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Molecular Dynamics to Elucidate the DNA-Binding Activity of AlpZ, a Member of the Gamma-Butyrolactone Receptor Family in Streptomyces ambofaciens
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Signaling molecule receptors play a central role in quorum sensing and in the coordination onset of specialized metabolite biosynthesis in Streptomyces due to their dual function in signal detection and gene expression control through DNA-binding in the promoter region of their target genes. In Streptomyces ambofaciens the alp biosynthetic gene cluster includes the signaling molecule receptor AlpZ that negatively regulates through a complex regulatory cascade the expression of key genes involved in the kinamycin antibiotic production until its cognate ligand, a yet unidentified signaling molecule, prompts its release from target promoters. Here we use an original molecular dynamics method to evaluate the DNA-binding properties of AlpZ to its target DNA sequence and the impact the signaling molecule has on the interaction. It is the first time this approach is used to characterize a regulator from the γ-butyrolactone receptor family. The observed KD in the nanomolar range indicates that AlpZ-DNA constitute a particularly stable complex. The signaling molecule ably disturbs this binding while kinamycin has no effect on the activity of AlpZ. Regulator size was determined and found to be considerably large regarding protein sequence, indicating that AlpZ regulates gene expression by binding the DNA as a homodimer, and structural modeling comparison with closely related γ-butyrolactone receptors supports this conclusion.
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INTRODUCTION

Bacterial quorum sensing is a well-established phenomenon by which bacteria produce and sense chemical signals to communicate with neighboring cells. These diffusible signaling molecules are able to trigger a plethora of activities such as genetic exchange, antibiotic production, motility, virulence, biofilm formation, among others. The signaling molecule accumulates extracellularly during cell growth and when the concentration reaches a certain threshold it is detected by a receptor that elicits a downstream signal transduction cascade, triggering a specific gene expression program. An array of signaling molecules are used for cellular communication. For example, the acylhomoserine lactones (AHL) are the representatives and most studied chemical signals in Gram-negative bacteria, while Firmicutes mainly use peptides as signaling molecules (Waters and Bassler, 2005). Streptomyces, ubiquitous filamentous Gram-positive bacteria characterized for their complex life cycle, linear chromosome and their ability to produce a wide variety of specialized metabolites including antibiotics, herbicides, immunosuppresssants and anticancer agents, display a different profile of signaling molecules.

The vast majority of signaling molecules produced by Streptomycetes and identified to date are classified into three major groups, γ-butyrolactones (GBL) (Yamada et al., 1987; Ohnishi et al., 1999; Takano et al., 2000; Takano, 2006), 2-alkyl-4-hydroxymethylfuran-3-carboxylic acids (AHFCA) (Corre et al., 2008) and γ-butenolides (Kitani et al., 2011; Arakawa et al., 2012). Two other less studied signaling molecules with quite different structures exist, the PI factor and the N-methylphenylalanyl-dehydrobutyrine diketopiperazine (Recio et al., 2004; Matselyukh et al., 2015). These molecules are widespread in the genus, often controlling both specialized metabolism and morphological differentiation (McCormick and Flärdh, 2012). Many of these molecules are active at nanomolar concentrations.

Gamma-butyrolactones constitute the largest and most studied group of signaling molecules in Streptomyces, and the first bacterial signaling molecule to be discovered was the A-factor of Streptomyces griseus (Khokhlov et al., 1967), a γ-butyrolactone type signaling molecule that governs a vast regulon of genes involved in both the morphological differentiation and specialized metabolism (Horinouchi et al., 2001; Horinouchi, 2002). Specialized metabolite biosynthetic pathway expression is a much regulated process (Liu et al., 2013). The onset of production is tightly controlled by a regulatory network comprised of different transcriptional regulators incorporating various environmental and physiological signals (Bibb, 2005; van Wezel and McDowall, 2011; Martín and Liras, 2012). Cluster-situated regulators (CSRs) play an important role, directly controlling gene transcription within the specialized metabolite biosynthetic gene cluster [although some CSRs have been described to cross regulate other biosynthetic gene clusters (Vicente et al., 2015; McLean et al., 2019)], while pleiotropic regulators modulate the biosynthesis of several specialized metabolites and often morphological development as well. Some of these transcriptional regulators are central to the quorum sensing phenomenon, acting as receptors of the diffusible signaling molecules, and usually belong to the large and widely distributed TetR family of transcriptional regulators (Ramos et al., 2005). A typical TetR-family GABR (γ-butyrolactone receptor) is comprised of two functional domains, a N-terminal helix-turn-helix DNA-binding domain that can interact with specific DNA target sequences in promoter regions, and a C-terminal signaling molecule-binding domain that interacts with cognate ligands (Cuthbertson and Nodwell, 2013). The promoter-bound signaling molecule receptor prevents transcription, and binding of the cognate signaling molecule leads to its release from the DNA allowing gene expression (Willey and Gaskell, 2011; Sidda and Corre, 2012).

The type II polyketide synthase (PKS) alp biosynthetic gene cluster of Streptomyces ambofaciens is responsible for the production of the antibiotic kinamycin and its regulatory network has been previously elucidated (Pang et al., 2004; Aigle et al., 2005; Bunet et al., 2008, 2011). Several forms of kinamycin have been identified (Bunet et al., 2011) and for the purpose of this work will be referred to as kinamycin. The cluster is duplicated (two identical copies) due to its location in the terminal inverted repeat (TIR) sequences at both ends of the chromosome and was initially identified as comprising 27 genes including three genes that compose the minimal PKS (alpA, alpB, and alpC) and five regulatory genes. Recent reports indicate that the cluster size could be extended to include a 24 gene region containing 6 genes responsible for the synthesis of the diazo functional group (Wang et al., 2015). Of the regulator genes, alpT, alpU, and alpV are members of the SARP (Streptomyces antibiotic regulatory proteins) family (Wietzorrek and Bibb, 1997), and alpW and alpZ belong to pseudo-GABR and GABR family, respectively (Matsuno et al., 2004; Nishida et al., 2007). Pseudo-GABRs are paralogs of GABR but are unable to interact with the cognate GBL. In the regulatory cascade (Supplementary Figure S1), the positive regulator AlpV activates kinamycin biosynthesis promoting the expression of the minimal PKS-encoding genes. During the initial growth phase, the negative regulator AlpZ specifically binds and prevents expression of the operon alpXW and of alpV as well as its own, hindering antibiotic biosynthesis particularly through the repression of alpV. The binding sites of AlpZ, as well as those of AlpW, have been characterized (Bunet et al., 2008, 2011) and show high homology to previously defined ARE (autoregulatory elements) motifs (Folcher et al., 2001). Following synthesis and build-up of the yet unknown S. ambofaciens signaling molecule, it binds to the regulator AlpZ releasing it from the target promoters and allowing gene expression that leads to kinamycin production (Bunet et al., 2008). At this stage late negative regulator AlpW accumulates and blocks alpV expression thus switching off kinamycin biosynthesis, at which point the signaling molecule concentration also decreases and based on transcription analysis data it is hypothesized that the negative control exerted by AlpZ on the expression of both alpV and alpXW resumes (Bunet et al., 2008, 2011). Although it remains unidentified, the signaling molecule responsible for the quorum sensing regulation of kinamycin production in S. ambofaciens has been characterized to some extent. Initial studies predict that it is not a γ-butyrolactone type signaling molecule, based on its physical properties such as its resistance to alkaline conditions and also to high temperatures (Bunet et al., 2008), but rather perhaps a AHFCA-like molecule. Furthermore, an afsA-like gene responsible for its biosynthesis was identified close to the alp cluster (unpublished data). AfsA-like enzymes have been shown to be key in both γ-butyrolactones and AHFCA synthesis (Hsiao et al., 2007; Kato et al., 2007; Corre et al., 2008).

As in the case of kinamycin biosynthesis, these signaling molecules and their receptors constitute one of the most extended regulatory systems to elicit the biosynthesis of specialized metabolites and/or morphological differentiation in a coordinated fashion in Streptomyces (Polkade et al., 2016). Several signaling molecules have been identified so far with more expected to exist (Thao et al., 2017). For this reason, signaling molecule receptors are central to modulate specialized metabolite biosynthesis and can be used as a strategy for cryptic gene cluster activation (Aigle and Corre, 2012; Sidda and Corre, 2012), shaping regulatory systems and to develop expression control tools (Bowyer et al., 2017; Biarnes-Carrera et al., 2018).

In this study, we address the role of AlpZ, a negative regulator and receptor of an unknown signaling molecule in S. ambofaciens that controls kinamycin biosynthesis, using a novel biophysical-based approach that allows a detailed depiction of the regulator’s DNA-binding activity and how it is affected by the signaling molecule.



RESULTS


Regulator AlpZ Has High Affinity to Its Target Sequence

A recently developed technology was used to perform molecular dynamics studies and characterize the putative signaling molecule receptor AlpZ, the switchSENSE®. It is based on the electric properties of negatively charged double stranded DNA sequences, that when grafted to a gold microelectrode and subjected to alternating electric potentials are either attracted or repelled from the surface. Real-time tracking of the fluorescence emission from the fluorescent dye attached to the dsDNA nanolevers that depends on its proximity to the gold surface, allows to assess variations in the switching movement. To determine the affinity of AlpZ to its target sequences through molecular dynamics, specific DNA sequences were designed, the dsoverhangs. These contain both the target dsDNA sequence and a ssDNA region complementary to the biochip attached nanolevers (Figure 1). The AREV sequence located in the promoter region of the alpV gene (i.e., AREV) was used as a model of the known recognized sequences in the gene cluster (Bunet et al., 2008) and to create the dsoverhang nanoAREV. Functionalization of the dsoverhangs on the biochip was verified before each assay through increased fluorescence signal detection.
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FIGURE 1. Schematic representation of the molecular dynamics system. The dsoverhangs, the nanoAREV and nanoControl, include a dsDNA region containing either the protein’s model target DNA or an unspecific DNA region, respectively (blue), and a ssDNA sequence (green) that is complementary to the tethered nanolever (black), which has a fluorophore linked at its end (yellow circle). Alternating the electric potentials applied to the gold microchip surface will either attract or repel the negatively charged dsDNA. The distance to the surface affects the intensity of the fluorescent light emitted by the dye due to the quenching effect of the gold surface, allowing the accurate measurement of the oscillating orientation change of the DNA in dynamic response.


First, different concentrations of protein from 1.6 to 55.6 μM were used to assess the DNA-binding activity of AlpZ to the nanoAREV. Results show a strong affinity and remarkable stable binding of AlpZ to its target sequence. Indeed, in these conditions binding rate constant kON values reached 1.46 to 4.43 × 104 M–1.s–1 (Table 1), respectively. Notably, with increasingly higher protein concentrations the kON remains unchanged suggesting a saturation phenomenon occurs easily (Figure 2A left panel, Table 1). Furthermore, in these conditions no dissociation was observed even after a long period of time in dissociation favoring conditions (Figure 2A right panel). To better analyze the binding properties of AlpZ to the nanoAREV, assays were then performed using a lower concentration of protein (50 nM). It was observed that in these conditions protein binding occurs more slowly, with a kON of 1.38 × 105 M–1.s–1 (Figure 2B left panel, Table 1). Additionally, a slow dissociation is finally observed, although an even longer period of time is necessary to reach a steady state. This dissociation is however, enough to determine the binding rate constant kOFF, which is of 1.05 × 10–4 s–1. The dissociation constant KD of AlpZ to its target model sequence was found to be 37.1 nM (Figure 2B right panel, Table 1). These results indicate that the AlpZ-DNA complex is substantially stable.


TABLE 1. Kinetic parameters of AlpZ with target DNA sequence.
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FIGURE 2. Real-time measurements of molecular dynamics of AlpZ using molecular dynamics. Both association and dissociation analysis were performed. Different AlpZ protein concentrations were used with the nanoAREV dsoverhang. Colored lines in green, light blue and red represent the protein concentrations 55.6 μM, 5 μM, and 1.6 μM, respectively (A). Assays were also carried out with 50 nM of AlpZ and nanoAREV dsoverhang (B), and with 50 nM AlpZ and nanoControl dsoverhang (C). Dissociation constant (KD) shows the mean and standard deviation of three independent assays. Signal expressed as normalized dynamic response (DR).


To ensure AlpZ specificity in binding DNA during the assays, an unspecific dsoverhang was designed, the nanoControl. Instead of the AREV sequence it contains the AREU sequence originally located in the promoter region of alpU from the kinamycin gene cluster. It has been previously demonstrated that this sequence, which contains a weakly conserved ARE motif, is neither recognized nor bound by the regulator (Bunet et al., 2008). Molecular dynamic analysis using the established conditions and the nanoControl indicate that AlpZ does not bind to the dsoverhang. There is no observed association and consequently no dissociation (Figure 2C), confirming that AlpZ recognizes and specifically binds its target DNA sequences.



Sizing and Protein Structure Modeling Suggest AlpZ Functions as a Homodimer

The used molecular dynamics approach enables the measurement of protein friction, ultimately allowing protein size determination through hydrodynamic diameter (DH) measurements. As the experimental set-up uses dsoverhangs, the movements of the biochip’s nanolevers with the dsoverhangs used for the analysis have increased friction and lower dynamic response (DR) compared to those of the nanolevers alone. It is therefore necessary to first determine the relative size of the dsoverhang (different from the actual DH as the dsoverhangs do not have a globular shape that is assumed in the model for size calculation). By comparing the switching dynamics of the dsoverhang to those of the reference nanolevers, the nanoAREV was shown to have 3.65 nm in relative size (Figure 3A), identical to the size of the nanoControl, as expected since the dsovehangs have the same length (data not shown).
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FIGURE 3. Protein size analysis. Hydrodynamic diameter (DH) was determined by comparing size of the nanoAREV dsoverhang (A) with that of dsoverhang nanoAREV + AlpZ complex (B). Results show the mean and standard deviation using at least 3 independent assays. Signal expressed in normalized fluorescence.


Interestingly, we determined that AlpZ has a DH of 5.27 nm (Figure 3B). AlpZ is a relatively small protein with 237 aa and a theoretical MW of 25.7 kDa, however, this result suggests its size is considerable. The only other related γ-butyrolactone receptor with structural data available is CprB from Streptomyces coelicolor A3(2) (Natsume et al., 2004). AlpZ and CprB belong to the GABR and pseudo-GABR family, respectively and show significant similarity (almost 30% identity and CprB has 26.4 kDa, and moreover similar predicted structures). Although it has been demonstrated that CprB binds DNA as a dimer of dimers (Bhukya et al., 2014), further biophysical modeling analysis using the switchANALYSIS software and the structural data of the apo-form of CprB (Natsume et al., 2004) predicted its DH to be 5.21 nm, a very similar size to that of AlpZ. This result indicates that the form of AlpZ that binds the nanoAREV could be a homodimer. Furthermore, using a threading/fold recognition method (Zhang, 2009; Yang and Zhang, 2015) to modelize AlpZ it was possible to predict its single molecule structure. The best model has a relatively good C-score of −0.60 and is structurally very close to the homodimer structure of the TetR family regulator TylP from Streptomyces fradiae (Ray et al., 2017), showing a TM-score of 0.87 and coverage of 0.822 (Figure 4). This result further strengths the hypothesis that AlpZ is active as a homodimer.


[image: image]

FIGURE 4. AlpZ structure prediction. Predicted model of AlpZ (left) and alignment with TylP, a TetR regulator of tylosin biosynthesis in S. fradiae (right, structure analog in purple).




Signaling Molecule Drastically Disrupts AlpZ-DNA Complex

It has been previously reported that a yet unidentified S. ambofaciens signaling molecule is able to affect the DNA binding by AlpZ, effectively modulating the regulation of kinamycin biosynthesis (Bunet et al., 2008). To obtain signaling molecule containing extracts, the S. ambofaciens ΔΔalpWΔΔalpID mutant strain was used as it lacks the late regulator alpW leading a constitutive production of signaling molecule (unpublished data). This strain is also deficient in kinamycin production [loci alpIABCD deleted, in which the alpABC locus encodes the minimal PKS (Pang et al., 2004)], allowing therefore analysis without the putative interference of the biosynthetic pathway products (i.e., kinamycins or its intermediates). Extracts obtained from the culture supernatant were routinely checked for the presence of signaling molecule using electrophoretic mobility shift assays (EMSA), as seen in Figure 5.
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FIGURE 5. Analysis of the presence of signaling molecule in mutant strain extracts. Electrophoretic mobility shift assays (EMSA) were used to assess AlpZ protein DNA-binding activity to a probe comprising the AREV sequence, with conditions of decreasing protein concentration (160 and 80 nM, respectively) and decreasing amounts of a S. ambofaciens ΔΔalpWΔΔalpID strain supernatant extract containing the signaling molecule (25 μg/ml and 2.5 μg/ml, respectively) using 80 nM of protein. The loss of shifted bands indicates the presence of signaling molecule. Lane C contains the control without protein and lane (-) methanol 50%.


To evaluate the effect of signaling molecule on AlpZ and its binding to the nanoAREV, an assay was designed to accurately detect protein release from the dsoverhang. The correct binding of AlpZ to the dsoverhang is first verified, and then an extract containing signaling molecule is added and molecular dynamics analysis are performed. Size analysis confirmed that the signaling molecule drastically alters the DNA binding function of AlpZ. The protein that was steadily bound to the dsoverhang (Figure 6A) shows a size of 5.7 nm, and is released when signaling molecule is present, changing the detected size to that of the dsoverhang and reference with 3.5 nm (Figure 6B). Additionally, kinetics analysis also demonstrates that the impact of the signaling molecule can be significant. Concentrated extracts of 0.5 mg/ml induce an almost immediate release, showing a considerably high kOFF of 1.95 × 10–1 s–1 (Figure 7A), whereas more diluted samples lead to a fast but steady dissociation event with no protein molecule remaining bound to the dsoverhangs after just 5 minutes (Figures 7B,C). The observed effect is manifestly concentration dependent, and even small modifications of concentration affect the kOFF values. Extract samples from the ΔΔalpWΔΔalpID strain at 25 and 50 μg/ml display kOFF values of 1.04 × 10–2 and 1.79 × 10–2 s–1, respectively. Other solutions were previously proven to have no effect on the DNA-binding activity of AlpZ, including the used culture medium and purified molecules of the three subclasses of γ-butyrolactones, the A-factor, SCB1 and IM-2 (Bunet et al., 2008), confirming the observed phenomenon is specifically related to the unknown S. ambofaciens signaling molecule.
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FIGURE 6. Sizing analysis used to determine signaling molecule effect on AlpZ DNA-binding activity. (A) Analysis following preparation step with AlpZ binding to nanoAREV and (B) after adding signaling-molecule containing extract (0,5 mg/ml). Signal expressed in normalized fluorescence.
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FIGURE 7. Impact of signaling molecule on AlpZ binding activity. Kinetic analysis of AlpZ binding to the nanoAREV and its release in presence of concentrated signaling molecule containing extract (A) and protein dissociation with 25 μg/ml (B) and 50 μg/ml (C) of signaling molecule containing extract. Signal expressed as normalized dynamic response (DR).


The interactions involving the three players AlpZ, target DNA and signaling molecule are clearly visible with a conformational analysis. The assay was designed and performed to analyze AlpZ binding to the nanoAREV dsoverhang and subsequently adding PE40 buffer (control) and signaling molecule containing extract to observe its effects on the association, followed by a conformational analysis (Figure 8). As in every performed assay, six electrodes are used, the first two of which are the controls without neither ligand nor analytes, and the following four electrodes are used for the assay itself (Figure 8a). As expected, the functionalization of the dsoverhangs (the first step of the assay), already has a negative impact on the dynamic response (Figure 8b). When AlpZ is introduced the dynamic response further decreases, as the protein tightly binds to the dsoverhangs (Figure 8c). The complex protein-DNA is very stable and not altered by solutions like the buffer PE40 (Figure 8d). However, when in the presence of signaling molecule containing extracts the dynamic response increases to the original levels upon release of the dsoverhangs by AlpZ (Figure 8e). During the entire assay, the control electrodes remain unchanged, confirming that no unspecific protein binding occurs to the nanolevers.
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FIGURE 8. Conformation analysis of AlpZ binding activity. Comparing changes in dynamic response of nanolevers alone (a), after annealing of the dsoverhangs (b), following binding of 50 nM of AlpZ (c), in presence of PE40 buffer (d), and signaling molecule-containing extract (e). Above the graph are representations of the assay conditions and kinetics on the nanolevers, nanoAREV dsoverhang, with AlpZ (red circles), in the presence of buffer (+buffer) and signaling molecule (star). Vertical bars show dynamic response in the 6 electrodes present in the biochip. In each case the first two electrodes are the controls with nanolevers to verify the absence of unspecific binding to this region, and the next four electrodes were subjected to the different conditions. Assay was performed with 50 nM of AlpZ and a concentrated signaling molecule containing extract (0.5 mg/ml). Signal expressed in dynamic response units (dru). Error bars represent the standard deviation.




Kinamycin Does Not Impact AlpZ DNA-Binding Activity

Some regulator-receptors have been demonstrated to bind the product of their biosynthetic gene clusters in Streptomyces, such as JadR2 (Xu et al., 2010). To analyze if kinamycin could also act as a ligand of AlpZ, we performed molecular dynamic assays in the presence of purified kinamycin D and the results were analyzed (Figure 9). No dissociation of AlpZ was observed when kinamycin was used, confirming the regulator does not respond to kinamycin as a signal to modulate transcriptional control. Although the S. ambofaciens signaling molecule remains elusive, these results support the initially proposed classification of AlpZ as a true GABR.
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FIGURE 9. Kinamycin has no effect on DNA-binding activity of AlpZ. A solution of pure kinamycin D at 50 μg/ml was used. Association analysis from AlpZ binding to nanoAREV in preparation for the assay (left panel), and dissociation analysis after adding kinamycin D (right panel).




DISCUSSION

The TetR regulator AlpZ plays a key role in the regulatory network of kinamycin biosynthesis in S. ambofaciens ATCC 23877, coupling it to the production of a yet unknown signaling molecule. As a negative transcriptional regulator, it exerts its control by binding specific promoter located sequences and hence blocking gene expression. An in-depth molecular characterization of this regulator is crucial to understand how it responses to target promoters and triggering signals.

The present study indicates that AlpZ has a strong affinity for its target DNA sequences and forms very stable complexes upon binding, as seen by a KD in the nanomolar range. This result is also in good agreement with the EMSA experiments performed. Signaling molecule receptors such as GABRs have long been known for their affinity to DNA targets (Miyake et al., 1989; Onaka et al., 1995), though recent characterization of the binding activity of CprB to its target DNA shows a considerably higher KD in the micromolar range (Biswas et al., 2015). The stable AlpZ-DNA complex explains how the regulator achieves a steady control on gene expression and on subsequence kinamycin biosynthesis. Protein size was determined through molecular dynamics, an approach validated in previous studies by comparing it with other more recurrent methods (Blocquel et al., 2017). The determined size of DNA-bound AlpZ is hence consistent and nonetheless unexpectedly large, suggesting that the regulator could be in a homodimer form. A model of AlpZ structure obtained through a threading/fold recognition prediction method shows high similarities with that of TylP, also a homodimer (Ray et al., 2017), strengthening the hypothesis that AlpZ binds its target DNA as an homodimer.

Only one trigger has been identified to actively interfere with the AlpZ-DNA complex, the yet unidentified S. ambofaciens signaling molecule. When present, the signaling molecule prompts a rapid AlpZ dissociation and the slightest amount variation is detected and impacts the dissociation rate. Consistent data were found both with molecular dynamics and sizing assays, substantiating this conclusion.

It is unclear if the DNA release is a result of an interference mechanism (e.g., competition for the same binding site), or rather the induction of structural conformational changes on the regulator hindering its DNA-binding capability. Based on previous studies, the latter hypothesis seems more probable, as TetR regulators appear to shift between mutually exclusive conformational states, either binding DNA or their cognate ligand of choice (Ramos et al., 2005; Bhukya et al., 2014), unlike the LuxR receptor regulator in proteobacteria whose structure has been resolved in complex with both the target DNA and the cognate pheromone (Zhang et al., 2002). Some bacterial compounds have been described to function as both antibiotics and signaling molecules (Beyersmann et al., 2017), however, that does not seem to be the case of kinamycin in regard to AlpZ. The DNA-binding activity of AlpZ is not impacted by kinamycin, indicating the regulator is not able to bind the antibiotic in contrast with other regulators that have been described to bind intermediates or products of their gene cluster, such as TylP (Ray et al., 2017), MphR(A) regulator of erythromycin biosynthesis (Zheng et al., 2009), SimR in Streptomyces antibioticus (Le et al., 2009) and the regulator of tetracyclin production TetR (Hinrichs et al., 1994). However, we hypothesize that one of the other regulators present in the alp cluster, AlpW, could perhaps be able to bind kinamycin or one of its biosynthetic pathway intermediates, as it has been described to be the case for other pseudo-GABRs, such as JadR2 and jadomycin (Xu et al., 2010).

The interactions between AlpZ-DNA complex and signaling molecule constitute a remarkably sensible system for gene regulation and induction of kinamycin biosynthesis, where even small concentration changes are sensed and impact protein-DNA complex stability. The promoter region of the afsA-like gene identified in the proximity of the alp cluster has been shown to contain an ARE motif (unpublished). It would be interesting to explore the role of AlpZ in the expression regulation of the afsA-like gene. One could envision that the AlpZ-AREafsA-like complex would activate gene expression for a positive feed-back loop of induction of production of signaling molecule. Even though the nature of this signaling molecule continues to elude us, this work clearly demonstrates that the response of AlpZ to the extract of S. ambofaciens is in no way linked to kinamycin and broadens the knowledge on AlpZ regulatory role, possibly paving the way for similar autoregulator receptors. Efforts are underway for the purification and identification of the S. ambofaciens signaling molecule. The discovery of new signaling molecules in Streptomyces is impaired by the fact that these compounds are typically produced in very small amounts. Moreover, purification scale can be highly variable, avenolide in S. avermitilis required 2000 L of fermentation broth whereas S. coelicolor furans were identified using only 40 squared Petri dishes (Corre et al., 2008; Kitani et al., 2011). Approaches being used include the traditional large-scale fermentation method and specific capture using GABRs (Yang et al., 2005; Zou et al., 2014).

Although several studies exist on autoregulator receptors, there is still a long way to go to identify the cognate ligands of all TetR regulators identified to date (Cuthbertson and Nodwell, 2013). The present work constitutes the first described study of a signaling molecule receptor using an innovative molecular dynamics approach and provides a further step on the way to identifying the signaling molecule in S. ambofaciens. Furthermore, understanding how these regulators control gene expression and respond to the trigger of signaling molecules will ultimately contribute to the development of new approaches for specialized metabolite discovery and production improvement, as well as advancing other application tools.



MATERIALS AND METHODS


Strains, Media, and Growth Conditions

Strains used in this study are listed in Table 2. Streptomyces strains were grown in R2 medium (Kieser et al., 2000) and Bacillus subtilis was grown in LB. Kinamycin production was assessed on R2 medium as described previously (Pang et al., 2004; Aigle et al., 2005).


TABLE 2. Bacterial strains and cosmids/plasmids used in this work.
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Construction of the Mutant Strain ΔΔalpWΔΔalpID

To obtain a strain of S. ambofaciens producing the signaling molecule controlling the biosynthesis of kinamycin but unable to synthetize the antibiotic itself, we first made an in-frame deletion in the ΔΔalpW mutant strain (Bunet et al., 2011) of the locus alpID on both chromosomal arms. This locus includes the alpA, alpB and alpC genes encoding the minimal PKS and was replaced by a scar. The strategy was based on the REDIRECT system (Gust et al., 2003) and was carried out as described previously (Pang et al., 2004; Bunet et al., 2008). Only the start and stop codons of alpI and alpD, respectively remained after deletion and gene replacement was confirmed by Southern blot and PCR analysis using the CK1 and CK2 primer pair (Supplementary Table S1, data not shown).



Extraction of AlpZ Signaling Molecule

To study the effect of S. ambofaciens signaling molecule on AlpZ DNA-binding crude extracts were prepared as follows. The mutant strain ΔΔalpWΔΔalpID was grown in 50 ml R2 medium in 250 ml flasks and incubated at 30°C until late exponential-stationary transition phase. Supernatant was collected and extracted twice with 1 volume of ethyl acetate, dried in a rotavapor, and dissolved in 100 μl methanol-H2O 1:1 and stored at −20°C.



DNA-Protein Binding Assays

DNA binding assays were performed by EMSA as described previously (Bunet et al., 2008). Briefly, AREV DNA probe was obtained by PCR using the primers listed in Supplementary Table S1 and directly labeled with digoxigenin using the DIG Oligonucleotide 3’-End Labeling kit, 2nd Generation (Roche Applied Science). Binding assays were performed with AlpZ protein, purified as described previously (Bunet et al., 2008). Labeled probes (0.4 ng) were incubated at 30°C for 10 min with AlpZ protein (80–160 nM) in binding buffer (20 mM HEPES pH7.6, 1 mM EDTA, 10 mM (NH4)2SO4, 1 mM DTT, 0.2% Tween 20, 30 mM KCl) containing 50 μg/ml poly(dI-C) in a 20 μl final volume. When necessary, S. ambofaciens ΔΔalpWΔΔalpID extracts (1 μl) were added after the incubation period and incubated for further 10 min to verify the presence of signaling molecule. Binding reactions were analyzed with 5% native PAGE and run in 0.5X TBE buffer. DNA was then transferred onto a positively charged nylon membrane (Amersham Hybon-N+) by electroblotting, then fixed by UV crosslinking, detected with anti-digoxigenin antibodies, and developed by chemiluminescence with the CDP-StarTM reagent (Roche Applied Science).



Binding Kinetics and Hydrodynamic Diameter Measurements

A switchSENSE® DRX instrument and MPC-48-2-R1-S biochips (Dynamic Biosensors GmbH, Martinsried, Germany) were used to characterize the binding kinetics and protein size changes (Knezevic et al., 2012; Langer et al., 2013).

Specific dsDNA sequences coupled with ssDNA overhang regions complementary to the ssDNA sequences tethered to the biochip (nanolevers) called dsoverhangs, were designed. To prepare the dsoverhangs 2 μM of the two comprising ssDNA sequences (listed in Supplementary Table S1) were annealed by heating at 95°C for 10 min and slowly cooled to room temperature in PE40 buffer pH 7.4 (10 mM Na2HPO4/NaH2PO4, 40 mM NaCl, 0.05% Tween20, 50 μM EDTA, 50 μM EGTA). For the analysis of protein affinity to the dsoverhang, 150 μl of AlpZ at a range of concentrations were injected with a flow rate of 30 μl/min, and dissociation was measured with running buffer at a flow rate of 30 μl/min over 120 min to 4 h. Assays to assess the effect of signaling molecule on the binding of AlpZ to DNA started with a preparation step with dsoverhang (the ligand, either nanoAREV or nanoControl) and 150 μl of AlpZ (the analyte) at 50nM with a flow rate of 30 μl/min without dissociation, followed by a sandwich type of capture injecting 140 μl of signaling molecule containing extract (second analyte) at different concentrations (dilutions performed in PE40) with a flow rate of 20 μl/min. All assays used dsoverhangs at 500 nM and were performed at 30°C, combining both association/dissociation and size measurements and used PE40 as running buffer. A regeneration solution (alkaline solution pH 13) was used to remove the ligand after each assay.

Binding rates constants (kON and kOFF) and dissociation constants (KD) were determined using real-time measurements of the switching dynamics. Protein size was estimated by comparing the switching dynamics of bound protein with those of bare DNA and with the lollipop biophysical model (Langer et al., 2013). Analysis was performed with the switchANALYSIS software from Dynamic Biosensors and using at least three independent assays.



Protein Structure Modeling

Structure prediction was performed using a threading/fold recognition method and the server I-TASSER (Zhang, 2009; Yang and Zhang, 2015). After predicting secondary and solvent accessibility, structure templates with the highest significance in threading alignments are identified with LOMETS (Wu and Zhang, 2007). Structure models are predicted and ranked based on the C-score, a confidence score to estimate the quality of models predicted by I-TASSER. It is calculated based on the significance of threading template alignments and the convergence parameters of the structure assembly simulations, and values vary in a range of [−5, 2] where models with high confidence show higher C-score values (Zhang, 2008; Yang et al., 2015).



Kinamycin D Purification

A solution of kinamycin D was purified by semipreparative HPLC on an Agilent 1100 instrument equipped with an Agilent Zorbax Eclipse RP-C18 column (21 × 100 mm, 5 μm) monitoring the absorbance at 420 nm as described previously (Bunet et al., 2011).



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/Supplementary Material.



AUTHOR CONTRIBUTIONS

CV and LH performed the experiments. CV, J-MG, and BA analyzed the data. CV and BA conceived the experiments and wrote the manuscript. BA supervised the project and obtained the funding. All authors have read and approved the final manuscript.



FUNDING

This work was funded by the French National Research Agency through Project ANR MiGenIs (ANR-13-BSV6-0009) and the French National Institute for Agricultural Research (INRA) and Laboratory Excellence ARBRE (ANR-11-LABX-0002-01). CV was also supported by the AgreenSkillsPlus Program (FP7-609398.0000) and the Région Grand Est.


ACKNOWLEDGMENTS

Real-time biomolecular interactions were investigated with the switchSENSE® technology available on the ASIA platform (Université de Lorraine-INRAE, https://a2f.univ-lorraine.fr/asia/).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.01255/full#supplementary-material



REFERENCES

Aigle, B., and Corre, C. (2012). Waking up Streptomyces secondary metabolism by constitutive expression of activators or genetic disruption of repressors. Methods Enzymol. 517, 343–366. doi: 10.1016/B978-0-12-404634-4.00017-6

Aigle, B., Pang, X., Decaris, B., and Leblond, P. (2005). Involvement of AlpV, a new member of the Streptomyces antibiotic regulatory protein family, in regulation of the duplicated type II polyketide synthase alp gene cluster in Streptomyces ambofaciens. J. Bacteriol. 187, 2491–2500. doi: 10.1128/JB.187.7.2491-2500.2005

Arakawa, K., Tsuda, N., Taniguchi, A., and Kinashi, H. (2012). The butenolide signaling molecules SRB1 and SRB2 induce lankacidin and lankamycin production in Streptomyces rochei. Chembiochem 13, 1447–1457. doi: 10.1002/cbic.201200149

Beyersmann, P. G., Tomasch, J., Son, K., Stocker, R., Göker, M., Wagner-Döbler, I., et al. (2017). Dual function of tropodithietic acid as antibiotic and signaling molecule in global gene regulation of the probiotic bacterium Phaeobacter inhibens. Sci. Rep. 7:730. doi: 10.1038/s41598-017-00784-7

Bhukya, H., Bhujbalrao, R., Bitra, A., and Anand, R. (2014). Structural and functional basis of transcriptional regulation by TetR family protein CprB from S. coelicolor A3(2). Nucleic Acids Res. 42, 10122–10133. doi: 10.1093/nar/gku587

Biarnes-Carrera, M., Lee, C.-K., Nihira, T., Breitling, R., and Takano, E. (2018). Orthogonal regulatory circuits for Escherichia coli based on the γ-butyrolactone system of Streptomyces coelicolor. ACS Synth. Biol. 7, 1043–1055. doi: 10.1021/acssynbio.7b00425

Bibb, M. J. (2005). Regulation of secondary metabolism in Streptomycetes. Curr. Opin. Microbiol. 8, 208–215. doi: 10.1016/j.mib.2005.02.016

Biswas, A., Narayan, S., Kallianpur, M. V., Krishnamoorthy, G., and Anand, R. (2015). Mode of DNA binding with γ-butyrolactone receptor protein CprB from Streptomyces coelicolor revealed by site-specific fluorescence dynamics. Biochim. Biophys. Acta 1850, 2283–2292. doi: 10.1016/j.bbagen.2015.08.008

Blocquel, D., Li, S., Wei, N., Daub, H., Sajish, M., Erfurth, M.-L., et al. (2017). Alternative stable conformation capable of protein misinteraction links tRNA synthetase to peripheral neuropathy. Nucleic Acids Res. 45, 8091–8104. doi: 10.1093/nar/gkx455

Bowyer, J. E., Lc de Los Santos, E., Styles, K. M., Fullwood, A., Corre, C., and Bates, D. G. (2017). Modeling the architecture of the regulatory system controlling methylenomycin production in Streptomyces coelicolor. J. Biol. Eng. 11:30. doi: 10.1186/s13036-017-0071-6

Bunet, R., Mendes, M. V., Rouhier, N., Pang, X., Hotel, L., Leblond, P., et al. (2008). Regulation of the synthesis of the angucyclinone antibiotic alpomycin in Streptomyces ambofaciens by the autoregulator receptor AlpZ and its specific ligand. J. Bacteriol. 190, 3293–3305. doi: 10.1128/JB.01989-07

Bunet, R., Song, L., Mendes, M. V., Corre, C., Hotel, L., Rouhier, N., et al. (2011). Characterization and manipulation of the pathway-specific late regulator AlpW reveals Streptomyces ambofaciens as a new producer of Kinamycins. J. Bacteriol. 193, 1142–1153. doi: 10.1128/JB.01269-10

Corre, C., Song, L., O’Rourke, S., Chater, K. F., and Challis, G. L. (2008). 2-Alkyl-4-hydroxymethylfuran-3-carboxylic acids, antibiotic production inducers discovered by Streptomyces coelicolor genome mining. Proc. Natl. Acad. Sci. U.S.A. 105, 17510–17515. doi: 10.1073/pnas.0805530105

Cuthbertson, L., and Nodwell, J. R. (2013). The TetR family of regulators. Microbiol. Mol. Biol. Rev. 77, 440–475. doi: 10.1128/MMBR.00018-13

Folcher, M., Gaillard, H., Nguyen, L. T., Nguyen, K. T., Lacroix, P., Bamas-Jacques, N., et al. (2001). Pleiotropic functions of a Streptomyces pristinaespiralis autoregulator receptor in development, antibiotic biosynthesis, and expression of a superoxide dismutase. J. Biol. Chem. 276, 44297–44306. doi: 10.1074/jbc.M101109200

Gust, B., Challis, G. L., Fowler, K., Kieser, T., and Chater, K. F. (2003). PCR-targeted Streptomyces gene replacement identifies a protein domain needed for biosynthesis of the sesquiterpene soil odor geosmin. Proc. Natl. Acad. Sci. U.S.A. 100, 1541–1546. doi: 10.1073/pnas.0337542100

Hinrichs, W., Kisker, C., Düvel, M., Müller, A., Tovar, K., Hillen, W., et al. (1994). Structure of the Tet repressor-tetracycline complex and regulation of antibiotic resistance. Science 264, 418–420. doi: 10.1126/science.8153629

Horinouchi, S. (2002). A microbial hormone, a-factor, as a master switch for morphological differentiation and secondary metabolism in Streptomyces griseus. Front. Biosci. 7:d2045–d2057. doi: 10.2741/horinouc

Horinouchi, S., Ohnishi, Y., and Kang, D. K. (2001). The a-factor regulatory cascade and cAMP in the regulation of physiological and morphological development in Streptomyces griseus. J. Ind. Microbiol. Biotechnol. 27, 177–182. doi: 10.1038/sj.jim.7000068

Hsiao, N.-H., Söding, J., Linke, D., Lange, C., Hertweck, C., Wohlleben, W., et al. (2007). ScbA from Streptomyces coelicolor A3(2) has homology to fatty acid synthases and is able to synthesize gamma-butyrolactones. Microbiology 153, 1394–1404. doi: 10.1099/mic.0.2006/004432-0

Kato, J., Funa, N., Watanabe, H., Ohnishi, Y., and Horinouchi, S. (2007). Biosynthesis of gamma-butyrolactone autoregulators that switch on secondary metabolism and morphological development in Streptomyces. Proc. Natl. Acad. Sci. U.S.A. 104, 2378–2383. doi: 10.1073/pnas.0607472104

Khokhlov, A. S., Tovarova, I. I., Borisova, L. N., Pliner, S. A., Shevchenko, L. N., Kornitskaia, E. I., et al. (1967). [The A-factor, responsible for streptomycin biosynthesis by mutant strains of Actinomyces streptomycini]. Dokl. Akad. Nauk SSSR 177, 232–235.

Kieser, T., Bibb, M., Buttner, M., Chater, K., and Hopwood, D. A. (2000). Practical Streptomyces Genetics. London: The John Innes Foundation.

Kitani, S., Miyamoto, K. T., Takamatsu, S., Herawati, E., Iguchi, H., Nishitomi, K., et al. (2011). Avenolide, a Streptomyces hormone controlling antibiotic production in Streptomyces avermitilis. Proc. Natl. Acad. Sci. U.S.A. 108, 16410–16415. doi: 10.1073/pnas.1113908108

Knezevic, J., Langer, A., Hampel, P. A., Kaiser, W., Strasser, R., and Rant, U. (2012). Quantitation of affinity, avidity, and binding kinetics of protein analytes with a dynamically switchable biosurface. J. Am. Chem. Soc. 134, 15225–15228. doi: 10.1021/ja3061276

Langer, A., Hampel, P. A., Kaiser, W., Knezevic, J., Welte, T., Villa, V., et al. (2013). Protein analysis by time-resolved measurements with an electro-switchable DNA chip. Nat. Commun. 4:2099. doi: 10.1038/ncomms3099

Le, T. B. K., Fiedler, H.-P., den Hengst, C. D., Ahn, S. K., Maxwell, A., and Buttner, M. J. (2009). Coupling of the biosynthesis and export of the DNA gyrase inhibitor simocyclinone in Streptomyces antibioticus. Mol. Microbiol. 72, 1462–1474. doi: 10.1111/j.1365-2958.2009.06735.x

Liu, G., Chater, K. F., Chandra, G., Niu, G., and Tan, H. (2013). Molecular regulation of antibiotic biosynthesis in Streptomyces. Microbiol. Mol. Biol. Rev. 77, 112–143. doi: 10.1128/MMBR.00054-12

MacNeil, D. J. (1988). Characterization of a unique methyl-specific restriction system in Streptomyces avermitilis. J. Bacteriol. 170, 5607–5612. doi: 10.1128/jb.170.12.5607-5612.1988

Martín, J. F., and Liras, P. (2012). Cascades and networks of regulatory genes that control antibiotic biosynthesis. Subcell. Biochem. 64, 115–138. doi: 10.1007/978-94-007-5055-5_6

Matselyukh, B., Mohammadipanah, F., Laatsch, H., Rohr, J., Efremenkova, O., and Khilya, V. (2015). N-methylphenylalanyl-dehydrobutyrine diketopiperazine, an a-factor mimic that restores antibiotic biosynthesis and morphogenesis in Streptomyces globisporus 1912-B2 and Streptomyces griseus 1439. J. Antibiot. 68, 9–14. doi: 10.1038/ja.2014.86

Matsuno, K., Yamada, Y., Lee, C.-K., and Nihira, T. (2004). Identification by gene deletion analysis of barB as a negative regulator controlling an early process of virginiamycin biosynthesis in Streptomyces virginiae. Arch. Microbiol. 181, 52–59. doi: 10.1007/s00203-003-0625-5

McCormick, J. R., and Flärdh, K. (2012). Signals and regulators that govern Streptomyces development. FEMS Microbiol. Rev. 36, 206–231. doi: 10.1111/j.1574-6976.2011.00317.x

McLean, T. C., Wilkinson, B., Hutchings, M. I., and Devine, R. (2019). Dissolution of the disparate: co-ordinate regulation in antibiotic biosynthesis. Antibiotics 8:83. doi: 10.3390/antibiotics8020083

Miyake, K., Horinouchi, S., Yoshida, M., Chiba, N., Mori, K., Nogawa, N., et al. (1989). Detection and properties of a-factor-binding protein from Streptomyces griseus. J. Bacteriol. 171, 4298–4302. doi: 10.1128/jb.171.8.4298-4302.1989

Natsume, R., Ohnishi, Y., Senda, T., and Horinouchi, S. (2004). Crystal structure of a γ-butyrolactone autoregulator receptor protein in Streptomyces coelicolor A3(2). J. Mol. Biol. 336, 409–419. doi: 10.1016/j.jmb.2003.12.040

Nishida, H., Ohnishi, Y., Beppu, T., and Horinouchi, S. (2007). Evolution of gamma-butyrolactone synthases and receptors in Streptomyces. Environ. Microbiol. 9, 1986–1994. doi: 10.1111/j.1462-2920.2007.01314.x

Ohnishi, Y., Kameyama, S., Onaka, H., and Horinouchi, S. (1999). The A-factor regulatory cascade leading to streptomycin biosynthesis in Streptomyces griseus: identification of a target gene of the A-factor receptor. Mol. Microbiol. 34, 102–111. doi: 10.1046/j.1365-2958.1999.01579.x

Onaka, H., Ando, N., Nihira, T., Yamada, Y., Beppu, T., and Horinouchi, S. (1995). Cloning and characterization of the A-factor receptor gene from Streptomyces griseus. J. Bacteriol. 177, 6083–6092. doi: 10.1128/jb.177.21.6083-6092.1995

Paget, M. S., Chamberlin, L., Atrih, A., Foster, S. J., and Buttner, M. J. (1999). Evidence that the extracytoplasmic function sigma factor sigmaE is required for normal cell wall structure in Streptomyces coelicolor A3(2). J. Bacteriol. 181, 204–211. doi: 10.1128/jb.181.1.204-211.1999

Pang, X., Aigle, B., Girardet, J.-M., Mangenot, S., Pernodet, J.-L., Decaris, B., et al. (2004). Functional angucycline-like antibiotic gene cluster in the terminal inverted repeats of the Streptomyces ambofaciens linear chromosome. Antimicrob. Agents Chemother. 48, 575–588. doi: 10.1128/aac.48.2.575-588.2004

Pinnert-Sindico, S. (1954). Une nouvelle espèce de Streptomyces productrice d’antibiotiques: Streptomyces ambofaciens n. sp., caracteres culturaux. Ann. Inst. Pasteur 87, 702–707.

Polkade, A. V., Mantri, S. S., Patwekar, U. J., and Jangid, K. (2016). Quorum sensing: an under-explored phenomenon in the phylum actinobacteria. Front. Microbiol. 7:131. doi: 10.3389/fmicb.2016.00131

Ramos, J. L., Martínez-Bueno, M., Molina-Henares, A. J., Terán, W., Watanabe, K., Zhang, X., et al. (2005). The TetR family of transcriptional repressors. Microbiol. Mol. Biol. Rev. 69, 326–356. doi: 10.1128/MMBR.69.2.326-356.2005

Ray, S., Maitra, A., Biswas, A., Panjikar, S., Mondal, J., and Anand, R. (2017). Functional insights into the mode of DNA and ligand binding of the TetR family regulator TylP from Streptomyces fradiae. J. Biol. Chem. 292, 15301–15311. doi: 10.1074/jbc.M117.788000

Recio, E., Colinas, A., Rumbero, A., Aparicio, J. F., and Martín, J. F. (2004). PI factor, a novel type quorum-sensing inducer elicits pimaricin production in Streptomyces natalensis. J. Biol. Chem. 279, 41586–41593. doi: 10.1074/jbc.M402340200

Sidda, J. D., and Corre, C. (2012). Gamma-butyrolactone and furan signaling systems in Streptomyces. Methods Enzymol. 517, 71–87. doi: 10.1016/B978-0-12-404634-4.00004-8

Takano, E. (2006). Gamma-butyrolactones: Streptomyces signalling molecules regulating antibiotic production and differentiation. Curr. Opin. Microbiol. 9, 287–294. doi: 10.1016/j.mib.2006.04.003

Takano, E., Nihira, T., Hara, Y., Jones, J. J., Gershater, C. J., Yamada, Y., et al. (2000). Purification and structural determination of SCB1, a gamma-butyrolactone that elicits antibiotic production in Streptomyces coelicolor A3(2). J. Biol. Chem. 275, 11010–11016. doi: 10.1074/jbc.275.15.11010

Thao, N. B., Kitani, S., Nitta, H., Tomioka, T., and Nihira, T. (2017). Discovering potential Streptomyces hormone producers by using disruptants of essential biosynthetic genes as indicator strains. J. Antibiot. 70, 1004–1008. doi: 10.1038/ja.2017.85

van Wezel, G. P., and McDowall, K. J. (2011). The regulation of the secondary metabolism of Streptomyces: new links and experimental advances. Nat. Prod. Rep. 28, 1311–1333. doi: 10.1039/c1np00003a

Vicente, C. M., Payero, T. D., Santos-Aberturas, J., Barreales, E. G., de Pedro, A., and Aparicio, J. F. (2015). Pathway-specific regulation revisited: cross-regulation of multiple disparate gene clusters by PAS-LuxR transcriptional regulators. Appl. Microbiol. Biotechnol. 99, 5123–5135. doi: 10.1007/s00253-015-6472-x

Wang, B., Guo, F., Ren, J., Ai, G., Aigle, B., Fan, K., et al. (2015). Identification of Alp1U and Lom6 as epoxy hydrolases and implications for kinamycin and lomaiviticin biosynthesis. Nat. Commun. 6:7674. doi: 10.1038/ncomms8674

Waters, C. M., and Bassler, B. L. (2005). Quorum sensing: cell-to-cell communication in bacteria. Annu. Rev. Cell Dev. Biol. 21, 319–346. doi: 10.1146/annurev.cellbio.21.012704.131001

Wietzorrek, A., and Bibb, M. (1997). A novel family of proteins that regulates antibiotic production in Streptomycetes appears to contain an OmpR-like DNA-binding fold. Mol. Microbiol. 25, 1181–1184. doi: 10.1046/j.1365-2958.1997.5421903.x

Willey, J. M., and Gaskell, A. A. (2011). Morphogenetic signaling molecules of the Streptomycetes. Chem. Rev. 111, 174–187. doi: 10.1021/cr1000404

Wu, S., and Zhang, Y. (2007). LOMETS: a local meta-threading-server for protein structure prediction. Nucleic Acids Res. 35, 3375–3382. doi: 10.1093/nar/gkm251

Xu, G., Wang, J., Wang, L., Tian, X., Yang, H., Fan, K., et al. (2010). “Pseudo” gamma-butyrolactone receptors respond to antibiotic signals to coordinate antibiotic biosynthesis. J. Biol. Chem. 285, 27440–27448. doi: 10.1074/jbc.M110.143081

Yamada, Y., Sugamura, K., Kondo, K., Yanagimoto, M., and Okada, H. (1987). The structure of inducing factors for virginiamycin production in Streptomyces virginiae. J. Antibiot. 40, 496–504. doi: 10.7164/antibiotics.40.496

Yang, J., Yan, R., Roy, A., Xu, D., Poisson, J., and Zhang, Y. (2015). The I-TASSER suite: protein structure and function prediction. Nat. Methods 12, 7–8. doi: 10.1038/nmeth.3213

Yang, J., and Zhang, Y. (2015). I-TASSER server: new development for protein structure and function predictions. Nucleic Acids Res. 43, W174–W181. doi: 10.1093/nar/gkv342

Yang, Y.-H., Joo, H.-S., Lee, K., Liou, K.-K., Lee, H.-C., Sohng, J.-K., et al. (2005). Novel method for detection of butanolides in Streptomyces coelicolor culture broth, using a His-tagged receptor (ScbR) and mass spectrometry. Appl. Environ. Microbiol. 71, 5050–5055. doi: 10.1128/AEM.71.9.5050-5055.2005

Zhang, R., Pappas, K. M., Pappas, T., Brace, J. L., Miller, P. C., Oulmassov, T., et al. (2002). Structure of a bacterial quorum-sensing transcription factor complexed with pheromone and DNA. Nature 417, 971–974. doi: 10.1038/nature00833

Zhang, Y. (2008). I-TASSER server for protein 3D structure prediction. BMC Bioinformatics 9:40. doi: 10.1186/1471-2105-9-40

Zhang, Y. (2009). I-TASSER: fully automated protein structure prediction in CASP8. Proteins 77(Suppl. 9) 100–113. doi: 10.1002/prot.22588

Zheng, J., Sagar, V., Smolinsky, A., Bourke, C., LaRonde-LeBlanc, N., and Cropp, T. A. (2009). Structure and function of the macrolide biosensor protein, MphR(A), with and without erythromycin. J. Mol. Biol. 387, 1250–1260. doi: 10.1016/j.jmb.2009.02.058

Zou, Z., Du, D., Zhang, Y., Zhang, J., Niu, G., and Tan, H. (2014). A γ-butyrolactone-sensing activator/repressor, JadR3, controls a regulatory mini-network for jadomycin biosynthesis. Mol. Microbiol. 94, 490–505. doi: 10.1111/mmi.12752

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Vicente, Girardet, Hôtel and Aigle. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-11-01255-t001.jpg
Concentration (M) kon (M~1.s77) korr (s™7) Kp (nM)
55.6 x 1076 443 +0.16 x 10* N/A N/A
5.0 x 106 468 +0.16 x 10* N/A N/A
1.7 x 1076 1.46 4+ 0.05 x 10* N/A N/A
50.0 x 10—9 138 4+006 x 10° 1.05+0.08 x 10-4 37.1+33





OPS/images/fmicb-11-01255-t002.jpg
Strain

Description References

S. ambofaciens ATCC
23877

S. ambofaciens AAalpW
S. ambofaciens

AAalpW AAalpID
F6AAalpID:scar
Escherichia coli ET12567

pUZ8002

Wild type Pinnert-Sindico, 1954

alpW loci replaced by a scar ~ Bunet et al., 2011
alpW and alplABCD loci This work
replaced by a scar

genomic library cosmid F6 with Pang et al., 2004
locus alpID replaced by a scar

strain used for interspecific MacNeil, 1988
conjugation

for in trans mobilization of oriT  Paget et al., 1999
containing cosmid





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Molecular Dynamics to Elucidate the DNA-Binding Activity of AlpZ, a Member of the Gamma-Butyrolactone Receptor Family in Streptomyces ambofaciens



		INTRODUCTION



		RESULTS



		Regulator AlpZ Has High Affinity to Its Target Sequence



		Sizing and Protein Structure Modeling Suggest AlpZ Functions as a Homodimer



		Signaling Molecule Drastically Disrupts AlpZ-DNA Complex



		Kinamycin Does Not Impact AlpZ DNA-Binding Activity







		DISCUSSION



		MATERIALS AND METHODS



		Strains, Media, and Growth Conditions



		Construction of the Mutant Strain ΔΔalpWΔΔalpID



		Extraction of AlpZ Signaling Molecule



		DNA-Protein Binding Assays



		Binding Kinetics and Hydrodynamic Diameter Measurements



		Protein Structure Modeling



		Kinamycin D Purification







		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/cover.jpg
’ frontiers
in Microbiology

Molecular Dynamics to Elucidate
the DNA-Binding Activity
of AlpZ, a Member of the
Gamma-Butyrolactone Receptor
Family
in Streptomyces ambofaciens





OPS/images/fmicb-11-01255-g001.jpg
dsoverhang
ssDNA+target dsDNA

Nanolever ‘ (nanoAREYV or nanoControl)
and fluorophore

Dynamic Response

v=® /0O









OPS/images/fmicb-11-01255-g008.jpg
:

170

o o
© @
— -

(nup) asuodsay olweuiq

140






OPS/images/fmicb-11-01255-g009.jpg
Normalized DR

Association

Dissociation

1.05 1
0.98
11 @ 096
a
§ 0.94
0.951 T 092
g 0.9
0.9 =
0.88
0.86
0.85
0 50 100 150 200 250 300 0 50 100 150 200 250 300 350
Time (s)

Time (s)





OPS/images/logo.jpg
, frontiers
in Microbiology





OPS/images/fmicb-11-01255-g006.jpg
0.91
[

M Signal
M Signal's fit curve
I Reference

W Reference's fit curve

3
Time (us)

0.91
Q
2 0.8
Q
2 0.7
Q

—

o 0.61
=

O
8 041

M Signal

M Signal's fit curve

W Reference

I Reference's fit curve

3
Time (us)






OPS/images/fmicb-11-01255-g007.jpg
Normalized DR

Normalized DR

Association Dissociation
11 12
1.05 115 A
(14 vrl : "-v rﬁ"‘, o wIW A '-v v vv.- vﬂ“v 'HV "' I)‘ ‘”‘V""‘ .l\#‘;‘.’
14 S 11 r | !
3
0.95 £ 105
£ korr=1.95+0.12x 10" s
0.9 S f
e 11Wv
0.85
0.95
0.8
0 50 100 150 200 250 300 0 100 200 400
Time (s) Time (s)
C
12 12
115 115 :
6 | x 11
a
1.05 g 105
korr=1.04 £0.03x 102 s 5 korr=1.79+0.04 x 102 &1
1 E 114
(<}
z
0.95 0.95
0.9 0.9
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (s)

Time (s)






OPS/images/fmicb-11-01255-g004.jpg





OPS/images/fmicb-11-01255-g005.jpg
AlpZ+
AlpZ extract

C o . ()

-
-l *wud





OPS/images/fmicb-11-01255-g002.jpg
Normalized DR Normalized DR

Normalized DR

Association

2.86

283

Normalized DR

50 100 150

Time (s)

250 300

Association

11

1.05

0.95

09

Normalized DR

0.85

08 v v
150 200
Time (s)

100

Association
1l

1.05

Normalized DR

0.9 y v -
50 150 200
Time (s)

100

Dissociation

LY
105
—_
095
0.8 v - = = = = =
500 1000 1500 2000 2500 3000 3500
Time (s)

Dissociation

Ko =37.1+3.3nM

1000 2000

3000 4000 5000 6000 7000
Time (s)
Dissociation
11
1.05
1%@-&%«#
095
09" v v v ' ' ' '
0 500 1000 1500 2000 2500 3000 3500

Time (s)





OPS/images/fmicb-11-01255-g003.jpg
W Reference’s fit curve

©
& 041 relative size = 3.65 + 0.09 nm

0 . . .
0 1 2 3 4 5 6

Time (us)

W Reference

W Reference's fit curve

o Dy =527 £0.13 nm
,g 0.4

0 . : . : .
0 1 2 3 4 5 6

Time (us)





