein was detected in all analyzed mutants,
including the �afsK mutant (Fig. 6A). In the next step, we complemented the afsK
mutant, and this restored DnaA phosphorylation (Fig. 6B).

Together, these results suggest that DnaA is phosphorylated by AfsK kinase. This
protein is known to regulate the polar growth and branching of S. coelicolor (29).

FIG 3 CD spectra of DnaA protein and its mutants. CD spectra of purified DnaAHis6 WT, DnaAHis6 T486D,
and DnaAHis6 T486A proteins. Spectra were recorded in the wavelength range from 200 to 240 nm in
2-nm intervals. The data are presented as molar ellipticity per amino acid residue.
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Elevated cellular levels of AfsK influence tip-proximal replisome localization.
Previous studies showed that AfsK exerts strong effects on cell polarity, tip extension,
and the initiation of new hyphal branches (29). This protein exhibits a specific subcel-
lular localization pattern, with accumulation at the tips of vegetative hyphae. AfsK was
shown to phosphorylate the DivIVA protein, which is responsible for the apical growth
of S. coelicolor. Ectopic overexpression of afsK leads to phosphorylation of DivIVA,
disassembly of DivIVA-containing apical growth complexes (polarisomes), arrest of tip
extension, and eventually formation of new hyphal branches. The AfsK-mediated
dismantling of polarisomes was proposed to function as a cellular response mechanism
to inhibition of cell wall synthesis (29). Our discovery that this kinase is also responsible
for DnaA phosphorylation, which alters DnaA activity, led us to examine the possible
biological consequence(s) of DnaA phosphorylation.

To test whether AfsK influences replication in vivo, we created S. coelicolor mutant
strains in which afsK had been deleted or a thiostrepton-inducible afsK gene had been
introduced, both using strain AK120 (Table S1) producing DnaN-EGFP (strain kindly
provided by Agnieszka Kois-Ostrowska and Dagmara Jakimowicz). DnaN, also known as
a DNA polymerase III �-clamp, is often fused with enhanced green fluorescence protein
(EGFP) and used to visualize replisomes in bacteria. The appearance and disappearance
of DnaN-EGFP fluorescent foci is considered to correspond to the initiation and
termination, respectively, of replication (30). These strains allowed us to monitor
replisome dynamics in cells that either lacked the afsK gene or overproduced AfsK
proteins. The phenotypes of the obtained strains (data not shown) resembled those
observed in previous studies. Deletion of afsK was found to alter the tip-to-branch
distribution, increasing the average distance compared to that in the control strain,
while overproduction of AfsK was associated with the emergence of multiple irregularly
shaped branches in the hyphal structure (29).

Since AfsK is primarily localized at the tips of hyphae, we first analyzed the
positioning of the tip-proximal replisome by performing fluorescence microscopy and
calculating the tip-to-replisome distances. Deletion of afsK did not alter the localization
of the closest-to-tip replisome, as the median measurements were 2.40 �m and
2.45 �m for the control strain and afsK mutant, respectively (Fig. 7A). In contrast,
overproduction of AfsK significantly shifted the median measured distance from

FIG 4 Molecular modeling and molecular dynamics simulations for DnaA phosphorylation. (A) Structural
models based on structure of DnaA protein from Aquifex aeolicus (domains III and IV) for variants of S.
coelicolor DnaA. Unphosphorylated wild type, DnaA WT; pseudophosphorylated mutant, DnaA T486D;
and phosphorylated variant, DnaA T486TP. Structures from the last frame of each molecular dynamics
simulation are shown. (B) Schematic representation of the structural rearrangements observed among
the studied variants (left, scheme for wild-type DnaA; right, scheme for both pseudophosphorylated
T486D and phosphorylated T486P variants). Color code: domain III, blue; helices formed at the C-terminal
part of domain III, red and yellow; domain IV, green; ATP molecule, orange. Residue 486 is located at the
bottom of the red helix.
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2.28 �m to 2.74 �m for the control strain and AfsK overproduction mutant, respectively
(Fig. 7B). No other striking difference was observed, leading us to conclude that AfsK,
which is primarily associated with the hyphal tip, influences only the nearest available
orisome and, consequently, the formation of replisome at the tip.

DISCUSSION

The lifestyle of streptomycetes is unusual among bacteria and is, in many ways,
similar to that of filamentous fungi. Streptomyces spp. are predominantly soil-dwelling
bacteria that grow as branching hyphae and disperse through spores. Unlike many
rod-shaped bacteria, such as E. coli, cell wall extension occurs by the incorporation of
peptidoglycan precursors at the tips of the growing hyphae (31). Another distinctive
feature of streptomycetes is the occurrence of multinucleoid cellular compartments
that are divided into unigenomic spores at the end of the life cycle. This feature
suggests that apical hyphal growth must be strictly coordinated with cell cycle events,
such as DNA replication and chromosome segregation. Although both processes have
been studied extensively in Streptomyces and their dynamics have been well estab-
lished (3, 4, 32), the cellular mechanisms responsible for choosing the chromosome that
will undergo replication within a given compartment remain unknown.

In this study, we provide insights into the phosphorylation of the DnaA initiator
protein in S. coelicolor and suggest a novel bacterial regulatory mechanism for initiation
of chromosome replication. Although a previous phosphoproteomic study suggested
phosphorylation of DnaA protein at threonine residue 486 (23), the biological role of
this modification remained unknown. Here, we show that the phosphorylation of DnaA
in S. coelicolor functions as a site-specific mechanism (acting at the hyphal tips) that
negatively regulates the initiation of chromosome replication. Interestingly, threonine
486 is a highly conserved residue in bacterial initiator proteins (see Fig. S1 in the
supplemental material), and its localization within domain III suggests that this phos-
phorylation influences key activities of DnaA. Our molecular modeling further showed
that this phosphorylation is predicted to yield conformational changes within the
region that links domains III and IV, and that the studied phosphorylation mutant
presumably exhibits widening of the nucleotide-binding pocket (Fig. 4). The presence
of ATP at the protein exterior could increase the nucleotide exchange rate and the
efficiency of ATP hydrolysis. Indeed, the presence of the additional negative charge
derived from aspartic acid in the phosphomimetic T486D mutation doubled the in vitro

FIG 5 In vitro analysis of how phosphorylation influences DnaA initiator protein activity. (A) The
malachite green assay was used to compare the ATPase activity of wild-type (DnaAHis6 WT) and
pseudophosphorylated (DnaAHis6 T486D) recombinant DnaA proteins (both at 200 nM). The chart
presents the data obtained from three technical repeats of each experiment. The average Pi generation
rates were 59.2 � 9.2 fmol min�1 per pmol of DnaAHis6 for the wild type and 123.7 � 9.6 fmol min�1 per
pmol of DnaAHis6 for T486D. (B) Electrophoretic mobility shift assay. OriC region from S. coelicolor was PCR
amplified using near-infrared labeled primers. The linear DNA fragment (50 fmol) was incubated with
increasing concentrations of wild-type and pseudophosphorylated DnaAHis6 recombinant protein (con-
centrations in subsequent lanes were 0, 30, 60, 120, 240, and 480 nM). The DNA fragments and
nucleoprotein complexes were analyzed by 3.5% polyacrylamide gel electrophoresis.
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ATPase activity of DnaA (Fig. 5A). It is well known that DnaA binds both ADP and ATP,
but the latter is crucial for functional orisome formation and DNA unwinding (33). Thus,
DnaA phosphorylation may shift the ATP-DnaA/ADP-DnaA ratio toward the ADP-bound
form (due to higher ATPase activity) and possibly create a pool of initiation-inactive
DnaA. This could explain our observation that the pseudophosphorylated T486D
mutant exhibited a lower affinity toward the oriC region (Fig. 5B). We suggest that,
upon phosphorylation, the cooperative binding of the replication origin (33, 34) is
disturbed by overrepresentation of DnaA-ADP molecules. Thus, when DnaA is phos-
phorylated, the functional orisome presumably is not formed. The negative regulatory
function of DnaA phosphorylation is further supported by our failure to construct an S.
coelicolor mutant strain expressing only the pseudophosphorylated dnaA allele (Fig. 2).

We also show that DnaA phosphorylation in S. coelicolor occurs during the growth
phases, in which DNA replication takes place. More interestingly, the DnaA protein was
not identified in spores. (Fig. 1C). Since most cellular processes (including chromosome
replication) are inactive in Streptomyces spores, this finding suggests that DnaA phos-
phorylation is primarily responsible for modulating the intensity of origin-firing events
during the vegetative phase. We speculated that DnaA phosphorylation somehow
corresponds to the complex growth mode of Streptomyces (e.g., tip extension and
branching). Our data suggest that phosphorylation of DnaA is site specific. We found
that the AfsK kinase associated with the polar growth of hyphae is responsible for
phosphorylation of DnaA protein (Fig. 6). As previously reported, the specific localiza-
tion of AfsK at the tip of the hyphae leads to phosphorylation of the DivIVA polarisome
protein. Following this phosphorylation, the tip-associated DivIVA-containing protein
complexes are disassembled and further growth of the hyphal tip is inhibited. Elevated
AfsK activity and increased DivIVA phosphorylation have been observed following the
antibiotic-induced inhibition of cell wall synthesis (29). Thus, AfsK-mediated DivIVA
phosphorylation has been suggested to act as a cellular response to growth obstacles
or the presence of cell wall synthesis-inhibiting molecules (29). We found that chro-
mosome replication, which was visualized by the appearance of polymerase III �-clamp
(a replisome marker) foci, occurred further from the hyphal tip upon upregulation of
AfsK (Fig. 7B). Replisomes appear upon the DnaA-triggered initiation of chromosome
replication, and the current data do not suggest that AfsK interacts directly with
replisome proteins. We propose that the observed differences in the distance between
the tip of the cell and the first replisome result from an inability to form a functional,
tip-proximal orisome in the strain overproducing AfsK. This may be explained by a
higher concentration of phosphorylated DnaA at the cell tip, where the DnaA mole-
cules presumably localize with the overproduced AfsK. However, we cannot exclude

FIG 6 Identification of the kinase involved in DnaA phosphorylation. (A, upper) Western blot analysis of
the DnaA protein in anti-[p]Thr-immunoprecipitated samples. S. coelicolor wild-type (WT) and various
kinase deletion strains (as indicated; genotypes are listed in Table S1) were grown in liquid medium. Cell
extracts were prepared, as previously described (23), from two biological replicates of each strain and
subjected to IP. The arrow indicates the DnaA phosphoprotein. (B, upper) Complementation of the �afsK
mutant restores DnaA phosphorylation. The afsK gene present on the pKF256 plasmid (29) was
introduced into the �afsK mutant strain. Anti-[p]Thr IP was conducted in two biological replicates as
described above, and DnaA was assessed by Western blotting. The arrow indicates the DnaA phospho-
protein. (A and B, lower) The presence of DnaA protein in each examined strain was analyzed by
anti-DnaA Western blotting performed on the crude cellular extracts.
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the possibility that the observed differences in the tip-proximal replisome localization
could result from phosphorylation of AfsK substrates other than DnaA. Surprisingly,
deletion of the afsK gene had no effect on the positioning of the tip-proximal repli-
some. Although a previous study showed that the �afsK strain was uniquely charac-
terized by a prolonged distance between the tip and first lateral branch, we did not
observe any difference in the localization of the replisome in this strain versus the
wild-type strain (Fig. 7A).

Since DnaA phosphorylation appears to occur predominantly at the tips, the
phosphorylated fraction of DnaA protein should be relatively small with respect to
the cellular pool of the initiator protein, which is presumably a reason why we were
unable to accurately estimate the percentage of phosphorylated molecules. More-
over, it explains why phosphorylated DnaA was identified in only one of the two
major phosphoproteomic studies of S. coelicolor (23, 24). We do not yet know how
S. coelicolor cells deal with phosphorylated DnaA molecules. The absence of initiator
protein in spores suggests that both nonphosphorylated and phosphorylated DnaA
molecules undergo extensive proteolysis upon termination of the reproductive
phase. However, here we did not identify any protease that could be involved in
this process.

Notably, orthologs of AfsK are exclusively found in mycelial actinomycetes that are
closely related to Streptomyces and exhibit a complex life cycle. Based on our present results we
propose that, in these bacteria, the AfsK-mediated regulatory pathway serves as an additional,

FIG 7 Localization of tip-proximal replisomes in afsK mutant strains. (A and B) Representative images of DnaN-EGFP fluorescence in
the wild-type strain (AK120) and �afsK mutant [AK120 �afsK::aac(3)-IV] (A) and in the control strain (empty vector, AK120 tipAØ) and
induced afsK expression strain (AK120 tipA afsK) (B). Images show an overlay of DnaN-EGFP fluorescence (green) and WGA-Texas Red
staining (red, used for cell wall visualization). The distances between the hyphal tip and tip-proximal DnaN-EGFP foci were measured
with the AxioVision Rel. 4.8 software and plotted on the diagrams presented in panels A and B. Box plots show the range of obtained
results (vertical line) with the median of distribution (horizontal line) and the first and third quartiles (horizontal borders of boxes)
indicated. Significant differences (P � 0.05) are marked by an asterisk; nd, not significantly different. The numbers of measurements
were 90 each in panel A (AK120 and �afsK mutant) and 130 each in panel B (AK120 tipAØ and AK120 tipA afsK mutants). (C) Schematic
representation of events occurring upon hyphal growth inhibition (mimicked by AfsK overproduction). AfsK negatively regulates polar
growth by phosphorylation of DivIVA polarisome protein, dismantling of apical growth complexes, and emergence of new hyphal
branches as a consequence (29). Additionally, AfsK inhibits chromosome replication by phosphorylation of DnaA initiator protein in
closest-to-tip localization.
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nonessential energy-saving mechanism during the inhibition of hyphal growth. Moving beyond
the previous reports showing that AfsK negatively regulates polar growth, we suggest that AfsK
prevents the initiation of chromosome replication within growth-inhibited apical cellular com-
partments (Fig. 7C).

MATERIALS AND METHODS
Bacterial strains and general methods. The utilized bacterial strains, plasmids, and primers are

listed in Tables S1 and S2 in the supplemental material. Buffers, media, culture conditions, and general
genetic manipulations were as described previously for E. coli (35) and Streptomyces (36).

IP. S. coelicolor strains were cultured either in liquid organic medium 79 without dextrose (37) for 24
to 26 h or on MS agar plates covered with cellophane discs and grown to the desired stage of the life
cycle (36). Cells were harvested by centrifugation and resuspended in lysis buffer, which was prepared
as described previously (23). Crude protein extracts were subjected to IP with polyclonal anti-phospho-
Thr (anti-[p]Thr) antibodies (for the �afsK complementation strain, 1:16 dilution; number 61-8300;
Thermo Scientific; for all other experiments, 1:50 dilution; number 9381; Cell Signaling Technology). For
each sample, 200 �l of diluted antibodies was coupled to 50 �l Pierce protein A magnetic beads (Thermo
Scientific) during a 20-min incubation at 20°C, and the sample was washed three times with phosphate-
buffered saline with Tween 20 (PBST) buffer. The extracted total proteins (1 mg) were applied to
antibody-coupled beads, and IP was conducted overnight at 4°C. Washing and elution steps were carried
out according to the instructions provided with the magnetic beads.

Phos-tag gel retardation and Western blotting. The phospho-DnaA gel retardation experiment
was carried out using 50 �M Phos-tag and 0.1 mM Mn2� gel additives, according to manufacturer’s
instructions (FUJIFILM Wako Chemicals, USA). Briefly, immunoprecipitated protein samples were ali-
quoted into equal-volume portions (10 �l). One portion was subjected to phosphatase treatment with
400 U of lambda protein phosphatase (New England BioLabs). The reaction was carried out in the
provided buffer (final volume, 20 �l) for 30 min at 37°C and stopped by a 5-min incubation with Laemmli
sample buffer at 95°C. Proteins were separated by 10% Phos-tag gel SDS-PAGE. After electrophoresis, the
gel was incubated for 10 min in TBS buffer (50 mM Tris-HCl [pH 7.6], 150 mM NaCl) containing 10 mM
EDTA and then washed three times with TBS buffer. Proteins were transferred to a nitrocellulose
membrane (Millipore), which was blocked for 1 h with 5% (wt/vol) nonfat dry milk in TBST buffer (TBS
with 0.05% Tween 20). The membrane was washed with TBST buffer, incubated for 1.5 h at 20°C with
anti-DnaA antiserum from rabbit (diluted 1:3,000), washed three times with TBST, and incubated for 1 h
at 20°C with goat anti-rabbit IgG conjugated to horseradish peroxidase (1:10,000; Santa Cruz Biotech-
nology). The membrane was washed six times in TBST solution, the proteins were visualized with the
SuperSignal West Pico Plus chemiluminescence substrate (Thermo Scientific), and the results were
captured using a ChemiDoc XRS system (Bio-Rad). For Western blot analysis of experiments that did not
involve the Phos-tag additive, we omitted the TBS/EDTA incubation step. For Western blot analysis of
crude cellular extracts, we used 10 �g of total cellular protein for each strain analyzed.

Protein purification. Purification of recombinant DnaAHis6 wild-type and mutant proteins was
conducted as previously described (27).

Circular dichroism. Spectra were measured with Jasco JD715 equipment. Samples of purified
proteins DnaAHis6 WT, DnaAHis6 T486D, and DnaAHis6 T486A (0.16 mg/ml, 0.25 mg/ml, and 0.25 mg/ml,
respectively) were subjected to buffer exchange into CDS buffer (20 mM phosphate buffer, pH 7.5), and
CD spectrum of each protein was recorded immediately. Spectra were recorded in a wavelength range
from 200 to 240 nm using a path length of 1 mm.

In vitro analysis of DnaA activity. EMSA (electrophoretic mobility shift assay) experiments were carried
out as described previously (27), with some modifications. The 974-bp oriC fragments were amplified using
a pair of near-infrared-labeled primers (Table S2). The indicated amounts of DnaAHis6 proteins and DNA
fragment were incubated for 15 min at 20°C in DNA binding buffer (20 mM HEPES-KOH [pH 7.6], 5 mM
magnesium acetate, 1 mM dithiothreitol, 5% [vol/vol] glycerol, 0.5 mg/ml bovine serum albumin [BSA], 5 mM
ATP) in a final volume of 20 �l. The reaction products were subjected to 3.5% native PAGE at 4°C for 6 h.
Near-infrared signals were detected using an Azure c600 imaging system (Azure Biosystems).

DnaAHis6 ATPase activity was measured using the malachite green assay, which was carried out using
a PiColorLock gold phosphate detection system (Innova Biosciences) according to the manufacturer’s
instructions. Briefly, 200 nM recombinant DnaAHis6 proteins was reacted at 37°C in DNA binding buffer
(described above) supplemented with 10 mM ATP in a final volume of 1 ml. At the indicated time points,
50 �l of each sample was collected and mixed in a 96-well plate with an appropriate volume of malachite
green reagent. After 30 min, absorbance at 620 nm was measured three times per sample/time point.
The amount of inorganic phosphate generated was calculated by plotting the results against a standard
curve.

Molecular modeling and MD simulations. A structural model of Streptomyces coelicolor DnaA
protein was built using the SWISS-MODEL (38) service by using the structure of DnaA protein from
Aquifex aeolicus deposited in the PDB database (entry 3R8F) as a template and sequence of DnaA protein
from Streptomyces coelicolor deposited in the UNIPROT database (P27902). The three-dimensional model
covers residues 316 to 653. The position of the ATP molecule as well as magnesium ion was retained from
the template to the modeled structure. For molecular dynamics (MD) simulations, the AmberTools v. 16
package was used (39). The system was prepared for MD simulations using standard protocols: charge
neutralization (adding counter ions) and solvation in a TIP3P water rectangular box. All MD simulations
were run at a constant temperature (300 K) using periodic boundary conditions as well as Ewald
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summation for electrostatic interactions. System density was equilibrated for about 10- to 20-ns running
simulations under constant pressure, and all production simulations were run using a constant volume
regime. Mutants of DnaA T486D and T486TP were built using standard AmberTools v. 16 protocols (39)
by in silico mutation of the residue at position 486 to aspartic acid (D) or phosphorylated threonine (TP).
In the case of all three studied variants, MD simulations lasted at least 200 ns. MD trajectories were
analyzed using software from the AmberTools v.16 package. Three-dimensional structures were depicted
using the PyMol package (PyMOL Molecular Graphics System, version 2.0; Schrödinger, LLC.).

Microscopy. The indicated strains were inoculated from pregerminated spores at the acute-angle
junction of coverslips, inserted at a 45° angle in MM agar containing 1% mannitol (36), and cultured at
30°C for 24 h. Staining was performed as previously described (40). Briefly, samples were fixed for 10 min
with paraformaldehyde-glutaraldehyde, washed with PBS, and blocked with 2% BSA. WGA-Texas Red
(10 �g/ml; Molecular Probes) was used for cell wall visualization. After five washes with PBS, coverslips
were mounted on microscope slides covered with a BSA-glycerol mixture. The presence of fluorescence
foci was analyzed using a Zeiss Axio Imager Z1 microscope equipped with a 100� objective. All images
were analyzed using the AxioVision Rel. 4.8 software. The measured distances were subjected to
Mann-Whitney statistical analysis due to their nonnormal distribution. Significance was accepted at a
P value of �0.05.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.5 MB.

ACKNOWLEDGMENTS
We declare that the research was conducted in the absence of any commercial or

financial relationships that could be construed as a potential conflict of interest.
T.Ł., M.W., and J.Z.-C. designed the experiments. T.Ł. performed research. S.O.

performed molecular modeling and molecular dynamics simulations. T.Ł., S.O., and
J.Z.-C. wrote the manuscript. K.F. and M.W. performed critical revision.

This study was supported by the National Science Center (Poland), Preludium grant
2017/25/N/NZ1/01030 to T.Ł., and by Maestro grant 2012/04/A/NZ1/00057 to J.Z.-C.
Computational resources used in this project were provided by the Informatics Center
of the Metropolitan Academic Network (IC MAN-TASK) in Gdańsk, Poland.
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