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Abstract
Streptomyces strains experience a number of changes within the complex hyperosmotic ecological niche they
inhabit. A two-component regulatory system allows them to control the cascade of signals required to
acclimate to these changes. These kinds of systems consist of a sensor domain (histidine kinase) and an
effector response-regulating domain. The regulation process uses phosphotransfer, dephosphorylation and
self-phosphorylation. Coupled with the system are proteins that control the activity of the target protein, and
transcription factors that allow the expression of genes in response to stress. This brief review provides an
updated and summarized vision of some two-component systems known in Streptomyces, and the advantages
of understanding these systems for the biosynthesis of secondary metabolites. Comprehending these
adaptation mechanisms expands the potential uses of Streptomyces, as these systems are frequently linked to
the production of new substances of interest in biotechnology, considering that these mechanisms regulate
two major processes -- cellular differentiation and secondary metabolite production -- to respond to their
complex environment.-
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1. Introduction
Actinomycetes are saprophytic Gram-positive bacteria that live in terrestrial and marine
environments [1]. They grow as vegetative multi-gene hyphae that subsequently produce
spores [2]. Their morphological differentiation leads to the physiological one, which in
turn results in the synthesis of a number of secondary metabolites of importance in industry
and medicine as antifungal, antiviral, antiparasitic and antitumor agents, as well as
herbicides and immunosuppressants, among others [3,4,5]. Both processes occur in
response to environmental stress [6]. To communicate these changes, these processes use a
variety of systems, including secondary metabolites, ions (Fe2+) and proteins (catabolite
regulation protein, CRP). However, two-component systems (TCSs) are the most
commonly used of all for signal transduction [7,8]. Although TCSs have not been
classified to date, these can be grouped into three classes: 1) those involved in the
biosynthesis of secondary metabolites; 2) those regulating pleiotropic mechanisms; and 3)
both regulating mechanisms: pleiotropic and in the biosynthesis of secondary metabolites.
The interaction and cascade of events between two-component systems and transcription
factors is complex, and in some cases the signals that indicate the onset of regulation are
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unknown [9]. This paper briefly reviews general and recent aspects of the two-component
system in actinomycetes, emphasizing their involvement in the production of secondary
metabolites of industrial interest.

2. Two-Component Systems. Overview
Two-component systems (TCSs) are widely distributed among the three domains of life,
i.e. Eukaria, Bacteria and Archea [10]. In bacteria, TCSs are regulation systems that
frequently control the adaptive response to different stressors. These usually consist of two
core elements: a sensor protein -- histidine kinase (HK) -- and a response regulator (RR)
akin to it [7]. Generally, the sensor protein uses adenosine triphosphate (ATP) for selfphosphorylating a conserved histidine residue in response to a specific signal. The highenergy phosphoryl group is transferred to a conserved aspartate residue located in the
response regulator (RR), causing the binding to specific genes within DNA [7]. Although
many TCSs use the Histidine-Aspartate phosphotransfer event between HK and RR, there
is another group that may display two additional phosphotransfers Histidine-AspartateHistidine-Aspartate [7, 8].
In actinomycetes, the complete sequencing of the model organism Streptomyces (S.)
coelicolor has provided most of the information on regulatory mechanisms and TCSs [11].
A total of 965 proteins (12.5%) have been identified as having a regulation role, including
85 histidine kinases and 79 response regulators (with 53 HK-RR pairs) potentially involved
in physiological and environmental fluctuations [11]. Particularly, in S. coelicolor it has
been shown that the HK-RR pair called osaAB is involved in morphological differentiation
and synthesis of actinorhodin and undecylprodigiosin when the organism grows under
hyperosmotic conditions; this feature has been defined as an osmoadaptative response [12,
13].
On the other hand, in Streptomyces avermitilis, whose importance in the
pharmaceutical industry has fostered the complete sequencing of its genome [3], 91 HK and
72 RR have been reported [9]. For its part, Streptomyces bingchenggensis, which produces
milbemycin, contains 125 HK and 117 RR in its genome [9]. These figures contrast with
those reported for other bacteria, like E. coli (32 HK and 23 RR) and Bacillus (B.) subtilis
(36 HK and 34 RR). The difference in the composition and number of TCSs in species of
the genus Streptomyces relative to other bacteria seems to reflect a certain ability to respond
to a wide variety of environmental stimuli and changes in their natural habitats, and also
gives them the ability to produce secondary metabolites that allow them to compete and
survive in complex environments (Figure 1).
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Figure 1. The two-component system consists of a sensor protein and a response regulator. a) The sensor
protein is self-phosphorylated in a conserved histidine (H) residue in the kinase domain in response to a signal
from the sensor domain (marked with the “explosion” symbol). The high-energy phosphoryl group (+P) is
transferred to a conserved aspartate residue (D) in the receptor domain of the response regulator, initiating the
cascade of signals that activate a transcription factor or a DNA binding domain. A second pathway b)
involves the transfer of +P to auxiliary aspartate (D) and histidine (H) domains. There are various
arrangements in the transfer of +P from the sensor to the response regulator as regards the pathway being
regulated.

3. Histidine kinases. Structure and function
Histidine kinases (HKs) possess a modular structure with various input domains bounded to
a conserved catalytic core. This design allows the coupling of a wide variety of input
signals leading to appropriate responses through self-phosphorylation and phosphotransfer
[14]. The typical HK structure consist of a homodimeric membrane that contains a sensor
domain formed by an extracellular loop with at least two segments covering the membrane,
and a transmitting domain located in the cytoplasm [15]. In a typical HK, the cytoplasmic
core consists of two different structures: a) the ATP-binding domain (DATP), also known
as HATPase, and b) the histidine phosphotransferase domain (DHFT) or Histidine kinase A
[16]. DHFT contains the conserved histidine residue for phosphorylation while DATP acts
as a catalyzer by transferring the phosphoryl group from ATP to the histidine residue. HKs
have multiple enzymatic activities, including autokinase, phosphotransferase and
phosphatase [17]. In the actinomycetes S. thermoviolaceus and S. coelicolor the chiRS K
operon has been identified, which encodes a chitinase – the enzyme responsible for
hydrolyzing chitin toward chito-oligosaccharides that, through the action of other enzymes,
lead the biosynthesis of N-acetylglucosamine, a major source of carbon and nitrogen [18].
Interestingly, the in-silico analysis of chiS in S. peucetius revealed the similarity with HK
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sequences of other actinomycetes such as S. avermitilis; it was subsequently confirmed that
it was a HK [19]. On the other hand, it was recently reported that two HKs from S.
coelicolor, AbrC1 and AbrC2, are necessary to regulate the production of antibiotics.
The abrC1 mutant, obtained in the referred investigation, overproduces the three antibiotics
identified in S. coelicolor, making it an interesting strain for the heterologous biosynthesis
of secondary metabolites [20]. Likewise, in Streptomyces acidiscabies -- a producer of
thaxtomin A and the secondary metabolite aromatic angucyclinone polyketide WS5995B -an HK (tcsK) was identified that, when over-expressed, increases 7.1 times the synthesis of
WS5995B without affecting the production of thaxtomin A. Besides, it was shown that
tcsK produces a 120-fold decrease in the production of spores in this species [21].

4. Response Regulators. Structure and function
Response Regulators (RR) are the end components in a signaling pathway; they operate as
"switches" activated by phosphorylation to produce an adaptive response [7]. RRs catalyze
the transfer of phosphate groups (phosphoryl) from the HK phospho-histidine complex to a
conserved aspartate residue within its own regulation domain (RD); molecules such as
acetyl phosphate, carbamoyl phosphate and phosphate imidazole can serve as phosphate
donors to RRs [7]. The RR’s basic structure contains: a) an N-terminal RD and b) an
effector domain (ED) [22]. The RD is involved in the catalysis of the transfer of
phosphoryl groups from HK toward itself and regulates the phosphorylation-dependent
activity of the effector domain; in this way, it allows the output response with various
effector domains, thus allowing a huge arrangement of responses that are regulated through
the TCS [22]. An example of the role of RR in actinomycetes is the one reported in the
cluster ram (rapid aerial mycelium), which plays a key role in the development of the
vegetative to aerial hyphae in S. coelicolor, since these encode a number of proteins
including RamR and RamC. The respective ramR and ramC genes are required for the
formation of aerial hyphae, but are not essential for vegetative growth in other
actinomycete species [23]. Other studies have demonstrated the role of BldM and WhiI
(hyphae formation and spore production) in the differentiation of several actinomycete
species, and the importance of response regulators in signal transduction [24]. As regards
secondary metabolism in actinomycetes, response regulators may affect biosynthesis either
positively or negatively. In the case of Streptomyces botropencis, it was demonstrated that
the response regulator Tnx11 activates the biosynthesis of trioxacarcin A, a chemical with
antibacterial, antimalarial and antitumor activity [25]. On the other hand, rapamycin
biosynthesis by Streptomyces rapamycinicus drops when the response regulator RapR is
overexpressed [26].

5. GAF and PAS Domains. Relationship with the Two-Component System
The GAF domain has been identified in many bacterial proteins (adenylate cyclase,
phosphotransferases and HKs), and seem to function as binding sites for small ligands,
thereby regulating the catalytic activity of the target protein [27]; the presence of GAF
domains in certain genes induces the self-phosphorylation of HK and, subsequently, the
transduction of signals to activate or repress the expression of the respective genes [18].
For its part, the PAS domain is typically found in proteins involved in mechanisms of
adaptation or detection of environmental changes. In bacteria, these are normally found in
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proteins involved in the regulation of oxygen (fixl), sporulation (Kina), nitrogen fixation
(NTRB) and negative phototropism (PYP) [28]. Both domains -- GAF and PAS -- are
involved in regulation and signaling pathways; however, the GAF domain allows the
binding of molecules such as nucleotides, while the PAS domain allows the binding of
larger molecules such as flavins, heme groups and chromophores. In actinomycetes, these
domains are involved in various functions, operating mainly as regulatory proteins in
species such as S. coelicolor (A3), S avermitilis, S. griseus and S. bingchenggensis, with
PAS and GAF sensor domains, as well as phosphatase-type domains [29]. In S. coelicolor,
the osaC gene possesses one PAS and two GAF domains, being essential in the response to
osmoadaptation. It has been experimentally shown that null mutants in both domains are
unable to differentiate in the presence of an osmolyte [30]. On the other hand, as to the
biosynthesis of secondary metabolites, it was demonstrated that protein PimM
of Streptomyces natalensis that combines a PAS domain in the N-terminal end and an HTH
(helix-turn-helix) motif in the C-terminal end is a positive regulator for the biosynthesis of
pimaricin [31].

6. Sigma (σ) Regulatory Factors
Another strategy of bacteria for controlling gene expression is the alternative use of
transcription factors, called sigma factors [32, 33, 34]. During exponential growth,
transcription is mediated by sigma factors; however, under specific conditions
(environmental stress), RNA polymerase is replaced by factors that recognize specific
promoters and control specialized regulons such as the two-component systems [35]. An
example of this particular regulation has been reported for S. griseus, whose sigma factor
null mutants (σShbA) showed severe growth defects (undifferentiated hyphae); proteomics
analyses showed that these defects were due to a low transcription rate of constitutive genes
required for differentiation [36]. One of the best-studied sigma factors is σB, present under
diverse stressing situations in gram-positive bacteria of the genera Bacillus, Listeria and
Staphylococcus [37, 38]. Other sigma factors equivalent to σB have been found in other
gram-positive bacteria, including the genera Mycobacterium and Streptomyces [39]. In S.
coelicolor, σB acts within a complex network of several sigma factors, playing an important
role in the response to osmotic and oxidative stress, cell differentiation and antibiotics
production [40, 41, 42]. Another example is reported in Streptomyces coelicolor, where the
induction of saline stress affects the biosynthesis of actinorhodin and undecylprodigiosin,
as well as the morphological differentiation mediated by σH [43, 44, 6]. In actinomycetes
of industrial importance such as S. avermitilis and S. clavuligerus, σB is involved in the
synthesis of avermectin, oligomycin and clavulanic acid (unpublished data). In S.
hygroscopicus (Validamycin A producer), the decrease in reactive oxygen species has been
reported to increase the transcription levels of σH and σB factors (response factors to
oxidative stress), as well as the global regulator PhoRP; these results suggest that, as a
whole, these factors could act as a global regulator in response to oxidative stress [45]. In
the case of S. avermitilis, the role of σ (25) in controlling the synthesis of avermectin and
oligomycin has been reported [46]. On the other hand, it was recently reported that the set
of three sigma factors WhiGch, generally regarded as a morphological regulation factor,
positively regulates the synthesis of natamycin in Streptomyces chattanoogensis L10, while
inhibiting the biosynthesis of migrastatin and jadomycin [47].
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7. TCS - Sigma B Relationship
The majority of regulation domains (DR) display DNA-binding activity and function to
activate and/or repress the transcription of specific genes. However, its binding to DNA is
conditioned by three features: a) recognition of specific DNA sequences; (b) arrangements
of binding sites; and c) specific transcriptional regulation mechanisms [7]. In some cases,
the RR has an RD devoid of a DNA binding pattern; however, the presence of a supercoiled
helix pattern suggests that the RD interacts with other proteins with a supercoiled helix,
what might be critical for signal transduction [13].
On the other hand, one of the roles of sigma factors is the regulation of gene expression in
response to physiological and environmental changes [11,41]. It has been proposed that σ B
is a master regulator present in both oxidative and osmotic stress, controlling the expression
of other factors and proteins involved in the regulation cascade [41]. The σB factor has
been widely studied in B. subtilis, whose activity is controlled by the module (regulon)
RsbVW, a highly conserved mechanism in species that have σB [48]. Under unstressed
conditions, σB remains inactive by the anti-sigma factor RsbW; the anti-anti-sigma factor
RsbV remains phosphorylated and unable to capture RsbW, which acts as a RsbV kinase,
thus providing a negative feedback in σB activation. Under stress conditions, RsbV is
dephosphorylated by one or more phosphatases, resulting in the uptake of RsbW, allowing
the release and activation of σB (Figure 2) [37,38]. In S. coelicolor, the RsbK-type HK
(called osaA) and its respective RR, osaB, have been involved in osmoadaptation, cell
differentiation and production of antibiotics [12], the processes of which are controlled by a
complex network of σB factors [40, 41, 42]. Experimental data support the functional
binding between osaAB and the σB factor [13]. For its part, experimental results in S.
avermitilis support the relationship between RR and σB (unpublished data). The proposed
model TCS - σB is supported for other organisms, such as S. griseus, Thermobifida fusca,
Salinispora tropica, Salinispora arenicola and several Frankia species [48].
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Figure 2. Model for the regulation of the activity of σB in S. coelicolor and S. avermitilis, under osmotic
stress (a), the anti-sigma factor RsbW is bound to σB, and the anti-anti-sigma factor
RsbV remains phosphorylated; σB does not bind to RNA polymerase and there is no gene transcription in
response to osmotic stress. Under stress (b), RsbV is dephosphorylated and binds to RsbW, allowing σ B
allowing to bind to RNA polymerase and initiate the transcription. Solid arrows indicate the presence of a
supercoiled helix domain or sigma factors. Physiological recovery begins with the activation of kinasetype proteins (osaB and sav2511), which phosphorylate its potential antagonist, binding to σB and avoiding
the continued expression of the regulon.

8. Conclusions
The two-component systems control a wide variety of cell processes in gram-positive
bacteria belonging to various genera. A number of studies have been developed in an
attempt to understand the exact mechanism involved in signal transduction during the
biosynthesis of secondary metabolites. The complete sequencing of the genome of some
actinomycete species has allowed understanding the biochemical activities of some
components and conserved proteins that participate in these specialized systems. However,
there are still questions about the functioning of signal transduction and its relationship to
osmotic stress or any other environmental stimulus, and its involvement in cell
differentiation. An example of the above is the PhoR-PhoP system in
Streptomyces avermitilis showing that PhoP acts as a repressor in the biosynthesis
of avermectin while regulating genes involved in morphological differentiation [25].
Another open question in the analysis of the functioning of two-component systems is how
a specific group of residues is able to differentiate between one histidine kinase and
another? On the other hand, the study of sigma factors and their coupling to the system also
represents a challenge, since their participation in signal transduction and in the regulation
of specific pathways cannot be generalized [49, 48, 13]. Despite these drawbacks and its
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complexity, the prospects for the study of two-component systems are promising, since
better analytical tools are becoming available that will contribute to advance and
understand the sophisticated regulation system. Several investigations focused on TCSs in
actinomycetes are relevant due to the pharmaceutical and industrial impacts. A deep
understanding will allow proposing strategies to disrupt communication and increase the
biosynthesis of secondary metabolites for obtaining overproducing strains to benefit the
industry.
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