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ABSTRACT Streptomyces rimosus is an industrial streptomycete, best known as a pro-
ducer of oxytetracycline, one of the most widely used antibiotics. Despite the signifi-
cant contribution of Streptomyces species to the pharmaceutical industry, most omics
analyses have only been conducted on the model organism Streptomyces coelicolor. In
recent years, protein phosphorylation on serine, threonine, and tyrosine (Ser, Thr, and
Tyr, respectively) has been shown to play a crucial role in the regulation of numerous
cellular processes, including metabolic changes leading to antibiotic production and
morphological changes. In this study, we performed a comprehensive quantitative
(phospho)proteomic analysis during the growth of S. rimosus under conditions of oxy-
tetracycline production and pellet fragmentation. Liquid chromatography-tandem
mass spectrometry (LC-MS/MS) analysis combined with phosphopeptide enrichment
detected a total of 3,725 proteins, corresponding to 45.6% of the proteome and 417
phosphorylation sites from 230 phosphoproteins. Significant changes in abundance
during three distinct growth phases were determined for 494 proteins and 98 phos-
phorylation sites. Functional analysis revealed changes in phosphorylation events of
proteins involved in important cellular processes, including regulatory mechanisms,
primary and secondary metabolism, cell division, and stress response. About 80% of
the phosphoproteins detected during submerged growth of S. rimosus have not yet
been reported in streptomycetes, and 55 phosphoproteins were not reported in any
prokaryote studied so far. This enabled the creation of a unique resource that provides
novel insights into the dynamics of (phospho)proteins and reveals many potential reg-
ulatory events during antibiotic production in liquid culture of an industrially impor-
tant bacterium.

IMPORTANCE Streptomyces rimosus is best known as a primary source of oxytetracy-
cline (OTC). The significant global market value of OTC highlights the need for a better
understanding of the regulatory mechanisms that lead to production of this antibiotic.
Our study provides, for the first time, a detailed insight into the dynamics of (phos-
pho)proteomic profiles during growth and antibiotic production in liquid culture of S.
rimosus. Significant changes in protein synthesis and phosphorylation have been
revealed for a number of important cellular proteins during the growth stages that
coincide with OTC production and morphological changes of this industrially impor-
tant bacterium. Most of these proteins have not been detected in previous studies.
Therefore, our results significantly expand the insight into phosphorylation events
associated with important cellular processes and antibiotic production; they also
greatly increase the phosphoproteome of streptomycetes and contribute with newly
discovered phosphoproteins to the database of prokaryotic phosphoproteomes. This
can consequently lead to the design of novel research directions in elucidation of the
complex regulatory network in Streptomyces.
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Streptomycetes are multicellular Gram-positive bacteria found in soil and other niches
such as marine and freshwater ecosystems. This genus has a complex morphological

differentiation resembling that of fungi, with great genetic potential to produce antibiot-
ics, anticancer drugs, immunomodulators, and other bioactives of significant medical or
industrial value (1–3). Growth of streptomycetes on solid media starts with spore germi-
nation, hyphal development, and branching to form a vegetative mycelium, followed by
differentiation into aerial hyphae that eventually septate into hydrophobic spore chains
(4). Manteca et al. (5) provided a detailed insight into pellet development and physiologi-
cal differentiation, associated with production of specialized metabolites, while growing
Streptomyces coelicolor A3(2) in liquid cultures (6, 7). Streptomyces have large genomes,
typically from 6 to 12 Mb, with .7,000 protein-coding genes (8, 9) reflecting their devel-
opmental complexity, potential for adaptation to changing environmental niches, and
capacity to produce a wide range of antibiotics and other bioactive metabolites.
Consequently, a large proportion of their genes have regulatory roles whose functions
coordinate their responses to the changing environment (7). More than 900 genes
(;12%) are predicted to have a regulatory role in S. coelicolor (10).

Protein phosphorylation plays a key regulatory role in cell signaling, gene expression,
and cell differentiation in all domains of life. In bacteria, phosphoproteomic studies have
been mostly performed on model and pathogenic species (11). Very few phosphopro-
teomes of industrially important bacteria have been reported, e.g., glutamate-producing
Corynebacterium glutamicum (12); Lactoccocus lactis, widely employed in the food indus-
try (13, 14); and the erythromycin-producing actinobacterium, Saccharopolyspora erythrea
(13). In the genus Streptomyces, phosphoproteomic analyses have only been performed
for the model organism S. coelicolor, which does not produce commercial antibiotics. The
first global phosphoproteomic study of S. coelicolor reported 46 phosphorylation sites on
40 proteins identified in cell extracts of submerged mycelia harvested during mid-expo-
nential growth (15). Subsequent extensive phosphoproteome analysis during S. coelicolor
differentiation on solid medium identified 127 phosphoproteins with 289 phosphorylation
sites, including sporulation factors, transcriptional regulators, protein kinases, and other
regulatory proteins involved in morphological differentiation (16). More recently, quantita-
tive (phospho)proteome analysis of S. coelicolor revealed phosphorylation dynamics in
many proteins involved in differentiation and activation of secondary metabolism (17),
leading to the conclusion that manipulating the phosphorylation of target proteins may
improve secondary metabolite production or activate silent biosynthetic gene clusters
(BCGs) in industrial streptomycetes. In agreement with previous studies showing that
expression of S. coelicolor phosphorylated regulatory protein (AfsR) increased antibiotic
production even when introduced into heterologous systems (18, 19).

Since phosphoproteomic analysis has never been performed on commercially impor-
tant streptomycetes, the objective of this study was to gain comprehensive insight into
the dynamics of phosphorylation events of the industrially important microorganism,
Streptomyces rimosus, which has become one of the best genetically described strepto-
mycetes (20). S. rimosus is best known as the primary source of oxytetracycline (OTC), a
significant clinical natural product used against a wide range of Gram-positive and
Gram-negative pathogens, mycoplasmas, chlamydiae, rickettsiae, and protozoan para-
sites (21, 22). The significant global market value of OTC (.108 kg annually) highlights
the need for improved productivity by commercial strains (23). S. rimosus ATCC 10970,
also known as G7 or R7, is the wild-type and parental strain of the many OTC production
strains (20). Its draft genome sequence was completed in 2013 (24) and recently rese-
quenced by Pacific Biosciences (PacBio) (GenBank accession number CP048261). The
S. rimosus genome is 9.64 Mb (including a 0.29 Mb giant linear plasmid), which is within
the range of other published streptomycete genome sequences. Recently, an uncom-
mon set of telomeres of the linear S. rimosus G7 chromosome has been revealed (25).
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The genome is estimated to have a total of 8,166 protein-coding genes (263 encoded by
the plasmid). Among the protein-coding genes, 32 are predicted to be serine/threonine
protein kinases (STPKs). A previous study confirmed protein tyrosine phosphorylation in
the S. rimosus wild-type strain (26).

Here, we determined the dynamics of (phospho)proteome profiles in S. rimosus dur-
ing three very distinct stages of bacterial growth. Most of the detected phosphoproteins
(155) have been unreported and provide new insights into the posttranslational regula-
tion during antibiotic synthesis and morphological changes that culminate in massive
pellet fragmentation. Functional analysis of identified phosphoproteins revealed that
they participate in regulatory mechanisms, primary and secondary metabolism, cell divi-
sion, stress response, and others. Our results greatly increased the phosphoproteome of
streptomycetes and provided important information for studying the role of this post-
translational modification in metabolic changes leading to antibiotic synthesis.

RESULTS AND DISCUSSION
Mycelial morphology changes during the growth arrest phase and coincides

with oxytetracycline production. Large-scale OTC production is performed with sub-
merged S. rimosus cultures (5). Since protein phosphorylation has a key role in regulating
various cellular processes, including production of specialized metabolites (27, 28), we
studied the dynamics of STY protein phosphorylation within the context of antibiotic
production during the submerged growth of the parental strain, S. rimosus G7, which
grows quickly and in a highly dispersed form. Qualitative and quantitative analyses of
the (phospho)proteome were performed using liquid medium standardized for low and
high producers. These conditions were employed by industry to screen for strains

FIG 1 Growth and mycelial fragmentation of S. rimosus G7 in submerged culture, from early
exponential to late stationary phase. (A) Growth curve based on dry weight accumulation (sampling
time of biomass is indicated by arrows; error bars indicate standard deviations). This figure also
shows increase in OTC (red) and decrease in glucose (green). (B) Mycelial fragmentation at various
time points was followed by confocal fluorescence microscopy after SYTO 9 and PI staining (green
and red hyphae represent live and dead cells, respectively, while arrows point to the fragments
embedded in the extracellular matrix).
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with higher antibiotic production at the lab scale. As depicted in Fig. 1A, S. rimosus G7
exhibited, in submerged culture, a multiphasic growth curve, first observed in
Streptomyces hygroscopicus (29). During the exponential growth phase, bacteria
enter into transient growth arrest associated with activation of antibiotic synthesis
and resistance (29, 30), with a decrease in ribosomal proteins (31) and a stress
response (32). Neumann et al. also observed growth arrest in Streptomyces griseus,
suggesting that this phenomenon is probably a general property of streptomycetes
(33). Manteca et al. reported that mycelial differentiation leads to antibiotic produc-
tion in S. coelicolor during that phase and showed results of proteome analysis (5,
34), while Nieselt et al. observed a major metabolic shift prior to antibiotic produc-
tion (35). Growth arrest (Fig. 1A) was also observed in S. rimosus (;16 h to 20 h; SI).
To the best of our knowledge, it has never been reported for this species, even
though this bacterium has been widely studied over several decades (20). Since our
aim was to obtain a better insight into phosphorylation events that might be cru-
cial for OTC production, this observation determined the choice of the first growth
point for the collection of bacterial biomasses. In addition, biomass was collected
at the beginning of the stationary phase (SII) and in late stationary phase (SIII) since
they correspond to well-known stages of growth during which bacteria respond to
nutrient depletion and accumulate antibiotics.

During submerged growth, we also noticed that S. rimosus pellets fragmented and
produced a more homogeneous culture than observed for S. coelicolor (36). Since the
relationship between differentiation processes and secondary metabolite production in
submerged S. coelicolor cultures has been reported, we used confocal laser scanning mi-
croscopy to examine mycelia development (37) and the increase of the antibiotic titer in
the culture broth. Various types of mycelia that characterize selected stages of growth are
shown in Fig. 1B. From the SI to the SII phase, dispersed hyphae and pellets of increasing
size were formed with the simultaneous occurrence of cell death (Fig. 1B, panels a
through e). Until the SI phase, the size of the pellets was, on average, 106 mm 6 40
(n = 50), while in the SII phase, a few larger pellets (up to;200mm) were observed exhib-
iting pronounced cell death processes. However, an abundant accumulation of shorter
fragments was found, most likely as a consequence of pellet disintegration (Fig. 1B, pan-
els f and g). Interestingly, during the SIII phase, these viable fragments formed tight
clumps (Fig. 1B, panels h and i). This could be a consequence of the greater hydrophobic-
ity of the hyphal fragments and/or a result of the extracellular matrix produced at the late
stage of growth. Of note, the observed S. rimosus mycelium fragmentation was not com-
parable to mycelial differentiation reported for S. coelicolor (5). Although pellet fragmenta-
tion is an extremely interesting developmental process, it is outside the scope of this
study and remains to be examined in the future. Our goal was to collect biomass during
specific growth phases in which a metabolic switch, important for antibiotic production,
occurs. Production of OTC was first detected during the SI phase whereby a metabolic
switch triggers antibiotic production during growth arrest in S. coelicolor (5, 34, 35). The
antibiotic titer increased during S. rimosus growth and finally reached a titer of 7.04 mg/
mL in the SIII phase (Fig. 1A). As we used wild-type strain G7 and a medium with a high
concentration of glucose (Fig. 1A), which was standardized for low and high producers,
this could have an impact on antibiotic biosynthesis, but note that OTC was still produced
in detectable amounts, indicating that cellular processes important for production of sec-
ondary metabolites are switched on. Altogether, these experiments defined the frame-
work to investigate the (phospho)proteome at the critical points of growth and OTC
production.

A significant number of (phospho)proteins from various functional categories
were identified during submerged growth of S. rimosus. To determine protein phos-
phorylation concomitant to the increase in OTC production and pellet fragmentation, we
analyzed the (phospho)proteome of S. rimosus at three specific stages of growth, described
above. We performed stable isotope dimethyl labeling of peptides obtained from proteins
at the three different stages of growth. Mass spectrometry (MS) measurements identified
200,982 MS/MS spectra corresponding to 33,023 peptides and 3,725 protein groups (45.6%
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of the theoretical S. rimosus proteome) (see sheet 1 of Data Set S1 in the supplemental ma-
terial). This was in agreement with a previous analysis of S. coelicolor grown on solid me-
dium (17). To evaluate reproducibility between the two biological replicates, we calculated
the correlation coefficients for each protein ratio. SIII/SII and SIII/SI showed a high correlation
between replicates (0.82 and 0.84, respectively), whereas the correlation for SII/SI was some-
what lower (0.64). In the phosphoproteome analysis, 230 phosphoproteins containing 417
nonredundant phosphorylation sites were detected (Data Set S1, sheet 2). Of these, we were
able to localize 315 phosphorylation sites to a specific amino acid residue with high confi-
dence (localization probability $ 0.75). At the phosphoproteome level, correlation coeffi-
cients between replicates were 0.55 for SII/SI phosphopeptide ratios, 0.75 for SIII/SI, and 0.74
for SIII/SII.

The distribution of Ser/Thr/Tyr phosphorylation was in line with previous observa-
tions (15, 16), with threonine phosphorylation predominant (53.48%), followed by serine
phosphorylation (41.25%) and then tyrosine phosphorylation (5.28%). The prevalence of
phosphothreonine we attribute to different amino acid frequencies in the S. rimosus pro-
teome, where T is more frequent than S and Y.

Our major goal was to investigate whether there were any functional subcatego-
ries/categories among the identified proteins that were prevalent in the phosphopro-
teome in relation to the proteome. Functional annotation of all identified (phospho)
proteins was performed using eggNOG-mapper (Data Set S1; sheets 1 and 2). Their dis-
tribution into 20 functional subcategories is shown in Fig. 2, while distribution in major
categories is shown in Fig. S1.

The most prevalent category in both the proteome and phosphoproteome was
“metabolism” (40% and 35%, respectively), followed by “unknown” (23% and 27%,
respectively). Although proteins with unknown function remain to be investigated,
their abundance suggests important biological roles at various stages of bacterial
growth, while their presence in the phosphoproteome suggests that their function
may be regulated by phosphorylation. On the other hand, the prevalence of proteins
that belong to “metabolism” in the proteome and phosphoproteome is not surprising,
as many proteins that participate in primary and secondary metabolism are found to
be phosphorylated in diverse bacterial species (38). A more detailed analysis of subca-
tegories belonging to “metabolism” showed a higher prevalence of proteins from “lipid

FIG 2 Distribution of (phospho)proteins into functional subcategories. Percentages of various subcategories
obtained for S. rimosus proteome (3,448 proteins) and phosphoproteome (206 phosphoproteins) are shown by
solid (proteome) and dashed bars (phosphoproteome). Note that only proteins assigned to one functional
subcategory were used for this analysis (i.e., 93% of the proteome and, i.e., 90% of the phosphoproteome).
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transport and metabolism” and “amino acid transport and metabolism” in the pro-
teome than in the phosphoproteome. Similar results were obtained for three subcate-
gories in “information storage and processing.” In contrast, three subcategories from
the category “cellular processes and signaling” were increased among phosphopro-
teins (Fig. 2). A detailed inspection of these proteins revealed a high number of
various regulatory proteins (e.g., Ser/Thr kinases, PTPA2 phosphatase, His-kinase, anti-
sigma factors, stress response, etc.) and proteins involved in cell division (e.g., ParA,
FtsZ, SepF, DivIVA, etc.). Altogether, the presented results indicate that phosphoryla-
tion as a regulatory mechanism is employed in all functional subcategories. However,
these findings also support the critical role of phosphorylation in signaling pathways
regulating diverse cellular processes, including those that control cell division (38).

To gain an insight into some global trends for protein phosphorylation in other
streptomycetes, we compared our results (Fig. S1A) with (phospho)proteomes of S.
coelicolor (16, 17). In both studies, approximately 45% of the proteomes were identi-
fied. We subjected S. coelicolor proteins to the same functional categorization as for S.
rimosus proteins and obtained comparable results in the proportion of functional cate-
gories of both proteomes (Fig. S1B). However, for the identified phosphoproteins, the
trend in the functional distribution was somewhat different in S. coelicolor, where the
proportion of the “information storage and processes” category was significantly
increased (23%) (Fig. S1B). This could be ascribed to the fact that S. coelicolor was
grown in the solid medium, as it is well-known that different growth conditions can
cause drastic changes in phosphoproteomes, even in the same species (38).

Quantitative (phospho)proteomics analysis uncovers growth-dependent pro-
teins during morphological changes and antibiotic production in S. rimosus. Our
next goal was to gain a detailed insight into proteome and phosphoproteome dynam-
ics and to test any correlation with observed morphological differentiation and antibi-
otic production during bacterial growth.

(i) Proteome dynamics. All proteins that had at least one measured protein ratio
between two growth phases in at least one of the two biological replicates (3,353/
3,725) are listed in Data Set S1 (sheet 3). To identify statistically relevant proteins that
change in abundance during growth, we performed a t test (P , 0.05 and s0 , 0.1).
This analysis revealed 494 proteins with significant changes in at least one protein ratio
(Data Set S1, sheet 4). The distribution of proteins with significant changes in their
abundances is shown for three ratios in Fig. 3.

Next, we performed hierarchical clustering to identify proteins with similar temporal
abundance profiles (Fig. 4A; Data Set S1, sheet 4). Proteins were clustered in the heat-
map (Fig. S2), and the number of clusters was fixed at five in order to gain insight into
protein groups that are most represented in any of the selected stages of bacterial
growth.

For each cluster, we show (Fig. 4B) the most relevant enriched terms (22 in total)
that provide a detailed insight into protein biological functions. Finally, we describe
some of the upregulated proteins from the presented clusters, which, according to
their functions, are likely to have a prominent role during the specific growth phase in
which their increase occurred.

(a) Proteins upregulated in the SI phase. Although cluster A did not show any
enriched annotation terms, as it comprised only 16 proteins which are distributed in
various subcategories (Fig. S3), all of them participate in different cellular processes
that are essential for basic metabolism and growth, which correlates with the physio-
logical state of the SI phase. Nevertheless, proteins which were found in the greatest
abundances during the SI phase exhibited a cluster B profile. These proteins are
needed for vital cellular processes, such as proteins involved in transcription, cell wall/
membrane biosynthesis, and others (Fig. 4B; Data Set S1, sheet 4). We describe some
of these which either contribute to exponential growth or likely participate in growth
arrest. For example, two proteins involved in the synthesis of DNA (NrdA and NrdB)
were previously reported to be expressed in early exponential growth in bacteria (39).
This result is not surprising due to the presence of many observed live hyphal
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fragments in SI (Fig. 1B). Consistent with this, we also found some ribosomal proteins
(RpmI, RpmIL, and RpsK) which were upregulated throughout the exponential phase of
growth (SI to SII), while their significant decrease was observed in the late stationary
phase, as reported previously (17, 40). Besides these, we also detected proteins related
to stress, such as HflX, ribosome-associated GTPase, and a CarD family transcriptional
regulator. The protein HflX is involved in bacterial stringent response, as it prevents
ribosome biogenesis (41), whereas CarD regulates transcription. In response to various
stresses, levels of CarD are highly upregulated (;3- to 20-fold) in Mycobacterium tuber-
culosis (42). Upregulated stress proteins in the SI phase most likely reflect regulatory
mechanisms which stop bacterial growth possibly triggered by pellets exhibiting a cell
death process (Fig. 1B, panels b through e).

(b) Proteins upregulated in the SII phase. Although many proteins that belong
to cluster B were constantly upregulated from the SI to SII phases, the most inter-
esting are proteins belonging to cluster C that were specifically upregulated in the
SII phase (Fig. 4A; Data Set S1, sheet 4). This cluster is significantly enriched in pro-
teins related to secondary and lipid metabolism, which are important for antibiotic
production that increased during this phase. This is also in line with the proteins
detected during later phases of growth in S. coelicolor (17). Thus, enrichment of
these two subcategories during the SII phase is unsurprising. Moreover, Manteca
et al. (5) reported that cell death and changes in mycelial morphology correlate
with the production of specialized metabolites. We also observed pronounced cell
death processes, but mycelial morphology during this phase (i.e., pellet disintegra-
tion) significantly differed from that reported for S. coelicolor. However, in both
cases, these morphological changes coincided with the detection of proteins im-
portant for antibiotic synthesis (Fig. 1B). Overall, out of 29 differentially upregulated
proteins which belong to secondary metabolism, 11 proteins were upregulated

FIG 3 Distribution of differentially expressed proteins during S. rimosus growth. The y axis (2log10 P value) represents
the level of significance of each protein, while the x axis (log2 fold change) represents the difference in protein ratios
between the two different growth phases derived from two replicates (A, SII/SI; B, SIII/SII; C, SIII/SII). Significantly
upregulated proteins in a given ratio are represented by red circles, and downregulated proteins are represented by
blue circles. Proteins described in detail below are marker with corresponding name (if possible) or with the number of
SRIM locus tag.
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only in the SII phase (Fig. 4A; Data Set S1, sheet 4) highlighting their importance for
elevated antibiotic production.

(c) Proteins upregulated in the SIII phase. Interestingly, the highest number (337)
of upregulated proteins was found in the SIII phase, belonging predominantly to clus-
ters D and E. Cluster D was significantly enriched in “signal transduction mechanisms”
and “two-component systems” (Fig. 4B). The majority of these proteins participate in
the stress response (e.g., MtrA, OsmC, and KatE); thus, their detection in SIII implicates
a protective role to help the bacterium survive harsh conditions. In addition, 15 pro-
teins involved in secondary metabolism were also upregulated in SIII (Data Set S1,
sheet 4), highlighting that their activities are also very intensive during later stages of
growth in which antibiotic accumulation occurs. Finally, cluster E was significantly
enriched for proteins of unknown function and proteins participating in different pri-
mary metabolism processes (e.g., energy production and conversion and amino acid
and carbohydrates metabolism). Rioseras et al. (17) reported a similar trend for S. coeli-
color, suggesting that increased levels of these proteins contribute to the energy and
precursors necessary for secondary metabolism in the later stages of Streptomyces
growth. As expected, this cluster was enriched for proteins associated with the protea-
some (e.g., ARC, PrcA, PrcB), most probably needed in higher levels for the mainte-
nance of minimal protein synthesis required for survival of bacteria in stress conditions
in SIII (43). We also observed an enrichment of glutathione metabolism, which serves
to protect the cell from oxidative and osmotic stresses (44). The transcriptional regula-
tor from the TetR family (SRIM_040805) was also significantly upregulated, which
might reflect a possible role in accumulation of OTC in the medium. Namely, it is
known that the members of this family control the expression of the tet genes, whose
products confer resistance to tetracycline (45).

FIG 4 Clusters of proteins with similar temporal abundance profiles and their functional enrichment analysis. (A) Proteins with significant changes in their
abundances determined by t test (P , 0.05) during the S. rimosus growth (SI, SII, and SIII) are grouped into five clusters according to their Z-scored
normalized log2-transformed proteins ratios. (B) Functional annotation terms from KEGG, eggNOG, and EC are enriched in different clusters using Fisher’s
exact test (see Table S1 in the supplemental material).
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In summary, the proteome dynamics of S. rimosus presented here define, for the
first time, protein groups, i.e., proteins upregulated at selected growth stages, thus
reflecting their importance during very specific physiological states in which growth
arrest, antibiotic production, and pellet fragmentation occur. Noteworthy, OTC biosyn-
thesis was at low levels, and only 13 out of 25 of the proteins involved in the biosyn-
thetic pathway were detected in the proteome, but not at a statistically significant
level (Data Set 1, sheet 1). However, consistent with the onset of OTC synthesis, they
first appeared during the SI phase, indicating that the bacterium entered a complex
developmental program involving cell death, morphogenesis, and antibiotic produc-
tion. In addition, if we apply an arbitrary cutoff of 1.5 on a log2 scale (see below quanti-
fication of phosphoproteome), then most of the detected proteins showed significant
upregulation during the SII and SIII phases following an increase in OTC in the medium
(Data Set 1, sheet 3).

(ii) Phosphoproteome dynamics. As for the proteome, we examined the dynamics
of protein phosphorylation during the SI, SII, and SIII growth stages. Out of 417 phospho-
rylation sites identified in this study (Data Set S1, sheet 2), 191 were quantified in at least
one replicate (Data Set S1, sheet 5). To identify phosphorylation sites with changes in
abundance, we defined an arbitrary threshold of a 3-fold change (1.5 on a log2 scale) for
phosphorylation site ratios. With this approach, we identified 71 proteins exhibiting 98
differentially regulated phosphorylation sites (Data Set S1, sheet 5). Among them, 55
proteins had only one, while 16 proteins had multiple upregulated phosphorylation
sites. These phosphoproteins, grouped into six major functional categories as described
in Materials and Methods, were divided between growth phases in accordance with the
upregulation of their phosphorylation site(s) (Data Set S1, sheet 6). The number of phos-
phoproteins/phosphorylation sites (unique and total) was increased in each phase
(Fig. 5A), while the numbers of phosphoproteins and phosphorylation sites that are
shared between growth phases are shown in Fig. 5B and C, respectively. The highest
number of phosphoproteins/phosphorylation sites are upregulated in the SII phase, dur-
ing which bacteria sense nutrient depletion and slow their growth, while most of the
shared phosphoproteins/phosphorylation sites are observed in the SI and SII phases.
This may be attributed to the heterogeneity of mycelium, which was more pronounced
in the SI and SII phases than in the SIII phase. We describe some phosphoproteins
according to the temporal abundance profiles of their phosphorylation sites found
uniquely during selected growth phases and also highlight those that have not been
found in any prokaryote so far (Fig. 5D). The identification of this posttranslational modi-
fication (PTM) might be relevant for the specific physiological state observed in that cer-
tain phase and could provide useful information in future studies.

(a) Protein phosphorylation in the SI phase. During the SI phase, 4/5 phosphopro-
teins (Fig. 5De) belong to the category of “regulatory proteins,” including Ser/Thr protein
kinase (SRIM_020800), phosphatase with dual-substrate specificity (SRIM_021470), tran-
scriptional regulator (SRIM_021055), and ribosome silencing factor RsfS (SRIM_013715),
while the protein SRIM_040820 belongs to the category “secondary metabolism” (a mem-
ber of the SDR family oxidoreductase). These proteins most likely have a significant role in
triggering antibiotic production and in the observed cessation of cell proliferation (5). For
example, it is known that ribosomal silencing factor (RsfS) slows bacterial growth by inhibi-
ting protein synthesis (46), while the transcriptional regulator SRIM_021055 belongs to the
xenobiotic response family of transcriptional regulators. One member of this family was
reported to control antibiotic production and development in S. coelicolor (47). Although
we describe here only phosphoproteins that were uniquely phosphorylated in SI, we also
highlight SRIM_040830 found in SII since it belongs to the category “secondary metabo-
lism.” Notably, SRIM_040830 and SRIM_040820 do not have orthologs in S. coelicolor; thus,
they could have an important and specific role in antibiotic production in S. rimosus.

(b) Protein phosphorylation in the SII phase.Most of the phosphoproteins identi-
fied in the SII phase belong to the category “regulatory proteins” and include three
STPKs (SRIM_018190, SRIM_020795, and SRIM_025105), one Ser/Thr protein phospha-
tase (SRIM_020985), one sensor His kinase (SRIM_027850), one FadR transcriptional
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regulator (SRIM_021640), and one VWA-containing protein (SRIM_014225). The preva-
lence of regulatory proteins reflects the importance of signaling networks for bacterial
adaption to starvation, which employs phosphorylation to regulate cellular processes
during the entry into the stationary phase. Also, other categories (“stress response,”
“primary metabolism,” and “cell division”) were represented by a smaller number of
proteins. For example, we identified two phosphorylated stress response proteins with
a TerD domain (SRIM_012680 and SRIM_020400) shown to be important for redox
stress adaptation (48) and two phosphorylated proteins in the category of “primary

FIG 5 Distribution and dynamics of proteins with upregulated phosphorylation sites during S. rimosus growth. (A) Number of all and unique upregulated
phosphoproteins/phosphorylation sites by growth stages (dark blue, all proteins; light blue, unique proteins; dark green, all phosphorylation sites; light
green, unique phosphorylation sites) (B and C) Venn diagrams represent phosphoproteins (B) and phosphorylation sites (C) shared between growth phases.
(D) Dynamics of proteins with upregulated phosphorylated sites throughout growth phases (the y axis shows log2 transformed ratios of phosphorylation
sites in each growth stage shown on the x axis; phosphoproteins marked in bold are reported here for the first time, streptomycetes are in gray, and any
other prokaryote are in black).
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metabolism” (DNA-directed RNA polymerase subunit beta RpoB, SRIM_018645, and
thymidylate kinase, dTMP, SRIM_023100). For dTMP kinase, which is crucial for DNA
replication and repair, we found three upregulated phosphorylation sites, which likely
indicates the importance of this PTM for the enzyme activity during the late exponen-
tial stage of growth. We also identified upregulated phosphorylation sites for three
proteins belonging to “cell division” (SRIM_014620, SRIM_015590, and SRIM_026815),
which were reported to be phosphorylated in actinobacteria.

(c) Protein phosphorylation in the SIII phase. Interestingly, in the SIII phase,
most of the upregulated phosphorylation sites belong to proteins from “unknown” (6),
“primary metabolism” (6), and “stress” (5) categories (Data Set S1, sheet 6). The increased
phosphorylation of proteins likely participates in the regulation of the processes allowing
bacteria to adapt to stress and starvation. For example, phosphorylation of ribosomal
proteins was reported for many distantly related bacteria (28). Here, we report three ribo-
somal proteins with upregulated phosphorylation sites (30S ribosomal proteins S16,
SRIM_029570, and S17, SRIM_018535, and 50S ribosomal protein L31, SRIM_028075).
This PTM most likely participates in attenuating protein synthesis during the SIII phase,
as it was reported that ribosomal protein phosphorylation affects protein translation and
decreases protein synthesis in Streptomyces (49). Interestingly, during proteome quantifi-
cation analysis, we detected four additional ribosomal proteins, which were significantly
decreased in SIII (see previous section). Altogether, these examples show how bacteria
employ two mechanisms to slow protein translation, either by decreasing the concentra-
tion of ribosomal proteins or by inhibiting their function via phosphorylation. Regarding
stress response proteins, we identified phosphorylated Dps protein (DNA-protecting pro-
tein under starved conditions, SRIM_030245), which is induced by oxidative or nutritional
stress, as well as cochaperone GroES (SRIM_018295). Members of these protein families
are found to be phosphorylated across the bacterial kingdom, strongly suggesting that
they could be functionally regulated by phosphorylation (28, 50). In addition, we identi-
fied one stress response TerD family protein (SRIM_024465); a cold shock domain-con-
taining protein (SRIM_019050), which might participate in oxidative stress tolerance (51);
and a DNA-binding protein Hu (SRIM_015460), which can protect the chromosome in
response to stress (52). Strikingly, proteins belonging to the “unknown” category exhib-
ited the highest levels of differential phosphorylation (SRIM_019790, SRIM_010030,
SRIM_021080, and SRIM_007840; up to 128-fold change) (Fig. 5D, panel f) in the SIII
phase, likely suggesting that their phosphorylation has a strong impact on regulating
the biological roles of these proteins.

Altogether, during the SI and SII phases, we found mostly regulatory proteins with
upregulated phosphorylation sites, indicating their prominent role in complex and
dynamic signaling networks associated with growth arrest and metabolic switch, which
leads to antibiotic production. During the SIII phase, most of the identified proteins
have predicted functions essential for bacterial survival and adaptation to harsh condi-
tions, which indeed reflects the limitation of essential nutrients and the presence of
various stress factors. Accordingly, the detected upregulation of numerous uncharac-
terized proteins at the (phospho)proteome level strongly suggests that their biological
role is connected to physical and chemical stresses.

Comparison of S. rimosus and S. coelicolor phosphoproteomes reveals a low
number of conserved phosphorylation sites among orthologs. Comparison of
S. rimosus and S. coelicolor phosphoproteomes can point to specific regulatory path-
ways crucial to these complex prokaryotes (e.g., antibiotic production or mycelium dif-
ferentiation) or some global cellular trends. In this context, we compared S. rimosus
phosphoproteome with the 170 phosphoproteins found in S. coelicolor (15–17).
Altogether, Parker et al. (15) identified 40 phosphoproteins from bacteria grown in liq-
uid medium during the mid-exponential phase using preparative isoelectric focusing
for protein fractionation. A significantly higher number of phosphoproteins were iden-
tified, n = 127 (16), and n = 85 (17), respectively, with the global gel-free liquid chroma-
tography-tandem mass spectrometry (LC-MS/MS) approach from S. coelicolor grown
on solid media. We compared S. rimosus and S. coelicolor phosphoproteomes using
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Diamond software (53) and found only 47 phosphorylated orthologs, while 28 addi-
tional were found in the dbPSP (54). Altogether, of S. rimosus 230 phosphoproteins,
155 (67%) were not found among previously reported S. coelicolor phosphoproteins.
The majority of these proteins belong to the categories “metabolism” and “unknown,”
suggesting that phosphoproteomes in bacteria are still very much understudied. In
addition, we provide information for those found to be differentially phosphorylated
(Fig. 5D), which can help in future research by elucidation of their biological role dur-
ing very specific growth phases. Subsequently, we aligned 47 phosphoproteins of S.
rimosus with their matching S. coelicolor orthologs obtained by Diamond software.
Based on the conservation of their phosphopeptides/phosphorylation sites, we gener-
ated three categories, (i) phosphopeptides with highly conserved phosphorylation
sites, (ii) overlapping phosphopeptides with different phosphorylation sites, and (iii)
nonconserved phosphopeptides (Table 1 and Tables S3 and S4). Identical or highly
conserved phosphopeptide/phosphorylation sites are found mostly among proteins
that have various regulatory functions, such as kinases, anti-sigma factor antagonists,
and transcriptional regulators (Table 1). Interestingly, orthologs with overlapping phos-
phopeptides and different phosphorylation sites generated the smallest group of 10
phosphoproteins (Table S3). However, most of these proteins also exhibit various regu-
latory functions. All other phosphorylated orthologs from S. rimosus and S. coelicolor
that did not exhibit evolutionary conserved phosphopeptides were listed (Table S4),
showing that these proteins exhibit a wider range of biological functions. Altogether,
among S. rimosus phosphoproteins identified here, only 20.4% were found phosphoryl-
ated in S. coelicolor. Nevertheless, 43% of these orthologs share highly conserved phos-
phorylation site(s), suggesting that this PTM is functionally conserved between the two
species.

Phylogenetic analysis of S. rimosus STPKs confirms relatedness to S. coelicolor
STPKs and indicates their biological roles. The genome of S. rimosus predicted the
presence of 32 STPKs, while 47 STPKs were predicted for S. coelicolor (16). Since closely
related proteins often share similar biological functions (55), we constructed a phyloge-
netic tree using sequences of STPKs from S. rimosus and S. coelicolor that were identified
in various (phospho)proteomic studies. We expected that phylogenetic clustering, to-
gether with the information (if available) about the growth point in which some kinase
has been identified, or the dynamics of its phosphorylation might provide a clue about
its biological role and create directions for future research. Despite the similar coverages
of identified kinases in both organisms (;57%), our study detected 12 phosphorylated
kinases in S. rimosus, while only 4 were found in S. coelicolor (15, 16). Since kinases
SCO3821, SCO4423, and SCO1551 were detected while growing S. coelicolor in sub-
merged culture (15) and only SCO2666 was detected while the bacterium was growing
on solid medium, we speculate that their activities depend on growth conditions. With
respect to phylogenetic relationships, 15 out of 18 STPKs detected in the S. rimosus
(Fig. 6) (phospho)proteome clustered together with previously detected S. coelicolor ki-
nases. For comparison, we also added to Fig. 6 the phosphorylation status of each kinase
and the growth phase in which we identified an upregulation (Table S2). For example, S.
rimosus kinase (SRIM_020800), found to be upregulated uniquely in the SI phase, closely
relates to a membrane S. coelicolor PksC kinase (SCO3821). This membrane-bound kinase
possesses a PASTA motif, which binds peptidoglycan fragments and is speculated to par-
ticipate in cell wall synthesis and cell morphogenesis (56). It was also found in previous
phosphoproteomic studies during the exponential phase of growth, suggesting that its
biological role is more important during the early stage of bacterial growth. However, its
phosphorylation was reported only when the bacteria were grown in liquid culture (15),
which also suggests that this kinase is more active during submerged growth. Another
interesting example is AfsK, one of the best-studied STPKs in S. coelicolor. It controls anti-
biotic production (57) and regulates polar growth, hyphal branching (58), and initiation
of chromosome replication in S. coelicolor (59). The S. rimosus kinase (SRIM_017990),
which grouped with AfsK, was also found phosphorylated in all stages of growth, during
which time the bacterium continuously synthesized OTC. Thus, our data strongly suggest
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TABLE 1 Phosphopeptides with highly conserved phosphorylation sites between S. rimosus and S. coelicolora

aRed letters indicate phosphorylation sites; dark gray color indicates phosphopeptide sequence, and light gray color indicates flanking regions of phoshopeptides.
bAmbiguous phoshosites.
cTwo phoshopeptides in a row are marked with the two shades of gray color.
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that SRIM_017990 kinase likely has an important role in regulating OTC synthesis. Finally,
we point out a cluster with PkaI and PkaH kinases involved in the regulation of sporula-
tion septation and spore wall synthesis (60). We speculate that S. rimosus kinases, which
exhibit phylogenetic relatedness to these kinases, might be involved in the regulation of
pellet fragmentation in submerged cultures of S. rimosus when bacteria enter into the
stationary phase (61).

Analysis of S. rimosus phospho-orthologs within prokaryotes revealed 55 pre-
viously unreported phosphoproteins. To gain a better insight into the phosphorylation
of orthologs within different prokaryotic species, we analyzed identified phosphopeptides
using dbPSP. Besides five S. rimosus phosphopeptides conserved in S. coelicolor and al-
ready shown in Table 1, we could not find any other identical phosphopeptides in dbPSP.
This result is consistent with the present knowledge that phosphopeptides are not well
conserved within proteins from closely related bacteria even if they share the same biolog-
ical function (14). Next, we submitted sequences of 230 phosphoproteins identified in this
study to the dbPSP and found that 175 phosphoproteins were identified previously in vari-
ous bacteria and archaea (Fig. 7; Table S5A and B). As shown by the Venn diagram, the
largest number of S. rimosus phosphorylated orthologs (62) shared between bacteria and
archaea belong to “metabolism.” A similar trend can be seen for “cellular processes and
signaling.” Note that a high number of phosphoproteins from this category that are found
only in Gram-positive bacteria (18) belong to Actinobacteria. In contrast, only very few of
the S. rimosus phosphorylated hypothetical proteins are shared between these analyzed
prokaryotic groups. Moreover, for the majority of them (15), their phosphorylated ortho-
logs are found in Gram-positive bacteria, i.e., mostly in Actinobacteria (Table S5B).
Considering the potential of Actinobacteria to produce antibiotics and other bioactive

FIG 6 Phylogenetic tree of STPK sequences from S. rimosus G7 and S. coelicolor M145. Experimentally detected S. rimosus kinases are shown in bold.
Phosphorylated kinases were marked by a red P, and information regarding growth phase (SI, SII, or SIII) was added if available. Phosphorylated S. coelicolor
kinases found by the Manteca group (16, 17) were marked similarly using MI (12 h or 16 h), MII (24 h or 30 h), and MIII (65 h or 72 h) for growth stages. Kinases
found by Parker et al. (15) were marked with asterisks. M. tuberculosis kinases (PDB IDs 6I2P and 3OUV) were used as outgroups. aLRT values are shown for main
branches.
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compounds, phosphorylated orthologs specific to this phylum could be important for pro-
duction of secondary metabolites and morphological differentiation.

Finally, our study contributes 55 phosphorylated proteins to the database of prokary-
otic phosphoproteomes that have not been previously reported (Table S5A). Almost half
of these were distributed among “information storage and processes” (1), “cellular proc-
esses and signaling” (6), and “metabolism” (9), while 39 remain uncharacterized (Fig. 7;
Fig. S6). Eleven of these 55 phosphoproteins exhibited increased phosphorylation at spe-
cific growth phases, and the most interesting ones that well represent the physiological
state of the bacterium have been described in previous paragraphs (Fig. 5D). Altogether,
the dynamics of phosphorylation during specific stages of bacterial growth for proteins
unreported prior to this study, in particular for those with unknown function, could direct
future investigations and help in elucidating their biological roles.

MATERIALS ANDMETHODS
Bacterial strain, culture conditions, and evaluation of growth. The wild-type strain Streptomyces

rimosus subsp. rimosus ATCC 10970, also known as S. rimosus G7, was used in this study (25). Inocula for
all subsequent experiments were obtained from spore suspensions (1010/mL) stored in 20% (vol/vol)
glycerol at 220°C. Biomass, obtained in the form of short fragments and small mycelial fragments, was
collected, homogenized, washed, and a dense suspension prepared in 20% (vol/vol) glycerol solution
stored at 220°C for all subsequent cultivation experiments. Precultivation was carried out overnight in
15 mL of seed media (SM; 10 g D-glucose, 5 g yeast extract, 15 g lactalbumin hydrolysate, 2.8 g sucrose,
and 1 g CaCO3 per 1 L) inoculated with 2% (vol/vol) of dense young biomass suspension for subsequent
cultivation in TSM5 medium [per 1 L, 50 g glucose, 10 g soya peptone, 7 g MOPS (morpholinepropane-
sulfonic acid) buffer/free acid, 2 g Ca(NO3)2�4H2O, 2 g NaNO3, 50 mg NH4NO3, 50 mg KCl, 40 mg
MgSO4�7H2O, and 20 mg ZnSO4�7H2O; pH was adjusted to 7.2 by NaOH] optimized for antibiotic produc-
tion. To obtain good aeration, 300 mL of this medium (in a 2 L flask) was inoculated with a 5% (vol/vol)
biomass suspension obtained from SM and incubated at 30°C for up to 120 h. To verify growth reprodu-
cibility, bacteria were cultured a total of three times and in two biological replicates. The culture medium
was sampled (2 mL) every 2 to 3 h during early to mid-exponential and late exponential to early station-
ary stages of growth. Once S. rimosus reached the stationary phase, when growth ceased, the sampling
was decreased to once every 6 h. Bacterial growth was quantified by measuring the dry cell biomass
obtained by a vacuum filtration system on a 0.45 mm membrane filter (Sartorius) using a microwave dry-
ing technique (2 min at high power setting).

Harvesting and cell lysis. Mycelia for proteomic/phosphoproteomic evaluation were sampled at three
selected time points, (i) during exponential phase, during which an arrest of growth can be observed (;15 h
of growth); (ii) at late exponential phase when growth slowed and bacteria began to enter the stationary
phase (;35 h of growth); and (iii) at late stationary phase (;85 h of growth). The mycelia harvested from
100 mL to 250 mL volume (;500 mg of biomass/sample) were collected by centrifugation at 4,500 rpm for
10 min, washed twice in 10 mL of a lysis buffer (LB; 50 mM Tris-HCl, pH 7.7, 5 mM 2-glycerol phosphate,

FIG 7 S. rimosus phosphorylated orthologs shared with other Gram-positive and Gram-negative
bacteria and archaea.
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5 mM sodium fluoride, 5 mM sodium pyrophosphate, and 1 mM sodium orthovanadate) modified from ref-
erence 62 and resuspended in a few milliliters (50 mg/mL) of sonication buffer (LB supplemented with 5 mM
sodium tartrate and 5 mM imidazole). Cell lysis was performed by freezing the sample in liquid nitrogen,
quickly defrosting, and boiling for 5 min (16). Phenylmethanesulfonyl fluoride (PMSF) was added, after cool-
ing on ice, to a final concentration of 0.5 mM, and the samples were sonicated (6� 20 s at 40% amplitude)
on ice. Benzonase (25 U/mL) and N-octylglucoside (1%) were added to the lysate and incubated for 10 min
at room temperature as described (62). Cell debris was discarded after centrifugation at 13,000 rpm for 30
min, samples were dialyzed against large volumes of water as described (16), and proteins were precipitated
with methanol-chloroform (63).

Western blot analysis. Crude protein extracts were analyzed by Coomassie blue staining after run-
ning the samples (10 mg estimated by Bradford assay) on a 12% SDS-PAGE; prior to MS analysis, Western
blotting was performed to examine posttranslational modification (PTM), i.e., the occurrence of Ser/Thr/
Tyr phosphorylation in the protein samples. Western blot analysis was performed as described previ-
ously (26) using anti-phosphoserine/threonine/tyrosine antibodies (Abcam; catalog no. ab15556) for
detection of Ser/Thr/Tyr phosphorylation. In addition, Tyr phosphorylation was detected using 4G10
antibodies (Sigma-Aldrich). Antibody binding was visualized with peroxidase-coupled rabbit anti-mouse
antibody and chemiluminescent detection (Pierce ECL Western blotting substrate; Thermo Scientific).

OTC production. Production of OTC was determined by the agar well diffusion method using OTC-
sensitive Bacillus subtilis 168 (wild type). OTC production at selected growth phases was quantified by
high-pressure liquid chromatography (HPLC). Culture supernatants (900 mL) were acidified with 0.1 M
HCl (100 mL), incubated for 30 min, and filtered through a 0.45 mm polytetrafluoroethylene (PTFE) filter.
Subsequently, 30 mL of sample was analyzed using an Agilent 1200 HPLC series system (Agilent
Technologies, Germany). Chromatographic separations were performed on a Waters Symmetry C18 col-
umn (150 mm by 4.6 mm, 5 mm) using a gradient elution of (A) 0.1% formic acid in water and (B) aceto-
nitrile as follows: 0 to 60 min, 10 to 90% B; 60 to 65 min, 90% B; and 65.1 to 70 min 10% B, at a flow rate
of 0.5 mL/min. The column temperature was maintained at 30°C. A standard curve was constructed
using various concentrations (1 to 100 mg/mL) of OTC (Sigma, USA). All samples were monitored at the
following wavelengths: 260, 266, 270, 320, 350, 365, and 370 nm, and OTC was detected at 266 nm. The
chromatographic data were analyzed using EZChrom Elite software (Agilent Technologies, Germany).
The concentration of glucose in samples was determined by ultraperformance liquid chromatography
(UPLC) using the Agilent Technologies 1290 Infinity II LC system (Santa Clara, CA, USA) with a Carbo-H11

precolumn (4 mm by 3 mm; Phenomenex, Des Plaines, IL, USA), a Rezex ROA column (15 cm by 7.8 mm;
Phenomenex), and a refractive index detector. The mobile phase was 0.0025 M H2SO4, the volume of the
analyzed sample was 10 mL, and the flow rate was 0.6 mL/min. The temperature of the column was
60°C. The results were analyzed with OpenLab CDS software.

Fluorescence microscopy. S. rimosus G7 spores were inoculated into a 100 mL Erlenmeyer flask con-
taining 10 mL seed medium as described, and the culture was shaken at 250 rpm at 30°C. After 24 h,
500mL of seed culture was inoculated into 50 mL of TSM5 medium. The culture was sampled at selected
time points and stained with propidium iodide (PI) and SYTO 9 green fluorescent nucleic acid stain
(Live/Dead Bac-Light bacterial viability kit; Molecular Probes; catalog no. L-13152; Thermo Fisher). In
brief, 1 mL of culture was centrifuged and washed with redistilled H2O, and 3 mL of prepared SYTO 9-PI
mixture was added to mycelia following incubation in the dark for 10 min. The samples were observed
using a Leica SP8-X FLIM confocal microscope with excitation light wavelengths at 488 nm and 568 nm
and emissions at 530 nm (green) or 640 nm (red).

Protein digestion. Crude extract preparations were resuspended in a denaturation buffer (10 mM
Tris-HCl, pH 8, 6 M urea, 2 M thiourea, and 20 mM ammonium hydrogen carbonate), and protein con-
centrations were measured by the Bradford method. Protein digestion was performed following the pre-
viously described protocol (64). In brief, denaturated proteins were reduced using dithiothreitol (DTT)
and subsequently alkylated with iodoacetamide (IAA), digested with endoproteinase Lys-C (1:100 [wt/
wt]) (Waco), diluted with ammonium bicarbonate, and further digested with sequencing-grade modified
trypsin (1:100 [wt/wt]) (Promega). The reaction was stopped by acidifying with trifluoroacetic acid (TFA)
to a pH of,3.

Stable isotope dimethyl labeling. For quantitative analyses, peptides were loaded onto Sep-Pak
C18 columns and labeled by dimethylation as described previously (65). The column was activated with
methanol and equilibrated with solvent A (0.1% FA). Peptides were loaded and washed twice with sol-
vent A. The column was flushed twice slowly for a minimum of 10 min with freshly prepared labeling
reagents prepared as described (66). Labeled peptides were washed twice with solvent A and eluted
with 1.8 mL of 80% acetonitrile (ACN) (vol/vol) in 6% TFA (vol/vol). Acetonitrile was evaporated from the
eluates by vacuum centrifugation, and the samples were purified using StageTips (see below). The effi-
ciency of labeling was determined by LC-MS/MS measurement of light, intermediate, and heavy labeled
samples. Before the main LC-MS/MS proteome analysis and phosphopeptide enrichment, differentially
labeled samples were mixed in equal peptide amounts (10 mg) and subjected to pilot LC-MS/MS meas-
urements for validation of correct mixing.

Phosphopeptide enrichment. Phosphopeptides were enriched by TiO2 chromatography where la-
beled peptides were incubated with TiO2 beads at a ratio of 1:10 (peptide to bead) for 10 min in 8 to 10
consecutive rounds. TiO2 beads were washed as described (67). Phosphopeptides were slowly eluted in
three steps, first with 30 mL of 5% (vol/vol) ammonium hydroxide into 20 mL of 20% (vol/vol) TFA for
15 min at 1,200 rpm. In the second elution, phosphopeptides were eluted with 70 mL of 20% (vol/vol)
ammonium hydroxide in 60% (vol/vol) acetonitrile (pH 10.5). Finally, phosphopeptides were eluted with
20 mL of 60% ACN in 1% TFA. Acetonitrile was removed from the eluates by vacuum centrifugation, and
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samples were acidified with TFA to pH 2, if necessary, and purified by StageTips. StageTips were pre-
pared using an in-house protocol (68) as described previously (67).

LC-MS/MS measurements. Eluted peptides were separated by an Easy-nLC II system (Proxeon
Biosystems) coupled online to an Orbitrap Elite mass spectrometer (Thermo Scientific) through a nanoe-
lectrospray ion source (Proxeon Biosystems). Chromatographic separation was performed on a 2 cm
fused silica analytical column with an inner diameter of 75 mm, packed in-house with reversed-phase
ReproSil-Pur C18-AQ 1.9 mm particles (Dr. Maisch GmbH). The column temperature was maintained at
40°C using an in-house-integrated column. Peptides were loaded onto the column with solvent A at a
700 nL/min flow rate using a maximum back pressure of 50,000 kPa. Peptides were eluted using a 60-
min (for phosphoproteome analyses) or 120 min segmented gradient (for proteome analyses). The gra-
dient was generated by 10 to 50% of solvent B at 40°C at a constant flow rate of 200 nL/min (67). The
mass spectrometer was operated in a data-dependent mode, switching automatically between one full
scan and subsequent MS/MS scans of either 12 (Top12 method) or 7 (Top7 method, phosphoproteome
measurement) most abundant peaks selected with an isolation window of 1.4 m/z (mass/charge ratio).
Full-scan MS spectra were acquired in a mass range from 300 to 1,650 m/z at a target value of 3 � 106

charges, with a maximum injection time of 25 ms and a resolution of 120,000 (defined at m/z 200). The
higher-energy collisional dissociation MS/MS spectra were recorded with the maximum injection time of
45 or 220 ms (for phosphoproteome measurement) at a target value of 1 � 105 and a resolution of
30,000 (defined at m/z 200) or 60,000 for phosphoproteome measurement. The normalized collision
energy was set to 27%, and the intensity threshold was kept at 1 � 105 or 5 � 104 for phosphoproteome
measurement. The masses of sequenced precursor ions were dynamically excluded from MS/MS frag-
mentation for 30 s. Ions with unassigned charge states, with six or higher charged states, and singly
charged were excluded from fragmentation selection. A few experiments were measured on an Orbitrap
Elite mass spectrometer (Thermo Fisher Scientific) with previously described parameters (63).

Raw data processing. Acquired raw data were processed using the MaxQuant software suite version
2.0.3.0 (69). MaxQuant-generated peak lists were searched using the Andromeda search engine (70) against
the proteome of S. rimosus G7 genome (GenBank accession number CP048261), as well as the associated
plasmid (GenBank accession number CP048262). Carbamidomethylation of cysteines was set as a fixed modi-
fication, while methionine oxidation, protein N-terminal acetylation, and Ser/Thr/Tyr phosphorylation were
defined as variable modifications. Trypsin was chosen as a protease with up to two missed cleavages, and
the minimum required peptide length was set to seven amino acids. The mass tolerance window for parent
and fragment ion isolation was set at 4.5 ppm and 20 ppm, respectively. A false-discovery rate (FDR) of 1%
was set at the peptide, protein, and phosphorylation site levels (71).

Statistical analyses. Significance analyses of differentially regulated proteins and phosphorylation
events were performed with Perseus software (version 1.6.14.0.). All contaminants, reverse hits, and pro-
teins identified only by the modification site were removed. For quantitative proteome analyses, data
were filtered to have at least one measured ratio in both replicates. Significantly regulated proteins were
identified by one sample t test with a P value of 0.05 and an s0 parameter of 0.1. For the phosphopro-
teome analyses, phosphorylation site ratios were normalized to their respective abundances of protein
groups, transformed to log2, and plotted against the respective log10-transformed phosphorylation site
intensities (72). An arbitrary threshold of 1.5 on a log2 scale (3-fold change) was used for the assignment
of differentially regulated phosphorylation sites to certain developmental stages (if the phosphorylation
site was quantified in all three stages).

Clustering analysis. Proteins with similar temporal abundances were clustered using hierarchical
clustering analysis. This analysis was performed using Perseus on significantly regulated proteins
obtained by t test (P , 0.05). Proteins were normalized using Z-score and clustered based on calculation
of Euclidean distance.

Functional annotation and functional enrichment analysis. The proteins were functionally anno-
tated with gene ontology (GO) biological processes (GOBP), molecular functions (GOMF), cellular com-
partments (GOCC), Kyoto Encyclopedia of Genes and Genomes (KEGG), protein families (PFAM), and
enzyme commission (EC) functional resources and added to Perseus software. These annotations were
obtained by performing protein sequence orthologous assignment with the evolutionary genealogy of
genes: nonsupervised orthologous groups (eggNOG-mapper) software (73). Proteins with differentially
regulated phosphorylation sites were grouped into six major functional categories according to their bi-
ological roles, as the number of phosphoproteins per 20 subcategories defined by eggNOG was rela-
tively small. Clusters were tested for enrichment based on the mentioned annotation terms by using
Fisher’s exact test. Annotation terms with adjusted P values below 0.05 in any of the clusters and with
an enrichment factor above 1 were considered significant.

Phylogenetic analysis. Predicted Ser/Thr kinases (STPKs) from the S. rimosus G7 strain (32 sequen-
ces) and 25 out of 27 STPKs of S. coelicolor M415 identified by other proteomics studies (15, 16) were
used to perform multiple-sequence alignment (MSA) with the PROMALS3D tool (74). Two kinases were
removed, SCO3360, which was annotated as a hypothetical protein which shared similarity to aminogly-
coside 39-phosphotransferase, and SCO3941, which was biochemically characterized as a protein phos-
phatase with dual-substrate specificity (75). Two STPKs with solved three-dimensional structures from
Mycobacterium tuberculosis (PDB IDs 6I2P and 3OUV) were used to improve alignment quality. A phylo-
genetic tree of aligned kinase sequences was constructed using the maximum-likelihood method in
PhyML (76). Approximate likelihood ratio test (aLRT) values were used to infer branch support. Branches
with aLRT values greater than 0.9 were considered well supported.

Analysis of phospho-orthologs in prokaryotes. To identify S. rimosus phospho-orthologs in other
prokaryotes, we used the dbPSP 2.0 database (http://dbpsp.biocuckoo.cn). It comprises 19,296
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experimentally identified phosphorylation sites in 8,586 proteins from 200 microorganisms that belong
to 12 phyla within domains of Bacteria and Archaea.

Data availability. The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE (77) partner repository with the data set identifier PXD034565. All other data support-
ing the findings of this study are available in the article or the supplemental material.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
DATA SET S1, XLSX file, 2.9 MB.
FIG S1, TIF file, 0.4 MB.
FIG S2, TIF file, 0.2 MB.
FIG S3, TIF file, 0.1 MB.
TABLE S1, DOCX file, 0.01 MB.
TABLE S2, DOCX file, 0.01 MB.
TABLE S3, DOCX file, 0.01 MB.
TABLE S4, DOCX file, 0.01 MB.
TABLE S5, DOCX file, 0.04 MB.

ACKNOWLEDGMENTS
We thank Marin Roje and Mladenka Jurin for the measurement of OTC in culture media,

Božidar Šantek and Marina Grubi�c for the measurement of glucose consumption, and Ivo
Crnolatac for valuable discussion.

This work was supported by the Unity through Knowledge Fund (UKF grant 27/15 to
D.V.). B.M. was supported by grants from the Deutsche Forschungsgemeinschaft (German
Research Foundation Cluster of Excellence EXC 2124, SFB 766, FOR 2816, TRR 261; project
ID 398967434), the European Union's Horizon 2020 Research and Innovation Program
under the Marie Sklodowska-Curie grant agreement 955626, and the German-Israeli
Foundation grant I-1464-416.13/2018. E.Š. was supported by the UKF fund and by the
Croatian Government and the EU through the ERDF’s Competitiveness and Cohesion
Operational Program (KK.01.1.1.01), The Scientific Centre of Excellence for Marine
Bioprospecting (BioProCro).

REFERENCES
1. Hopwood DA. 2007. Streptomyces in nature and medicine: the antibiotic

makers. Oxford University Press, Oxford, UK.
2. Barka EA, Vatsa P, Sanchez L, Gaveau-Vaillant N, Jacquard C, Meier-

Kolthoff JP, Klenk H-P, Clément C, Ouhdouch Y, van Wezel GP. 2016. Tax-
onomy, physiology, and natural products of Actinobacteria. Microbiol
Mol Biol Rev 80:1–43. https://doi.org/10.1128/MMBR.00019-15.

3. Chater KF. 2016. Recent advances in understanding Streptomyces.
F1000Res 5:2795. https://doi.org/10.12688/f1000research.9534.1.

4. McCormick JR, Flärdh K. 2012. Signals and regulators that govern Strepto-
myces development. FEMS Microbiol Rev 36:206–231. https://doi.org/10
.1111/j.1574-6976.2011.00317.x.

5. Manteca A, Alvarez R, Salazar N, Yagüe P, Sanchez J. 2008. Mycelium dif-
ferentiation and antibiotic production in submerged cultures of Strepto-
myces coelicolor. Appl Environ Microbiol 74:3877–3886. https://doi.org/10
.1128/AEM.02715-07.

6. Manteca Á, Yagüe P. 2018. Streptomyces differentiation in liquid cultures
as a trigger of secondary metabolism. Antibiotics 7:41. https://doi.org/10
.3390/antibiotics7020041.

7. van der Heul HU, Bilyk BL, McDowall KJ, Seipke RF, van Wezel GP. 2018.
Regulation of antibiotic production in Actinobacteria: new perspectives
from the post-genomic era. Nat Prod Rep 35:575–604. https://doi.org/10
.1039/c8np00012c.

8. Lee N, KimW, Hwang S, Lee Y, Cho S, Palsson B, Cho B-K. 2020. Thirty com-
plete Streptomyces genome sequences for mining novel secondary
metabolite biosynthetic gene clusters. Sci Data 7:55. https://doi.org/10
.1038/s41597-020-0395-9.

9. Caicedo-Montoya C, Manzo-Ruiz M, Ríos-Estepa R. 2021. Pan-Genome of
the Genus Streptomyces and prioritization of biosynthetic gene clusters
with potential to produce antibiotic compounds. Front Microbiol 12:
677558. https://doi.org/10.3389/fmicb.2021.677558.

10. Bentley SD, Chater KF, Cerdeño-Tárraga AM, Challis GL, Thomson NR,
James KD, Harris DE, Quail MA, Kieser H, Harper D, Bateman A, Brown S,
Chandra G, Chen CW, Collins M, Cronin A, Fraser A, Goble A, Hidalgo J,
Hornsby T, Howarth S, Huang CH, Kieser T, Larke L, Murphy L, Oliver K,
O'Neil S, Rabbinowitsch E, Rajandream MA, Rutherford K, Rutter S, Seeger
K, Saunders D, Sharp S, Squares R, Squares S, Taylor K, Warren T,
Wietzorrek A, Woodward J, Barrell BG, Parkhill J, Hopwood DA. 2002.
Complete genome sequence of the model actinomycete Streptomyces
coelicolor A3(2). Nature 417:141–147. https://doi.org/10.1038/417141a.

11. Bonne Køhler J, Jers C, Senissar M, Shi L, Derouiche A, Mijakovi�c I. 2020. Im-
portance of protein Ser/Thr/Tyr phosphorylation for bacterial pathogenesis.
FEBS Lett 594:2339–2369. https://doi.org/10.1002/1873-3468.13797.

12. Bendt AK, Burkovski A, Schaffer S, Bott M, Farwick M, Hermann TJP. 2003.
Towards a phosphoproteome map of Corynebacterium glutamicum. Pro-
teomics 3:1637–1646. https://doi.org/10.1002/pmic.200300494.

13. Licona-Cassani C, Lim S, Marcellin E, Nielsen LK. 2014. Temporal dynamics
of the Saccharopolyspora erythraea phosphoproteome. Mol Cell Proteo-
mics 13:1219–1230. https://doi.org/10.1074/mcp.M113.033951.

14. Mijakovi�c I, Ma�cek B. 2012. Impact of phosphoproteomics on studies of
bacterial physiology. FEMS Microbiol Rev 36:877–892. https://doi.org/10
.1111/j.1574-6976.2011.00314.x.

15. Parker JL, Jones AME, Serazetdinova L, Saalbach G, Bibb MJ, Naldrett MJ.
2010. Analysis of the phosphoproteome of the multicellular bacterium
Streptomyces coelicolor A3(2) by protein/peptide fractionation, phospho-
peptide enrichment and high-accuracy mass spectrometry. Proteomics
10:2486–2497. https://doi.org/10.1002/pmic.201000090.

16. Manteca A, Ye J, Sánchez J, Jensen ON. 2011. Phosphoproteome analysis
of Streptomyces development reveals extensive protein phosphorylation
accompanying bacterial differentiation. J Proteome Res 10:5481–5492.
https://doi.org/10.1021/pr200762y.

Quantitative (Phospho)Proteomic Analysis of S. rimosus mSystems

Month YYYY Volume XX Issue XX 10.1128/msystems.00199-22 18

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.a

sm
.o

rg
/jo

ur
na

l/m
sy

st
em

s o
n 

04
 O

ct
ob

er
 2

02
2 

by
 1

47
.1

48
.1

78
.1

4.

http://www.ebi.ac.uk/pride/archive/projects/PXD034565
https://doi.org/10.1128/MMBR.00019-15
https://doi.org/10.12688/f1000research.9534.1
https://doi.org/10.1111/j.1574-6976.2011.00317.x
https://doi.org/10.1111/j.1574-6976.2011.00317.x
https://doi.org/10.1128/AEM.02715-07
https://doi.org/10.1128/AEM.02715-07
https://doi.org/10.3390/antibiotics7020041
https://doi.org/10.3390/antibiotics7020041
https://doi.org/10.1039/c8np00012c
https://doi.org/10.1039/c8np00012c
https://doi.org/10.1038/s41597-020-0395-9
https://doi.org/10.1038/s41597-020-0395-9
https://doi.org/10.3389/fmicb.2021.677558
https://doi.org/10.1038/417141a
https://doi.org/10.1002/1873-3468.13797
https://doi.org/10.1002/pmic.200300494
https://doi.org/10.1074/mcp.M113.033951
https://doi.org/10.1111/j.1574-6976.2011.00314.x
https://doi.org/10.1111/j.1574-6976.2011.00314.x
https://doi.org/10.1002/pmic.201000090
https://doi.org/10.1021/pr200762y
https://journals.asm.org/journal/msystems
https://doi.org/10.1128/msystems.00199-22


17. Rioseras B, Shliaha PV, Gorshkov V, Yagüe P, López-García MT, Gonzalez-
Quiñonez N, Kovalchuk S, Rogowska-Wrzesinska A, Jensen ON, Manteca A.
2018. Quantitative proteome and phosphoproteome analyses of Streptomy-
ces coelicolor reveal proteins and phosphoproteins modulating differentiation
and secondary metabolism. Mol Cell Proteomics 17:1591–1611. https://doi
.org/10.1074/mcp.RA117.000515.

18. Lamichhane J, Jha A, Singh B, Pandey R, Sohng JK. 2014. Heterologous
production of spectinomycin in Streptomyces venezuelae by exploiting
the dTDP-D-desosamine pathway. J Biotechnol 174:57–63. https://doi
.org/10.1016/j.jbiotec.2014.01.028.

19. Maharjan S, Oh TJ, Lee HC, Sohng JK. 2008. Heterologous expression of
metK1-sp and afsR-sp in Streptomyces venezuelae for the production of pik-
romycin. Biotechnol Lett 30:1621–1626. https://doi.org/10.1007/s10529-008
-9735-0.

20. Petkovi�c H, Cullum J, Hranueli D, Hunter IS, Peri�c-Concha N, Pigac J,
Thamchaipenet A, Vujaklija D, Long PF. 2006. Genetics of Streptomyces rimo-
sus, the oxytetracycline producer. Microbiol Mol Biol Rev 70:704–728.
https://doi.org/10.1128/MMBR.00004-06.

21. Petkovi�c H, Lukeži�c T, Šuškovi�c J. 2017. Biosynthesis of oxytetracycline by
Streptomyces rimosus: past, present and future directions in the develop-
ment of tetracycline antibiotics. Food Technol Biotechnol 55:3–13.
https://doi.org/10.17113/ftb.55.01.17.4617.

22. Chopra I, Roberts M. 2001. Tetracycline antibiotics: mode of action, appli-
cations, molecular biology, and epidemiology of bacterial resistance.
Microbiol Mol Biol Rev 65:232–260. https://doi.org/10.1128/MMBR.65.2
.232-260.2001.

23. Sversut RA, da Silva AA, Cardoso TFM, Kassab NM, do Amaral MS, Salgado
HRN. 2017. A critical review of properties and analytical methods for the
determination of oxytetracyline in biological and pharmaceutical matri-
ces. Crit Rev Anal Chem 47:154–171. https://doi.org/10.1080/10408347
.2016.1236673.

24. Pethick FE, Macfadyen AC, Tang Z, Sangal V, Liu T-T, Chu J, Kosec G,
Petkovic H, Guo M, Kirby R, Hoskisson PA, Herron PR, Hunter IS. 2013. Draft
genome sequence of the oxytetracycline-producing bacterium Streptomy-
ces rimosus ATCC 10970. Genome Announc 1:e0006313. https://doi.org/10
.1128/genomeA.00063-13.

25. Algora-Gallardo L, Schniete JK, Mark DR, Hunter IS, Herron PR. 2021. Bilat-
eral symmetry of linear streptomycete chromosomes. Microb Genom 7:
000692. https://doi.org/10.1099/mgen.0.000692.

26. Waters B, Vujaklija D, Gold MR, Davies J. 1994. Protein tyrosine phospho-
rylation in streptomycetes. FEMS Microbiol Lett 120:187–190. https://doi
.org/10.1111/j.1574-6968.1994.tb07028.x.

27. Nagarajan SN, Lenoir C, Grangeasse C. 2021. Recent advances in bacterial
signaling by serine/threonine protein kinases. Trends Microbiol 30:
P553–P556. https://doi.org/10.1016/j.tim.2021.11.005.

28. Yagüe P, Gonzalez-Quiñonez N, Fernández-García G, Alonso-Fernández S,
Manteca A. 2019. Goals and challenges in bacterial phosphoproteomics.
Int J Mol Sci 20:5678. https://doi.org/10.3390/ijms20225678.

29. Holt TG, Chang C, Laurent-Winter C, Murakami T, Garrels JI, Davies JE,
Thompson CJ. 1992. Global changes in gene expression related to antibi-
otic synthesis in Streptomyces hygroscopicus. Mol Microbiol 6:969–980.
https://doi.org/10.1111/j.1365-2958.1992.tb02163.x.

30. Salah-Bey K, Blanc V, Thompson CJ. 1995. Stress-activated expression of a
Streptomyces pristinaespiralis multidrug resistance gene (ptr) in various
Streptomyces spp. and Escherichia coli. Mol Microbiol 17:1001–1012.
https://doi.org/10.1111/j.1365-2958.1995.mmi_17051001.x.

31. Blanco G, RodicioMR, Puglia AM, Méndez C, Thompson CJ, Salas JA. 1994. Syn-
thesis of ribosomal proteins during growth of Streptomyces coelicolor. Mol
Microbiol 12:375–385. https://doi.org/10.1111/j.1365-2958.1994.tb01027.x.

32. Puglia AM, Vohradsky J, Thompson CJ. 1995. Developmental control of
the heat-shock stress regulon in Streptomyces coelicolor. Mol Microbiol
17:737–746. https://doi.org/10.1111/j.1365-2958.1995.mmi_17040737.x.

33. Neumann T, Piepersberg W, Distler J. 1996. Decision phase regulation of
streptomycin production in Streptomyces griseus. Microbiology 142:
1953–1963. https://doi.org/10.1099/13500872-142-8-1953.

34. Manteca A, Jung HR, Schwämmle V, Jensen ON, Sanchez J. 2010. Quanti-
tative proteome analysis of Streptomyces coelicolor nonsporulating liquid
cultures demonstrates a complex differentiation process comparable to
that occurring in sporulating solid cultures. J Proteome Res 9:4801–4811.
https://doi.org/10.1021/pr100513p.

35. Nieselt K, Battke F, Herbig A, Bruheim P, Wentzel A, Jakobsen ØM, Sletta
H, Alam MT, Merlo ME, Moore J, Omara WAM, Morrissey ER, Juarez-
Hermosillo MA, Rodríguez-García A, Nentwich M, Thomas L, Iqbal M,
Legaie R, Gaze WH, Challis GL, Jansen RC, Dijkhuizen L, Rand DA, Wild DL,

Bonin M, Reuther J, Wohlleben W, Smith MCM, Burroughs NJ, Martín JF,
Hodgson DA, Takano E, Breitling R, Ellingsen TE, Wellington EMH. 2010.
The dynamic architecture of the metabolic switch in Streptomyces coeli-
color. BMC Genomics 11:10. https://doi.org/10.1186/1471-2164-11-10.

36. Hopwood DA. 1985. Genetic manipulation of Streptomyces: a laboratory
manual. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY.

37. Granozzi C, Billetta R, Passantino R, Sollazzo M, Puglia AM. 1990. A break-
down in macromolecular synthesis preceding differentiation in Strepto-
myces coelicolor A3(2). J Gen Microbiol 136:713–716. https://doi.org/10
.1099/00221287-136-4-713.

38. Mijakovi�c I, Grangeasse C, Turgay K. 2016. Exploring the diversity of pro-
tein modifications: special bacterial phosphorylation systems. FEMS
Microbiol Rev 40:398–417. https://doi.org/10.1093/femsre/fuw003.

39. Borovok I, Kreisberg-Zakarin R, Yanko M, Schreiber R, Myslovati M, Aslund
F, Holmgren A, Cohen G, Aharonowitz Y. 2002. Streptomyces spp. contain
class Ia and class II ribonucleotide reductases: expression analysis of the
genes in vegetative growth. Microbiology (Reading) 148:391–404.
https://doi.org/10.1099/00221287-148-2-391.

40. Soares NC, Spät P, Krug K, Ma�cek B. 2013. Global dynamics of the Escherichia
coli proteome and phosphoproteome during growth in minimal medium. J
Proteome Res 12:2611–2621. https://doi.org/10.1021/pr3011843.

41. Bennison DJ, Nakamoto JA, Craggs TD, Milón P, Rafferty JB, Corrigan RM.
2021. The stringent response inhibits 70S ribosome formation in Staphy-
lococcus aureus by impeding GTPase-ribosome interactions. mBio 12:
e0267921. https://doi.org/10.1128/mBio.02679-21.

42. Kaur G, Kaundal S, Kapoor S, Grimes JM, Huiskonen JT, Thakur KG. 2018.
Mycobacterium tuberculosis CarD, an essential global transcriptional reg-
ulator forms amyloid-like fibrils. Sci Rep 8:10124. https://doi.org/10.1038/
s41598-018-28290-4.

43. Müller AU, Weber-Ban E. 2019. The bacterial proteasome at the core of
diverse degradation pathways. Front Mol Biosci 6:23. https://doi.org/10
.3389/fmolb.2019.00023.

44. Masip L, Veeravalli K, Georgiou G. 2006. The many faces of glutathione in
bacteria. Antioxid Redox Signal 8:753–762. https://doi.org/10.1089/ars
.2006.8.753.

45. Ramos JL, Martínez-Bueno M, Molina-Henares AJ, Terán W, Watanabe K,
Zhang X, Gallegos MT, Brennan R, Tobes R. 2005. The TetR family of tran-
scriptional repressors. Microbiol Mol Biol Rev 69:326–356. https://doi.org/
10.1128/MMBR.69.2.326-356.2005.

46. Häuser R, Pech M, Kijek J, Yamamoto H, Titz B, Naeve F, Tovchigrechko A,
Yamamoto K, Szaflarski W, Takeuchi N, Stellberger T, Diefenbacher ME,
Nierhaus KH, Uetz P. 2012. RsfA (YbeB) proteins are conserved ribosomal
silencing factors. PLoS Genet 8:e1002815. https://doi.org/10.1371/journal
.pgen.1002815.

47. Zhu Y, Lu T, Zhang J, Zhang P, Tao M, Pang X. 2020. A novel XRE family
regulator that controls antibiotic production and development in Strep-
tomyces coelicolor. Appl Microbiol Biotechnol 104:10075–10089. https://
doi.org/10.1007/s00253-020-10950-z.

48. Daigle F, Lerat S, Bucca G, Sanssouci �E, Smith CP, Malouin F, Beaulieu C,
Schneewind O. 2015. A terD domain-encoding gene (SCO2368) is
involved in calcium homeostasis and participates in calcium regulation of
a DosR-like regulon in Streptomyces coelicolor. J Bacteriol 197:913–923.
https://doi.org/10.1128/JB.02278-14.

49. Mikulík K, Bobek J, Ziková A, Sm�etáková M, Bezoušková S. 2011. Phospho-
rylation of ribosomal proteins influences subunit association and transla-
tion of poly (U) in Streptomyces coelicolor. Mol Biosyst 7:817–823. https://
doi.org/10.1039/c0mb00174k.

50. Garcia-Garcia T, Poncet S, Derouiche A, Shi L, Mijakovic I, Noirot-Gros M-F.
2016. Role of protein phosphorylation in the regulation of cell cycle and
DNA-related processes in bacteria. Front Microbiol 7:184. https://doi.org/
10.3389/fmicb.2016.00184.

51. Park S-H, Singh H, Appukuttan D, Jeong S, Choi YJ, Jung J-H, Narumi I, Lim
S. 2016. PprM, a cold shock domain-containing protein from Deinococcus
radiodurans, confers oxidative stress tolerance to Escherichia coli. Front
Microbiol 7:2124. https://doi.org/10.3389/fmicb.2016.02124.

52. Hołówka J, Zakrzewska-Czerwi�nska J. 2020. Nucleoid associated proteins:
the small organizers that help to cope with stress. Front Microbiol 11:590.
https://doi.org/10.3389/fmicb.2020.00590.

53. Buchfink B, Xie C, Huson DH. 2015. Fast and sensitive protein alignment
using DIAMOND. Nat Methods 12:59–60. https://doi.org/10.1038/nmeth
.3176.

54. Shi Y, Zhang Y, Lin S, Wang C, Zhou J, Peng D, Xue Y. 2020. dbPSP 2.0, an
updated database of protein phosphorylation sites in prokaryotes. Sci
Data 7:164. https://doi.org/10.1038/s41597-020-0506-7.

Quantitative (Phospho)Proteomic Analysis of S. rimosus mSystems

Month YYYY Volume XX Issue XX 10.1128/msystems.00199-22 19

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.a

sm
.o

rg
/jo

ur
na

l/m
sy

st
em

s o
n 

04
 O

ct
ob

er
 2

02
2 

by
 1

47
.1

48
.1

78
.1

4.

https://doi.org/10.1074/mcp.RA117.000515
https://doi.org/10.1074/mcp.RA117.000515
https://doi.org/10.1016/j.jbiotec.2014.01.028
https://doi.org/10.1016/j.jbiotec.2014.01.028
https://doi.org/10.1007/s10529-008-9735-0
https://doi.org/10.1007/s10529-008-9735-0
https://doi.org/10.1128/MMBR.00004-06
https://doi.org/10.17113/ftb.55.01.17.4617
https://doi.org/10.1128/MMBR.65.2.232-260.2001
https://doi.org/10.1128/MMBR.65.2.232-260.2001
https://doi.org/10.1080/10408347.2016.1236673
https://doi.org/10.1080/10408347.2016.1236673
https://doi.org/10.1128/genomeA.00063-13
https://doi.org/10.1128/genomeA.00063-13
https://doi.org/10.1099/mgen.0.000692
https://doi.org/10.1111/j.1574-6968.1994.tb07028.x
https://doi.org/10.1111/j.1574-6968.1994.tb07028.x
https://doi.org/10.1016/j.tim.2021.11.005
https://doi.org/10.3390/ijms20225678
https://doi.org/10.1111/j.1365-2958.1992.tb02163.x
https://doi.org/10.1111/j.1365-2958.1995.mmi_17051001.x
https://doi.org/10.1111/j.1365-2958.1994.tb01027.x
https://doi.org/10.1111/j.1365-2958.1995.mmi_17040737.x
https://doi.org/10.1099/13500872-142-8-1953
https://doi.org/10.1021/pr100513p
https://doi.org/10.1186/1471-2164-11-10
https://doi.org/10.1099/00221287-136-4-713
https://doi.org/10.1099/00221287-136-4-713
https://doi.org/10.1093/femsre/fuw003
https://doi.org/10.1099/00221287-148-2-391
https://doi.org/10.1021/pr3011843
https://doi.org/10.1128/mBio.02679-21
https://doi.org/10.1038/s41598-018-28290-4
https://doi.org/10.1038/s41598-018-28290-4
https://doi.org/10.3389/fmolb.2019.00023
https://doi.org/10.3389/fmolb.2019.00023
https://doi.org/10.1089/ars.2006.8.753
https://doi.org/10.1089/ars.2006.8.753
https://doi.org/10.1128/MMBR.69.2.326-356.2005
https://doi.org/10.1128/MMBR.69.2.326-356.2005
https://doi.org/10.1371/journal.pgen.1002815
https://doi.org/10.1371/journal.pgen.1002815
https://doi.org/10.1007/s00253-020-10950-z
https://doi.org/10.1007/s00253-020-10950-z
https://doi.org/10.1128/JB.02278-14
https://doi.org/10.1039/c0mb00174k
https://doi.org/10.1039/c0mb00174k
https://doi.org/10.3389/fmicb.2016.00184
https://doi.org/10.3389/fmicb.2016.00184
https://doi.org/10.3389/fmicb.2016.02124
https://doi.org/10.3389/fmicb.2020.00590
https://doi.org/10.1038/nmeth.3176
https://doi.org/10.1038/nmeth.3176
https://doi.org/10.1038/s41597-020-0506-7
https://journals.asm.org/journal/msystems
https://doi.org/10.1128/msystems.00199-22


55. Scheeff ED, Bourne PE. 2005. Structural evolution of the protein kinase–
like superfamily. PLoS Comput Biol 1:e49. https://doi.org/10.1371/journal
.pcbi.0010049.

56. Manuse S, Fleurie A, Zucchini L, Lesterlin C, Grangeasse C. 2016. Role of eukary-
otic-like serine/threonine kinases in bacterial cell division and morphogenesis.
FEMSMicrobiol Rev 40:41–56. https://doi.org/10.1093/femsre/fuv041.

57. Horinouchi S. 2003. AfsR as an integrator of signals that are sensed by multi-
ple serine/threonine kinases in Streptomyces coelicolor A3(2). J Ind Microbiol
Biotechnol 30:462–467. https://doi.org/10.1007/s10295-003-0063-z.

58. Hempel AM, Cantlay S, Molle V, Wang S-B, Naldrett MJ, Parker JL, Richards
DM, Jung Y-G, Buttner MJ, Flärdh K. 2012. The Ser/Thr protein kinase AfsK
regulates polar growth and hyphal branching in the filamentous bacteria
Streptomyces. Proc Natl Acad Sci U S A 109:E2371–E2379. https://doi.org/
10.1073/pnas.1207409109.

59. Łebkowski T, Wola�nski M, Ołdziej S, Flärdh K, Zakrzewska-Czerwi�nska J,
Henkin TM. 2020. AfsK-mediated site-specific phosphorylation regulates
DnaA initiator protein activity in Streptomyces coelicolor. J Bacteriol 202:
e00597-19. https://doi.org/10.1128/JB.00597-19.

60. Vollmer B, Steblau N, Ladwig N, Mayer C, Macek B, Mitousis L, Sigle S,
Walter A, Wohlleben W, Muth G. 2019. Role of the Streptomyces spore
wall synthesizing complex SSSC in differentiation of Streptomyces coeli-
color A3(2). Int J Med Microbiol 309:151327. https://doi.org/10.1016/j
.ijmm.2019.07.001.

61. Zacchetti B, Smits P, Claessen D. 2018. Dynamics of pellet fragmentation
and aggregation in liquid-grown cultures of Streptomyces lividans. Front
Microbiol 9:943. https://doi.org/10.3389/fmicb.2018.00943.

62. Ma�cek B, Mijakovi�c I, Olsen JV, Gnad F, Kumar C, Jensen PR, Mann M.
2007. The serine/threonine/tyrosine phosphoproteome of the model bac-
terium Bacillus subtilis. Mol Cell Proteomics 6:697–707. https://doi.org/10
.1074/mcp.M600464-MCP200.

63. Cveteši�c N, Šemanjski M, Soufi B, Krug K, Grui�c-Sovulj I, Ma�cek B. 2016.
Proteome-wide measurement of non-canonical bacterial mistranslation
by quantitative mass spectrometry of protein modifications. Sci Rep 6:
28631. https://doi.org/10.1038/srep28631.

64. Ma�cek B, Gnad F, Soufi B, Kumar C, Olsen JV, Mijakovi�c I, Mann M. 2008.
Phosphoproteome analysis of E. coli reveals evolutionary conservation of
bacterial Ser/Thr/Tyr phosphorylation. Mol Cell Proteomics 7:299–307.
https://doi.org/10.1074/mcp.M700311-MCP200.

65. Boersema P, Mohammed S, Heck A. 2009. Phosphopeptide fragmentation
and analysis by mass spectrometry. J Mass Spectrom 44:861–878. https://
doi.org/10.1002/jms.1599.

66. Spät P, Ma�cek B, Forchhammer K. 2015. Phosphoproteome of the cyanobac-
terium Synechocystis sp. PCC 6803 and its dynamics during nitrogen starva-
tion. Front Microbiol 6:248. https://doi.org/10.3389/fmicb.2015.00248.

67. Šemanjski M, Germain E, Bratl K, Kiessling A, Gerdes K, Ma�cek B. 2018. The
kinases HipA and HipA7 phosphorylate different substrate pools in Esche-
richia coli to promote multidrug tolerance. Sci Signal 11:eaat5750.
https://doi.org/10.1126/scisignal.aat5750.

68. Rappsilber J, Mann M, Ishihama Y. 2007. Protocol for micro-purification,
enrichment, pre-fractionation and storage of peptides for proteomics
using StageTips. Nat Protoc 2:1896–1906. https://doi.org/10.1038/nprot
.2007.261.

69. Cox J, Mann M. 2008. MaxQuant enables high peptide identification rates,
individualized p.p.b.-range mass accuracies and proteome-wide protein
quantification. Nat Biotechnol 26:1367–1372. https://doi.org/10.1038/nbt
.1511.

70. Cox J, Neuhauser N, Michalski A, Scheltema RA, Olsen JV, Mann M. 2011. An-
dromeda: a peptide search engine integrated into the MaxQuant environ-
ment. J Proteome Res 10:1794–1805. https://doi.org/10.1021/pr101065j.

71. Elias JE, Gygi SP. 2007. Target-decoy search strategy for increased confi-
dence in large-scale protein identifications by mass spectrometry. Nat
Methods 4:207–214. https://doi.org/10.1038/nmeth1019.

72. Tyanova S, Temu T, Sinitcyn P, Carlson A, Hein MY, Geiger T, Mann M, Cox
J. 2016. The Perseus computational platform for comprehensive analysis
of (prote)omics data. Nat Methods 13:731–740. https://doi.org/10.1038/
nmeth.3901.

73. Cantalapiedra CP, Hernández-Plaza A, Letunic I, Bork P, Huerta-Cepas J.
2021. eggNOG-mapper v2: functional annotation, orthology assignments,
and domain prediction at the metagenomic scale. Mol Biol Evol 38:
5825–5829. https://doi.org/10.1093/molbev/msab293.

74. Pei J, Kim B-H, Grishin NV. 2008. PROMALS3D: a tool for multiple protein
sequence and structure alignments. Nucleic Acids Res 36:2295–2300.
https://doi.org/10.1093/nar/gkn072.

75. Umeyama T, Naruoka A, Horinouchi S. 2000. Genetic and biochemical
characterization of a protein phosphatase with dual substrate specificity
in Streptomyces coelicolor A3(2). Gene 258:55–62. https://doi.org/10
.1016/s0378-1119(00)00450-9.

76. Guindon S, Dufayard J-F, Lefort V, Anisimova M, Hordijk W, Gascuel O. 2010.
New algorithms and methods to estimate maximum-likelihood phylogenies:
assessing the performance of PhyML 3.0. Syst Biol 59:307–321. https://doi
.org/10.1093/sysbio/syq010.

77. Perez-Riverol Y, Bai J, Bandla C, García-Seisdedos D, Hewapathirana S,
Kamatchinathan S, Kundu DJ, Prakash A, Frericks-Zipper A, Eisenacher M,
Walzer M, Wang S, Brazma A, Vizcaíno JA. 2022. The PRIDE database resour-
ces in 2022: a hub for mass spectrometry-based proteomics evidences.
Nucleic Acids Res 50:D543–d552. https://doi.org/10.1093/nar/gkab1038.

Quantitative (Phospho)Proteomic Analysis of S. rimosus mSystems

Month YYYY Volume XX Issue XX 10.1128/msystems.00199-22 20

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.a

sm
.o

rg
/jo

ur
na

l/m
sy

st
em

s o
n 

04
 O

ct
ob

er
 2

02
2 

by
 1

47
.1

48
.1

78
.1

4.

https://doi.org/10.1371/journal.pcbi.0010049
https://doi.org/10.1371/journal.pcbi.0010049
https://doi.org/10.1093/femsre/fuv041
https://doi.org/10.1007/s10295-003-0063-z
https://doi.org/10.1073/pnas.1207409109
https://doi.org/10.1073/pnas.1207409109
https://doi.org/10.1128/JB.00597-19
https://doi.org/10.1016/j.ijmm.2019.07.001
https://doi.org/10.1016/j.ijmm.2019.07.001
https://doi.org/10.3389/fmicb.2018.00943
https://doi.org/10.1074/mcp.M600464-MCP200
https://doi.org/10.1074/mcp.M600464-MCP200
https://doi.org/10.1038/srep28631
https://doi.org/10.1074/mcp.M700311-MCP200
https://doi.org/10.1002/jms.1599
https://doi.org/10.1002/jms.1599
https://doi.org/10.3389/fmicb.2015.00248
https://doi.org/10.1126/scisignal.aat5750
https://doi.org/10.1038/nprot.2007.261
https://doi.org/10.1038/nprot.2007.261
https://doi.org/10.1038/nbt.1511
https://doi.org/10.1038/nbt.1511
https://doi.org/10.1021/pr101065j
https://doi.org/10.1038/nmeth1019
https://doi.org/10.1038/nmeth.3901
https://doi.org/10.1038/nmeth.3901
https://doi.org/10.1093/molbev/msab293
https://doi.org/10.1093/nar/gkn072
https://doi.org/10.1016/s0378-1119(00)00450-9
https://doi.org/10.1016/s0378-1119(00)00450-9
https://doi.org/10.1093/sysbio/syq010
https://doi.org/10.1093/sysbio/syq010
https://doi.org/10.1093/nar/gkab1038
https://journals.asm.org/journal/msystems
https://doi.org/10.1128/msystems.00199-22

	RESULTS AND DISCUSSION
	Mycelial morphology changes during the growth arrest phase and coincides with oxytetracycline production.
	A significant number of (phospho)proteins from various functional categories were identified during submerged growth of S. rimosus.
	Quantitative (phospho)proteomics analysis uncovers growth-dependent proteins during morphological changes and antibiotic production in S. rimosus.
	(i) Proteome dynamics.
	(a) Proteins upregulated in the SI phase.
	(b) Proteins upregulated in the SII phase.
	(c) Proteins upregulated in the SIII phase.
	(ii) Phosphoproteome dynamics.
	(a) Protein phosphorylation in the SI phase.
	(b) Protein phosphorylation in the SII phase.
	(c) Protein phosphorylation in the SIII phase.
	Comparison of S. rimosus and S. coelicolor phosphoproteomes reveals a low number of conserved phosphorylation sites among orthologs.
	Phylogenetic analysis of S. rimosus STPKs confirms relatedness to S. coelicolor STPKs and indicates their biological roles.
	Analysis of S. rimosus phospho-orthologs within prokaryotes revealed 55 previously unreported phosphoproteins.

	MATERIALS AND METHODS
	Bacterial strain, culture conditions, and evaluation of growth.
	Harvesting and cell lysis.
	Western blot analysis.
	OTC production.
	Fluorescence microscopy.
	Protein digestion.
	Stable isotope dimethyl labeling.
	Phosphopeptide enrichment.
	LC-MS/MS measurements.
	Raw data processing.
	Statistical analyses.
	Clustering analysis.
	Functional annotation and functional enrichment analysis.
	Phylogenetic analysis.
	Analysis of phospho-orthologs in prokaryotes.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

