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Abstract:



A Streptomyces strain was isolated from soil and the sequence of 1471 nucleotides of its 16S rDNA showed 99% identity to Streptomyces sp. HV10. This newly isolated Streptomyces strain produced an extracellular polysaccharide (EPS) composed mainly of glucose and mannose in a ratio of 1:4.1, as was characterized by Fourier transform infrared spectroscopy (FTIR), HPLC and 1H-NMR. The antioxidant activities of the partially purified MOE6-EPS were determined by measuring the hydroxyl free radical scavenging activity and the scavenging of 2,2-diphenyl-2-picryl-hydrazyl (DPPH) radicals. In addition, the partially purified MOE6-EPS showed high ferrous ion (Fe2+) chelation activity which is another antioxidant activity. Interestingly, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays that were colorimetric assays for NAD(P)H-dependent cellular oxidoreductases and a proxy of the number of viable cells, showed that the partially purified MOE6-EPS inhibited the proliferation of the human breast cancer cells (MDA-MB-231). The scratch wound assay showed that MOE6-EPS reduced the migration of mouse breast cancer cells (4T1). This study reports the production of EPS from Streptomyces species with promising antioxidant, metal chelating and mammalian cell inhibitory activities.
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1. Introduction


Microbial polysaccharides are high molecular weight polymers consisting of carbohydrates [1]. These polysaccharides exist in different forms: covalently bound to the cell surface as capsular polysaccharides or secreted into the surrounding environment as free exopolysaccharides (EPS). Microbial polysaccharides have different biological functions: protecting the cell from desiccation, acting as antimicrobial agents, facilitating the adhesion of bacteria to various solid surfaces, and playing an important role in symbiosis [2,3]. EPS may be homopolysaccharides, which are composed of a single type of monosaccharide forming the polysaccharide chain, or heteropolysaccharides, which are chains composed of two or more different sugars usually with different ratios [4]. The different structures and saccharide composition of EPS produced from different microbial strains hold the potential for diverse functionalities.



Microbial polysaccharides are used extensively in various industrial and pharmacological applications due to their unique physical and rheological properties. These polymers can be used as gelling, emulsifying, thickening or flocculating agents in food, cosmetics and adhesive industries, as well as waste water treatment and oil recovery applications [5]. Interestingly, certain EPS products have demonstrated functional biological activities when used as antitumor, antiviral, anticoagulant and/or immunomodulating agents [6,7].



The role of Reactive Oxygen Species (ROS) is well established in the development of many diseases including cancer, cellular aging and neurodegeneration, as well as coronary heart disease, because ROS oxidatively damage tissues and cellular machinery [8,9]. Since many of the synthetic antioxidants have unfavorable side effects [10], the development of treatments has focused on the production of antioxidant drugs of natural origin. Several microbial polysaccharides have been reported to have strong antioxidant activities and may be developed as natural antioxidant drugs [11,12].



While the production of microbial EPS from bacteria is extensively studied, the understanding of its production from Streptomyces species is incomplete. Streptomyces species are Gram positive, filamentous bacteria found mainly in soil and they are well known producers of biologically active compounds, mainly antibiotics [13]. In this study, we report on a novel isolate from the soil of Columbia, MO, USA with 16S rDNA sequence homologous to Streptomyces sp. HV10. The newly isolated strain produces EPS, that shows apparent antioxidant, metal chelating activities, as well as inhibition of proliferation and migration of mammalian cells.




2. Results and Discussion


2.1. Isolation and Identification of the Streptomycetes


A Gram-positive, filamentous Streptomyces species was isolated from soil sample of Columbia, Missouri, USA; the colonies are white, chalky and circular shaped, which is characteristic of the Streptomycetaceae family. A 1471-base pair fragment of the 16S rDNA of the isolate was sequenced, and the genus of the organism was assigned with a maximum likelihood phylogenetic tree and sequence alignment (Figure 1). Based on high (>99%) sequence identity of the 16S rDNA gene to that of Streptomyces sp. HV10 and position on the Streptomyces branch of the phylogenetic tree, the isolate was assigned to the Streptomyces genus. The 16S rDNA sequence has been submitted to GenBank (accession number KY742742, available at https://www.ncbi.nlm.nih.gov/genbank/).


Figure 1. Maximum likelihood phylogenetic tree of the isolated strain Streptomyces sp. MOE6 based on 16S rRNA gene sequencing of a 1471 bp fragment. *** indicates the MOE6 isolate.
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2.2. Characterization of Streptomyces sp. MOE6 Exopolysaccharide


Following extraction, partial purification and lyophilization of the EPS, the final product deemed MOE6-EPS had a yield of (2.5 g/L) and was observed to be a white, spongy precipitate. MOE6-EPS was then subjected to structural and molecular content characterization by spectroscopy and sugar analyses to confirm the product to be EPS and to understand its physical properties.



Fourier transform infrared (FTIR) spectroscopy was employed to detect the main functional groups in MOE6-EPS [14]. The FTIR spectrum (Figure 2) showed that the MOE6-EPS contains the typical absorption peaks associated with polysaccharides. The broad, large peak at 3433 cm−1 indicates the presence of hydroxyl groups which are characteristic for polysaccharides, as each monosaccharide has more than one hydroxyl [15]. The bands in the regions of 2962 cm−1 and 1200 cm−1 to 1400 cm−1 are assigned to weak CH-stretching of methylene (–CH2–) groups and angular vibration which is evidence that the produced MOE6-EPS contains carbohydrate [16,17]. Moreover, the band around 1656 cm−1 may result from C=O stretch of the carboxylic group for uronic acid [18]. In the spectrum, the absorption at 1088 cm−1 region is attributed to the stretching vibration of pyranose ring [19]. Taken together, all of these features in the FTIR spectrum confirm that the product is a polysaccharide containing pyranoses.


Figure 2. Fourier transform infrared (FTIR) spectrum of the MOE6-EPS in the range of 400–4000 cm−1 showing common bands which are characteristic for polysaccharides.
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Additional spectroscopic characterization of the partially purified MOE6-EPS was carried out with UV-visible absorption spectroscopy (Figure 3). The absorption spectrum of 250 μg MOE6-EPS/mL had maximum absorption in the range of 200–210 nm, with a small shoulder in the range of 250–290 nm. The region between 200–210 nm could be attributed to the presence of carboxyl, carbonyl, or ester functional groups, while the presence of bands at 250–290 nm is commonly due to the presence of aromatic compounds. The bands at 260 nm and 280 nm may be attributed to DNA and protein respectively [20]. The UV-vis spectrum provided further evidence that the MOE6-EPS product could be composed of carbohydrates. Since spectroscopic studies were suggestive of sugar content found in polysaccharides, MOE6-EPS was tested chemically for carbohydrate content and the sugars typically found in MOE6-EPS. The phenol sulfuric assay [21] showed that the partially purified MOE6-EPS contains 71 ± 1% carbohydrate. The metahydroxydiphenyl assay for the uronic acids [22] revealed that the MOE6-EPS contains 3.6 ± 0.1% uronic acid while the Bradford assay for protein content [23] showed that MOE6-EPS contains 0.78 ± 0.1%.


Figure 3. UV-visible absorption spectrum for MOE6-EPS in the range of (200–400 nm).
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The monosaccharide units of the MOE6-EPS were then identified by HPLC retention times compared to the retention times of reference sugars including: glucose, galactose, mannose, xylose and glucuronic acid. After hydrolysis with 2M trifluoroacetic acid (TFA) at 110 °C for 6 h, the sugars were analyzed on the HPLC and the refractive index chromatograms of each sugar were recorded. In the neutral sugar region, two distinct peaks (Figure 4, peaks 1 and 2) on the MOE6-EPS chromatogram were observed at retention times corresponding to those of glucose (15.9 min) and mannose (16.7 min) and were assigned peaks 1 and 2, respectively (Figure 4). By comparing peak areas of the two sugars, the ratio of glucose to mannose in MOE6-EPS was calculated to be 1:4.1, respectively. Similarly, Miyazaki and Yamada [24] reported that Streptomyces sp. FERM-P1185, which also was isolated from soil, produces an EPS which is composed of repeating units of glucose and mannose in molar ratio 1.87:1. This comparison suggests that even bacteria from the same genus produce EPS with unique sugar content. The polysaccharide may also contain non-carbohydrate moieties such as acetate and pyruvate as in the case of xanthan gum which contains 85.3% carbohydrates formed mainly of glucose, mannose and glucuronic acid together with acetate and pyruvate, the concentrations of the acetate and pyruvate varied depending on the fermentation process conditions [25]. The reference sugars were run on HPLC before and after hydrolysis, and it was found that after hydrolysis, an additional peak appeared at a retention time, which is so close to that of the glucuronic acid, and it overlapped the glucuronic acid peak making an identification and quantification of glucuronic acid indeterminate.


Figure 4. HPLC chromatograph of (A) hydrolyzed MOE6-EPS (10 mg/mL) from isolate MOE6 strain; (B) glucose control (5 mg/mL); (C) glucuronic acid control (5 mg/mL); (D) mannose control (5 mg/mL).
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The partially purified MOE6-EPS was further characterized by one-dimensional (1D) 1H-NMR spectroscopy (Figure 5). The 1H-NMR spectrum of polysaccharides consists mainly of three regions. The first region is the ring proton region (δH 3.1–4.5 ppm) which shows a crowded signal region due to the presence of many sugar residues and this region is typical for polysaccharides. The second region is the anomeric proton region (δH 4.5–5.5 ppm) and, finally, the third region is the alkyl region (δH 1.2–2.3 ppm) [26]. The 1H-NMR spectrum of MOE6-EPS showed the ring proton region which is characteristic of polysaccharides, and it also showed a signal at δ 2.102 ppm indicating that the polysaccharide contains acetyl groups. Moreover, the 1H-NMR spectrum of MOE6-EPS contained six main anomeric protons. The anomeric region of the NMR spectrum revealed the presence of α-anomeric and β-anomeric protons, due the presence of signals between δ 4.90 ppm to δ 5.50 ppm and δ 4.30 ppm to δ 4.80 ppm, respectively. The proton signals at 5.04 ppm and 4.9 ppm may be attributed to the presence of the hydrogen (H1) that is binding to the carbon (C1) of both mannose and glucose respectively. These results are similar to what was shown by 1H-NMR spectroscopy of a glucomannan isolated from Amorphophallus species that had signals at 4.9 ppm and 5.05 ppm due to the presence of H1 of glucose and mannose units, respectively [27]. The 1H-NMR spectrum confirms the results obtained from HPLC which showed that the MOE6-EPS contains glucose and mannose.


Figure 5. Proton NMR spectrum of 5 mg of MOE6-EPS dissolved in 0.75 mL D2O.
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The matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) analysis of MOE6-EPS (Figure 6) showed the presence of 4 prominent peaks at 8265 (±2 to 5 Da; as determined by the University of Missouri Charles W. Gehrke Proteomics Center), 11,465; 14,190; and 16,320 Da suggesting that MOE6-EPS may be a low molecular weight polysaccharide. However, it has not been established whether the original product is actually much larger or whether it could not be ionized for analysis. If the product were large, then the fragments identified could have resulted from damage occurring during the purification process or the laser ablation.


Figure 6. MALDI-TOF of MOE6-EPS.
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We found additional evidence in the spectrum that the EPS is most likely a polysaccharide. The mass differences between the base peak at 8423 and its closest fragment peak at 8265 is approximately 158 Da, suggesting a six-carbon sugar monomer (180 less water + proton = 163 Da) was lost from the chain. Also a similar mass difference, 169, was found between peak at 14,359 and 14,190. Therefore, the molecular mass of the polymer is at least 8 to 16 kDa.




2.3. Antioxidant Activities of MOE6-EPS


EPS products isolated from many bacteria have demonstrated antioxidant activity by scavenging free radicals. This is a desired reaction in many biological systems to prevent ROS induced oxidative damage. The efficiency of this reaction depends on the sugar content and structure of each EPS [28]. Since EPS products from different bacteria have unique compositions, the ability of each strain’s EPS to act as an antioxidant will be characteristic of the composition. ROS includes radical and non-radical oxygen species which are generated from the partial reduction of oxygen. When the production of these radicals increases, they will be out of control of the cellular antioxidant defense system generating an oxidative stress [29]. This oxidative stress results in the damage of many biologically active molecules including nucleic acids, lipids, and proteins that contribute to the development of several diseases in mammals, such as neurodegenerative diseases [30] and cancer [29]. Hence, it is crucial to develop novel antioxidant compounds particularly of natural sources to avoid possible side effects of synthetic antioxidants.



2.3.1. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) Radical Scavenging


The DPPH assay has been extensively used to evaluate the ability of different compounds to scavenge free radicals. The scavenging of free radicals is one mechanism of antioxidant activity. When the unpaired electron on the nitrogen atom of DPPH receives a hydrogen atom from antioxidants, it will be reduced and lose its deep purple color and form a pale yellow color [31]. The decrease in the absorbance at 517 nm is used to measure the DPPH radical scavenging activity of the tested compound. Figure 7 shows the DPPH radical scavenging activity of the partially purified MOE6-EPS compared to ascorbic acid, a very strong antioxidant. The ascorbic acid was used as a positive control and it showed higher DPPH scavenging activity at the same weights used for EPS. The DPPH scavenging activity of MOE6-EPS was concentration dependent and linearly increased over the MOE6-EPS concentrations tested. At 0.5 mg/mL, the EPS showed scavenging ability of 6.0 ± 0.1% of the DPPH free radicals, while at 4 mg/mL, the EPS showed 37.8 ± 0.1% scavenging of initial DPPH concentration.


Figure 7. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) radicals scavenging activity of different concentrations of MOE6-EPS (0.5, 1, 1.5, 2, 3, 4 mg/mL) from Streptomyces sp. MOE6 compared to that of ascorbic acid (0.5, 1, 1.5, 2, 3, 4 mg/mL) as a positive control. Values are means ± SD (n = 3). 100% (w/v) of DPPH was 78.86 μg/mL. The absence of error bars indicates that the errors were smaller than the symbols.
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2.3.2. Hydroxyl Radical Scavenging Activity


A second antioxidant activity assay measures the ability of the partially purified MOE6-EPS to scavenge hydroxyl radicals. The hydroxyl radical •OH is a potent reactive oxygen species formed by the partial reduction of oxygen [32].



The antioxidant capacity of the purified MOE6-EPS was tested as described by Yin et al., (2010) with the phenanthroline assay. In this assay, the hydroxyl radicals are generated through the following reaction:


Fe2+ + H2O2 → Fe3+ + OH− + •OH,











In this reaction, there are two mechanisms for the antioxidation activity. The first mechanism is the direct scavenging of the formed hydroxyl radicals to form a non-radical compound. And the second mechanism is through the suppression of the formation of these hydroxyl radicals by chelating the Fe2+ required for the generation of hydroxyl radicals. These iron complexes are rendered unable to react with H2O2 to form •OH [33]. Therefore, the polysaccharides with metal chelating activities should be able to reduce the generation of •OH through the chelation Fe2+ and thus display antioxidant activity. The phenanthroline assay does not discriminate between these two mechanisms and the scavenging ability seen in this assay can result from direct reduction of hydroxyl radicals, the suppression of radical generation by metal chelation or a combination of both mechanisms.



Figure 8 shows the phenanthroline assay of the partially purified MOE6-EPS hydroxyl radical scavenging activity compared to ascorbic acid as a positive control. The hydroxyl radical scavenging activity increased with increasing concentrations of MOE6-EPS in the range of 0.5–4 mg/mL. At 0.5 mg/mL, MOE6-EPS showed hydroxyl radical scavenging activity of 3.6 ± 0.1% while the maximum hydroxyl radical scavenging activity measured was 26.0 ± 0.1% achieved at 4 mg/mL EPS. By contrast, at 4 mg/mL ascorbic acid had nearly 100% hydroxyl radical scavenging activity. Like the MOE6-EPS, the ascorbic acid scavenging activity increased with increasing its concentration until, unlike the MOE6-EPS, ascorbic acid reached a maximum scavenging activity (100%) at 3 mg/mL with no further increase in the activity observed above this concentration. The low scavenging activity of the EPS could be attributed to the metal chelating activity of the polymer. To decipher if MOE6-EPS is acting as an antioxidant through direct reduction or metal chelation, Fe2+ chelating activity of the EPS in a ferrozine-based assay was performed.


Figure 8. Hydroxyl radical scavenging activity of different concentrations of MOE6-EPS (0.5, 1, 1.5, 2, 3, 4 mg/mL) from Streptomyces sp. MOE6 compared to that of ascorbic acid (0.25, 0.5, 1, 1.5, 2, 3, 4 mg/mL) as a positive control. Values are means ± SD (n = 3). 100% w/v of OH− was 340 μg /mL. The absence of error bars indicates that the errors were smaller than the symbols.
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2.3.3. Ferrous Ion Chelating Activity of Purified EPS


Ferrous ion chelation (Fe2+) activity is strongly related to the antioxidant activity, due to the ability of transition metal ions to initiate radical formation through the transfer of a single electron to certain compounds thereby generating free radicals [34,35]. Metal chelating activity of the partially purified MOE6-EPS was measured following the method reported by Qiao and co-workers [34,36], where the absorbance at 562 nm of the red colored complex of ferrozine with reduced iron was measured. The addition of a metal-chelating agent disrupts the formation of the ferrozine–Fe2+ complex decreasing the red color formed by the complex. In Figure 9, MOE6-EPS showed strong ferrous ion chelation activity which increased with increasing concentrations of the MOE6-EPS as compared to EDTA–Na+ at similar EPS concentrations. The MOE6-EPS maximum chelating capacity occurred at a concentration of 2 mg/mL which was 92.0 ± 0.1% where EDTA–Na+ had a 98.4 ± 0.02% chelating capacity at the same concentration (2 mg/mL). There was no apparent increase in the metal chelation activity upon increasing the EPS concentration beyond 2 mg/mL. The chelating ability of a compound can be described as the formation of bonds between two or more binding sites within the same molecule with one single central atom [37]. Since the characterization results showed that the produced MOE6-EPS contains uronic acid, the negatively charged carboxyl groups could act as the binding sites for ferrous ions [38,39]. Similar results were obtained by Li et al., 2014 [40] who reported three EPS products isolated from Lactobacillus helveticus MB2-1. All three of the EPS products had the ability to chelate ferrous ion under the same experimental conditions, and the metal chelating activities of these polysaccharides increased by increasing the polysaccharide concentrations reaching maximum activity at 2 mg/mL as observed for MOE6-EPS. Additionally, as seen for MOE6-EPS, a further increase in the polysaccharide concentration above 2 mg/mL did not show any significant effect on the ferrous iron chelating activity. However, MOE6-EPS had almost twice the binding capacity of the Lactobacillus EPS products. The three EPS products of Lactobacillus showed metal chelating activities of 53.2 ± 0.1%, 45.9 ± 0.1 and 38.7 ± 0.1% each at a concentration of 4 mg/mL. These results suggest that MOE6-EPS is a strong metal chelator.


Figure 9. Ferrous ion chelating activity of different concentrations of MOE6-EPS (0.25, 0.5, 1, 1.5, 2, 3, 4 mg/mL) from Streptomyces sp. MOE6 compared to that of EDTA-Na+ (0.25, 0.5, 1, 1.5, 2, 3, 4 mg/mL) as a positive control. Values are means ± SD (n = 3). 100% (w/v) Fe2+ was 111.6 μg/mL. The absence of error bars indicates that the errors were smaller than the symbols.
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There are several factors that affect the antioxidant activities of the polysaccharides. You et al., 2013 [41] showed that the antioxidant activity of the polysaccharide was affected by the molecular weight, the smaller the molecular weight the higher the antioxidant activity. Based on this finding, the difference in scavenging ability of the MOE6-EPS as compared to ascorbic acid could be attributed to the difference in molecular weight, as the MOE6-EPS in the assay was not hydrolyzed. Structural studies of MOE6-EPS would help resolve the mechanisms of radical scavenging and metal chelation. Furthermore, the monosaccharide composition and the structure of the polymer also have been shown to affect the free radical scavenging activities [28]. In future studies, the structure of the MOE6-EPS will be determined allowing interpretation of the structure–activity relationship of the MOE6-EPS in antioxidant activity mechanisms. Taken together, the sugar-composition characterization and antioxidant assays suggest that MOE6-EPS might prove useful as an antioxidant and metal-chelator.





2.4. Effect of MOE6-EPS on the Migration and Proliferation of Mammalian Cells


Understanding the effects of Streptomyces EPS on mammalian cell growth may provide the basis for the development of a product useful for intervention in disease. Breast cancer is the most frequently diagnosed cancer type and is one of the leading causes of cancer death worldwide [42]. ROS levels are elevated in all cancer types as they modulate the behavior of cancer cells and are involved in cell proliferation, cell apoptosis, angiogenesis, metabolism, protein synthesis and inflammation [43].



Additionally, the essential contribution of iron to tumor growth is well established [44]. Iron is crucial for the activity of iron-and heme-containing enzymes that are involved in the mitochondrial activity, DNA synthesis and cell cycle [45]; hence, iron supports tumor growth through promoting cell replication and metabolism [46,47]. Also, iron induces the generation of deleterious hydroxyl radical ROS that results in DNA damage and the generation of carcinogenic mutations. Interestingly, several cancer types, including breast cancer, show elevated iron acquisition and storage due to the increased expression levels and activity of the proteins responsible for iron metabolism in malignant cells, e.g., transferrin, lipocalin and ferritin [46,48,49,50,51]. As such, therapeutic approaches targeting iron metabolism focus on iron chelators [52,53] where some have shown promise in preclinical and clinical studies as anticancer agents [53,54,55]. Based on our results with scavenging ROS and chelation of iron, we sought to evaluate the inhibitory activity of the partially purified EPS of isolate MOE6 toward the murine (4T1) and human breast cancer cells (MDA-MB 231) as a first step in determining the effectiveness of MOE6-EPS as an inhibitor of mammalian cell growth and development.



2.4.1. The Scratch Wound Assay


Often cancer involves uncontrolled cell migration that is the first step in metastasis [43], the process by which cancer cells migrate away from their original tumor site and disseminate throughout the body [44]. The migration ability of tumor cells is crucial for the metastasis of various cancer types including breast cancer cells [56,57]. As a result, a scratch wound assay was used to assess the influence of the EPS on the migration [58] of murine breast cancer cells (4T1 cells). In the scratch assay, an artificial gap (scratch) is created after the cancer cells form a confluent monolayer. The cells at the edge of the scratch will migrate closing this scratch and forming a monolayer once more [58]. Here, the migration of 4T1 cells was monitored by real time microscopy through imaging at regular intervals following the addition of different concentrations of the partially purified MOE6-EPS. The results revealed that the MOE6-EPS treatment significantly reduced the migration ability of murine breast cancer 4T1 cells in a concentration dependent manner. The percentage of migration distance was 80.9% in untreated cells, and was significantly decreased upon treatment with EPS to 70.1%, 48.5% and 48.9% at concentrations of 1, 2 and 4 mg/mL respectively (Figure 10). This result demonstrates that the EPS inhibits murine breast cancer cell migration.


Figure 10. MOE6-EPS reduces the migration of 4T1 murine breast cancer cells. The 4T1 cells were cultured in 0, 1, 2 and 4 mg MOE6-EPS/mL. The wound healing was monitored for 24 h by real time microscopy and images were captured after 0 and 24 h. (A) Representative images of 3 independent experiments; (B) Quantification and statistical analysis of the migrated distance by 4T1 cells as a percentage of control. Values are means ± SD (n = 3) where ** p < 0.01 indicate significant decreases from untreated cells.
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2.4.2. MTT Assay


Another major therapeutic approach for cancer therapy is to inhibit uncontrolled cancer cell proliferation, a typical characteristic of various cancer types [59]. The anti-proliferative activity of the partially purified MOE6-EPS was assessed by the MTT assay, where the yellow MTT will be reduced to purple formazan by cellular mitochondrial dehydrogenase found in the living cells [60], thus the increase in staining of viable human breast cancer cells MDA-MB 231 will be proportional to the living cells [61]. The MTT assay showed that the EPS has a significant effect on the proliferation of MDA-MB 231 breast cancer cells, where the cell viability decreased with the increase of the MOE6-EPS concentrations and this growth inhibitory activity is dose-dependent at EPS concentrations ranging from (0–16 mg/mL) (Figure 11). The IC50 of EPS was calculated to be 2.93 mg/mL. Compared with the negative control (untreated), the partially purified MOE6-EPS showed significant inhibition (p < 0.05) and (p < 0.01) at 4 mg/mL and 8–16 mg/mL respectively, which as mentioned earlier, might be attributed to the iron chelating of the EPS. Further investigation on the mechanism of the inhibitory activity of the EPS in a variety of tumor-bearing and non-tumor cell lines will be pursued in our future work. Thus, we report for the first time that the Streptomyces sp. MOE6 produces EPS with apparent activity against the proliferation of human breast cancer, one of the most prevalent cancer types and with the highest mortality rate among women [42]. Further studies will determine whether the EPS inhibition occurs differentially with normal cells being more resistant than cancer cells, a desired result for the development of a useful treatment product.


Figure 11. MOE6-EPS reduces the proliferation of MDA-MB 231 human breast cancer cells. MDA-MB 231 cells were cultured in 0, 2, 4, 8 and 16 mg MOE6-EPS/mL for 96 h and then the cell viability was assessed by the MTT assay. Values are means ± SD (n = 3), where * p < 0.05, ** p < 0.01 and *** p < 0.001 indicate significant decreases from untreated cells.
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3. Materials and Methods


3.1. Materials and Reagents


2,2-Diphenyl-1-picrylhydrazyl (DPPH), trifluoroacetic acid (TFA), EDTA-Na, KBr, FeCl2·4H2O, MgSO4·7H2O, anhydrous CaCO3, ZnSO4·7H2O, galactose, mannose, xylose were purchased from Sigma Chemical Co. (St. Louis, MO, USA). 1,10-phenanthroline, m-hydroxybiphenyl, H2O2, phenol, H2SO4, yeast extract, tryptone, glucose, agar, NaCl, glycerol, anhydrous K2HPO4, KH2PO4, ascorbic acid were purchased from Fisher Scientific Co. (Fair Lawn, NJ, USA). Ethanol was purchased from Decon Labs, Inc. (King of Prussia, PA, USA). Ferrozine was purchased from HACH Chemical Co. (Ames, IA, USA). Malt was purchased from MP Biomedicals, LLC. (Solon, OH, USA). Dulbecco’s Modified Eagle Medium (DMEM) was purchased from Thermo Fisher Scientific (Waltham, MA, USA).



Cell cultures: the mouse breast cancer cell line (4T1 cells ATCC CRL-2539) and the human breast cancer cell line (MDA-MB-231 ATCC HTB-26) were purchased from American Type Culture Collection (ATCC).




3.2. Isolation of Streptomyces Strain


Soil samples were collected from different regions of Columbia, Missouri, USA at a depth of 15–20 cm into sterile containers. Five grams of each soil sample were diluted in 50 mL of International Streptomyces Project (ISP2) medium [62] and the inoculated medium was placed in a 30 °C shaker at 100 rpm for 60 min. Ten mL of three different dilutions (10−1, 10−2, 10−3) were prepared in sterile saline solutions 0.85% (w/v) NaCl. Then, 100 μL of each dilution was cultured on ISP 2 solidified medium composed of the following in one liter: yeast 4 g, malt 10 g, glucose 4 g and agar 15 g and Glycerol–asparagine agar medium which is composed of the following in one liter (asparagine 1 g, glycerol 10 g, anhydrous K2HPO4 1 g, 1 mL trace salt solution (0.1 g FeSO4·7H2O, 0.1 g MnCl2·4H2O, 0.1 g ZnSO4·7H2O and 100 mL H2O), 15 g agar). Nystatin 100 mg/L was added to each medium as an antifungal agent. Plates were incubated at 30 °C and monitored each 24 h for 14 days. Typical chalky Streptomyces colonies with earthy odor were selected and then streaked on ISP agar medium [63] and examined microscopically. The isolated Streptomyces species were preserved in the production medium (see Section 3.4) with glycerol at final concentration 20% (v/v) and kept at −20 °C.




3.3. Identification of the Streptomyces Strain


A Streptomyces strain was identified on the basis of 16S rDNA gene sequencing where DNA was isolated from 1 mL of an overnight culture grown aerobically in production medium (see Section 3.4) with a Promega Wizard Genomic DNA purification kit according to the manufacturer’s instructions. For PCR amplification of the 16S rDNA gene, (Table 1) the following universal primers were used, FD1 and 1492R, and amplification was done with Herculase II fusion DNA polymerase. The amplified DNA product was purified with the Wizard PCR clean-up system (Promega Corp., Madison, WI, USA). For sequencing, we used the following primers FD1, 334F, 519F, 529R and 1099F and 1492R. The 16S rDNA (1471 nucleotides) sequence was compared to the sequences available in the National Center for Biotechnology Information (NCBI) database (5 March 2017). The phylogenetic analysis was performed with MEGA version 6 software [64].



Table 1. Nucleotide sequences for PCR amplification and sequencing primers.







	
Primers

	
Nucleotide Sequences (5′ to 3′)

	
References






	
FD1

	
AGAGTTTGATCCTGGCTCAG

	
[65]




	
E334F

	
CCAGACTCCTACGGGAGGCAGC

	
[66]




	
519F

	
CAGCAGCCGCGGTAA

	
[67]




	
1099F

	
GCAACGAGCGCAACCC

	
[67]




	
529R

	
CGCGGCTGCTGGCAC

	
[67]




	
1492R

	
GGTTACCTTGTTACGACTT

	
[68]











3.4. Production Medium of EPS


EPS was produced in a production medium composed of the following in one liter (tryptone 5 g, yeast extract 5 g, glucose 10 g, anhydrous K2HPO4 3 g, KH2PO4 1 g, NaCl 3 g, MgSO4·7H2O 0.5 g, anhydrous CaCO3 0.5 g) pH 7.0 [69]. Cells were removed by centrifugation at 17,136× g for 20 min, this was followed by precipitation of the EPS from cell-free culture medium with two volumes of cold ethanol 100% v/v and stored overnight at 4 °C. The precipitated EPS was then collected by centrifugation at 17,136× g for 20 min at 4 °C. The EPS was re-dissolved in distilled water and precipitated with two volumes of cold ethanol 100% v/v, this step was repeated three times. The white EPS precipitate was collected by centrifugation and lyophilized for further analysis.




3.5. EPS Spectral Analyses


For the detection of the functional groups of MOE6-EPS, infrared spectrum for MOE6-EPS was recorded with Fourier transform infrared (FTIR) spectroscopy (Thermo Nicolet, NY, USA). An EPS sample of two milligrams was ground with 200 mg of dry KBr powder and then pressed into a pellet which was used for FTIR analysis in the frequency range of 4000–400 cm−1.



For UV visible analysis, (250 μg/mL) MOE6-EPS was dissolved in distilled water and then detected with a UV-visible spectrophotometer (Cary 50 Bio UV-Visible) at wavelengths ranging from 200–400 nm.



The NMR experiments were performed on a Bruker AVIII HD 600 MHz NMR spectrometer equipped with a triple resonance cryogenic probe. About 5 mg of MOE6-EPS sample was dissolved in 0.75 mL of D2O and placed in a 5 mm NMR tube. The temperature of the sample was 25 °C for all the NMR experiments. Chemical shift axis was calibrated with respect to the residual solvent proton at 4.78 PPM. Proton NMR was acquired with and without water suppression.



The MALDI-TOF was done by dissolving 3 mg MOE6-EPS/mL H2O. Serial dilutions (1:1, 1:5, 1:10, and 1:20 v/v) of the sample were made into 2,5-dihyroxybenzoic acid (DHB) or a 9:1 mix of DHB and 2-hydroxy-5-methoxybenzoic acid (superDHB), both at 10 mg/mL in a solution of 60% (v/v) acetonitrile, 1% (v/v) formic acid in H2O. An aliquot (1 μL) was spotted onto a teflon-coated stainless steel MALDI plate and allowed to co-crystalize at room temperature. Once the samples were dry, the plate was loaded into the instrument, and high voltage turned on for 20 min prior to data acquisition (to stabilize flight-tube voltages). Adding salt to the DHB matrix can help with carbohydrate ionization (by the formation of Na-adducts) [70]. Addition of 0.5 uL of 0.5M NaCl to the spotted 1 μL sample (prior to complete drying) did improve signal to noise slightly for low-mass ions.



The Voyager DE-PRO instrument was operated in linear positive-ion mode (25 kV acceleration voltage, 300 ns delayed extraction, 7500 to 20,000 mass range) and positive-ion reflector mode for low mass (600–4000 m/z, 25 kV acceleration, 150 ns delayed extraction). Spectra were acquired at a laser intensity of 2300 (linear mode) and 2000 (reflector mode). Each spectrum consisted of 500 shots per acquisition. Each sample was calibrated against a close external spot containing intact proteins (AB Sciex Cal mix 3). The average mass error for these ions was ~2.5 Da. Masses of compounds should be accurate to within 5Da with this close external calibration.




3.6. Sugar Analysis


For detection of the monosaccharide composition of the MOE6-EPS, 10 mg of EPS was hydrolyzed by boiling with one mL of 2 M trifluoroacetic acid (TFA) at 110 °C for 6 h. Excess TFA was removed by lyophilization. The hydrolysis product was detected by HPLC on an Aminex column HPX-87N with the following dimensions: 300 mm × 7.8 mm, with deionized water as mobile phase and a flow rate of 0.5 mL/ min at 80 °C monitored with a refractive index detector.




3.7. Neutral Sugar, Uronic Acid and Protein Analyses


The neutral sugar contents in MOE6-EPS were determined by the phenol-sulfuric acid method with glucose as the standard at 490 nm [21]. Proteins were determined by Bradford assay with bovine serum albumin as a standard [23]. The uronic acid contents were determined by m-hydroxybiphenyl at 525 nm with glucuronic acid as the standard [22].




3.8. Antioxidant Activity of EPS


3.8.1. DPPH Radical-Scavenging Assay


The DPPH (2,2-diphenyl-1-picrylhydrazyl) free radical-scavenging activity of the produced EPS was measured according to Yin et al., 2010 [71]. One mL of 0.2 mM DPPH in ethanol 100% v/v was mixed vigorously with one mL of EPS sample of different concentrations (0.5, 1, 1.5, 2, 3, 4 mg/mL). Then the mixture was incubated in the dark for 30 min. The absorbance of triplicate samples was measured at 517 nm and the absorbance compared to that of the ascorbic acid in the following concentrations (0.5, 1, 1.5, 2, 3, 4 mg/mL) was used as a positive control.



The DPPH scavenging percentage activity was calculated as follows [70]:


Scavenging ability % = [1 − (As − Ab)/Ac] × 100



(1)




where As is the absorbance of EPS sample with DPPH, Ab is the absorbance of the blank which is the absorbance of EPS without DPPH, Ac is the absorbance of the negative control which is the absorbance of DPPH alone without EPS.




3.8.2. Hydroxyl Free Radical-Scavenging Assay


Hydroxyl free radical-scavenging activity was estimated following the method reported by Yin et al., 2010 [71] with some modifications. Where 2.0 mL of phosphate buffered saline (PBS, 20 mM, pH 7.4), 1.0 mL of 2.5 mM 1, 10-phenanthroline, 1.0 mL of 2.5 mM FeSO4 and 1 mL of 20 mM H2O2 were mixed. This was followed by the addition of one mL of various concentrations of the MOE6-EPS sample (0.5, 1, 1.5, 2, 3, 4 mg/mL) and then the whole mixture was incubated for one hour at 37 °C. The mixture absorbance was measured at 536 nm and the hydroxyl radical scavenging activity of the EPS was calculated as follow:


Scavenging ability % = [(As − Ac)/(Ao − Ac) × 100]



(2)




where As is the absorbance of the mixture with different concentrations of EPS sample, Ac is the absorbance of the control without EPS sample, and Ao is the absorbance of the mixture in the absence of both H2O2 and the EPS sample. Ascorbic acid (0.25, 0.5, 1, 1.5, 2, 3, 4 mg/mL) was used as a positive control.




3.8.3. Ferrous Ion Chelating Assay


The Fe2+ chelating assay was measured following the method of Qiao et al., 2009 [36]. Briefly, 1.0 mL of MOE6-EPS solution (0.25, 0.5, 1, 1.5, 2, 3, 4 mg/mL) was mixed well with 0.05 mL of a 2 mM ferrous chloride (FeCl2·4H2O) solution, which was followed by addition of 0.2 mL of a 5 mM ferrozine solution and then the final volume was adjusted to 4 mL with water. The mixture was shaken and incubated for 10 min at room temperature, after which, the absorbance of the mixture was measured at 562 nm with deionized water and EDTA-Na in same concentration of EPS as the blank and a positive control, respectively. The ferrous ion-chelating ability was calculated as follows:


Fe2+ chelating % = [(Ab − (As − Ao)/Ab)] × 100



(3)




where As is the absorbance of EPS solution, Ab is the absorbance of the blank, Ao is the absorbance of the same concentration of sample with water instead of FeCl2.





3.9. Effect of MOE6-EPS on Breast Cancer Cells


3.9.1. Scratch-Wound Assay


Cancer cells (4T1 mouse breast cancer cells) were seeded in a 6-well plate for 48 h in Dulbecco’s Modified Eagle’s medium (DMEM). When the cells formed a confluent layer, the scratch-wounds were made with sterile micropipette tips in each well and fresh DMEM containing 1% v/v fetal bovine serum was added with and without MOE6-EPS at different concentrations of 0, 1, 2 and 4 mg/mL. The healing of the scratch was monitored for 24 h by real time imaging on a Nikon TI-E inverted microscope with a humidified incubation chamber maintained at 37 °C, 95% air and 5% CO2. The cell migration rate was measured as the ratio of migration distance to a total distance of the wound gap:


Migration % = ((original scratch width − final scratch width)/original scratch width) × 100.



(4)








3.9.2. MTT Cell Proliferation Assay


The inhibition of mammalian cell viability by the produced EPS was examined by measuring the cell proliferation rate of tumor cells with a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay described by Mosmann [72] where the cancer cells (MDA-MB 231 human breast cancer cell line) were seeded in a 24-well plate at a density of 3 × 104 cells/well. After 24 h, fresh DMEM was added to the cells with increasing concentrations of MOE6-EPS (0, 2, 4, 8 and 16 mg/mL) at 37 °C and 5% CO2 in air. The growth of the cells was monitored for 96 h and then the cell viability was assessed with the Vybrant MTT assay kit (Thermofisher, Waltham, MA, USA) according to the manufacturer’s suggested protocol. Absorbance (570 nm) of the formazan produced from the reduction of the tetrazolium dye was measured on an Enspire 2300 Multilabel Reader (Perkin Elmer, Waltham, MA, USA). The MTT assay was performed three times with three replicates conducted for each experiment.





3.10. Statistical Analyses


Data represent means ± SE of three experiments. Statistical significance was defined as p < 0.05 and was calculated by Student’s t-test, with Graph Pad Prism software (GraphPad Software, Inc., San Diego, CA, USA).





4. Conclusions


In conclusion, in this study we report for the first time that the Streptomyces sp. MOE6, which was isolated from a soil sample, produced an EPS composed mainly of glucose, mannose and glucuronic acid. The partially purified EPS showed antioxidant activities by scavenging DPPH and hydroxyl radicals. Moreover, it exhibited metal chelation activity. Additionally, the EPS reduced the migration and the proliferation of mouse (4T1) and human breast cancer cell lines (MDA-MB 231), respectively. These results were interpreted to mean that the EPS from Streptomyces sp. MOE6 might be a candidate for the development of novel antioxidant and mammalian cell inhibitor drugs from natural sources.







Acknowledgments


This research was supported by The Egyptian Government through the Egyptian Cultural and Educational Bureau and the department of biochemistry, University of Missouri Columbia, USA. We also thank Erica Majumder for her helpful discussions. We also thank NSF (grant DBI-0070359) and University of Missouri for the funding which allowed the purchase and upgrade of the 600 MHz NMR, and we acknowledge Brian Mooney for helping us to carry out the MALDI-TOF analysis.




Author Contributions


M.O.E. contributed to the experimental design, performed most of the experiments and wrote the manuscript. V.C.S. performed the scratch assay experiment. J.D.W. supervised the experiments and edited the manuscript. J.D.W., M.A.A., M.M.D.H. and A.E.A. designed and supervised the project.




Conflicts of Interest


The authors declare that they have no conflict of interest.




References


	1. 
Manjanna, K.; Shivakumar, B.; Pramodkumar, T. Natural exopolysaccharides as novel excipients in drug delivery: A review. Arch. Appl. Sci. Res. 2009, 1, 230–253. [Google Scholar]

	2. 
Leigh, J.A.; Coplin, D.L. Exopolysaccharides in plant-bacterial interactions. Annu. Rev. Microbiol. 1992, 46, 307–346. [Google Scholar] [CrossRef] [PubMed]

	3. 
Nicolaus, B.; Kambourova, M.; Oner, E.T. Exopolysaccharides from extremophiles: From fundamentals to biotechnology. Environ. Technol. 2010, 31, 1145–1158. [Google Scholar] [CrossRef] [PubMed]

	4. 
Welman, A.D.; Maddox, I.S. Exopolysaccharides from lactic acid bacteria: Perspectives and challenges. Trends. Biotechnol. 2003, 21, 269–274. [Google Scholar] [CrossRef]

	5. 
Sutherland, I. A sticky business. Microbial polysaccharides: Current products and future trends. Microbiol. Today 2002, 29, 70–71. [Google Scholar]

	6. 
Ruas-Madiedo, P.; Hugenholtz, J.; Zoon, P. An overview of the functionality of exopolysaccharides produced by lactic acid bacteria. Int. Dairy J. 2002, 12, 163–171. [Google Scholar] [CrossRef]

	7. 
Pan, D.; Mei, X. Antioxidant activity of an exopolysaccharide purified from Lactococcus lactis subsp. lactis 12. Carbohydr. Polym. 2010, 80, 908–914. [Google Scholar] [CrossRef]

	8. 
Halliwell, B.; Gutteridge, J.M. Free Radicals in Biology and Medicine, 5th ed.; Oxford University Press: Oxford, UK, 2015. [Google Scholar]

	9. 
Moskovitz, J.; Yim, M.B.; Chock, P.B. Free radicals and disease. Arch. Biochem. Biophys. 2002, 397, 354–359. [Google Scholar] [CrossRef] [PubMed]

	10. 
Kim, I.G.; Jung, I.L.; Oh, T.J.; Kim, K.C.; Shim, H.W. Polysaccharide-enriched fraction isolated from Duchesnea chrysantha protects against oxidative damage. Biotechnol. Lett. 2002, 24, 1299–1305. [Google Scholar] [CrossRef]

	11. 
Kodali, V.P.; Sen, R. Antioxidant and free radical scavenging activities of an exopolysaccharide from a probiotic bacterium. Biotechnol. J. 2008, 3, 245–251. [Google Scholar] [CrossRef] [PubMed]

	12. 
Li, S.; Zhang, G.; Zeng, Q.; Huang, Z.; Wang, Y.; Dong, T.; Tsim, K.W.K. Hypoglycemic activity of polysaccharide, with antioxidation, isolated from cultured Cordyceps mycelia. Phytomedicine 2006, 13, 428–433. [Google Scholar] [CrossRef] [PubMed]

	13. 
Berdy, J. Bioactive microbial metabolites. J. Antibiot. 2005, 58, 1–26. [Google Scholar] [CrossRef] [PubMed]

	14. 
Wang, Y.; Ahmed, Z.; Feng, W.; Li, C.; Song, S. Physicochemical properties of exopolysaccharide produced by Lactobacillus kefiranofaciens ZW3 isolated from Tibet kefir. Int. J. Biol. Macromol. 2008, 43, 283–288. [Google Scholar] [CrossRef] [PubMed]

	15. 
Wang, Y.; Li, C.; Liu, P.; Ahmed, Z.; Xiao, P.; Bai, X. Physical characterization of exopolysaccharide produced by Lactobacillus plantarum KF5 isolated from Tibet Kefir. Carbohydr. Polym. 2010, 82, 895–903. [Google Scholar] [CrossRef]

	16. 
Zhu, L.; Qi, H.-Y.; Kong, Y.; Yu, Y.-W.; Xu, X.-Y. Component analysis of extracellular polymeric substances (EPS) during aerobic sludge granulation using FTIR and 3D-EEM technologies. Bioresour. Technol. 2012, 124, 455–459. [Google Scholar] [CrossRef] [PubMed]

	17. 
Liu, X.; Huang, Y.; Chen, Y.; Cao, Y. Partial structural characterization, as well as immunomodulatory and anti-aging activities of CP2-c2-s2 polysaccharide from Cordyceps militaris. RSC. Adv. 2016, 6, 104094–104103. [Google Scholar] [CrossRef]

	18. 
Sun, R.; Fang, J.; Goodwin, A.; Lawther, J.; Bolton, A. Fractionation and characterization of polysaccharides from abaca fibre. Carbohydr. Polym. 1998, 37, 351–359. [Google Scholar] [CrossRef]

	19. 
Su, C.-A.; Xu, X.-Y.; Liu, D.-Y.; Wu, M.; Zeng, F.-Q.; Zeng, M.-Y.; Wei, W.; Jiang, N.; Luo, X. Isolation and characterization of exopolysaccharide with immunomodulatory activity from fermentation broth of Morchella conica. DARU 2013, 21, 5. [Google Scholar] [CrossRef] [PubMed]

	20. 
Trabelsi, L.; M’sakni, N.H.; Ouada, H.B.; Bacha, H.; Roudesli, S. Partial characterization of extracellular polysaccharides produced by cyanobacterium Arthrospira platensis. Biotechnol. Bioprocess Eng. 2009, 14, 27–31. [Google Scholar] [CrossRef]

	21. 
Dubois, M.; Gilles, K.A.; Hamilton, J.K.; Rebers, P.; Smith, F. Colorimetric method for determination of sugars and related substances. Anal. Chem. 1956, 28, 350–356. [Google Scholar] [CrossRef]

	22. 
Blumenkrantz, N.; Asboe-Hansen, G. New method for quantitative determination of uronic acids. Anal. Biochem. 1973, 54, 484–489. [Google Scholar] [CrossRef]

	23. 
Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [Google Scholar] [CrossRef]

	24. 
Miyazaki, T.; Yamada, H.; Awaya, J.; Omura, S. Isolation and structure of an extracellular polysaccharide from Streptomyces sp. FERM-p1185. Microbiology 1976, 95, 31–38. [Google Scholar] [CrossRef] [PubMed]

	25. 
Faria, S.; de Oliveira Petkowicz, C.L.; de Morais, S.A.L.; Terrones, M.G.H.; de Resende, M.M.; de França, F.P.; Cardoso, V.L. Characterization of xanthan gum produced from sugar cane broth. Carbohydr. Polym. 2011, 86, 469–476. [Google Scholar] [CrossRef]

	26. 
Ismail, B.; Nampoothiri, K.M. Production, purification and structural characterization of an exopolysaccharide produced by a probiotic Lactobacillus plantarum MTCC 9510. Arch. Microbiol. 2010, 192, 1049–1057. [Google Scholar] [CrossRef] [PubMed]

	27. 
An, N.T.; Dong, N.T.; Le Dung, P.; Van Du, N. Characterization of glucomannan from some Amorphophallus species in Vietnam. Carbohydr. Polym. 2010, 80, 308–311. [Google Scholar] [CrossRef]

	28. 
Tsiapali, E.; Whaley, S.; Kalbfleisch, J.; Ensley, H.E.; Browder, I.W.; Williams, D.L. Glucans exhibit weak antioxidant activity, but stimulate macrophage free radical activity. Free Radic. Biol. Med. 2001, 30, 393–402. [Google Scholar] [CrossRef]

	29. 
Trachootham, D.; Alexandre, J.; Huang, P. Targeting cancer cells by ROS-mediated mechanisms: A radical therapeutic approach? Nat. Rev. Drug Discov. 2009, 8, 579–591. [Google Scholar] [CrossRef] [PubMed]

	30. 
Andersen, J.K. Oxidative stress in neurodegeneration: Cause or consequence? Nat. Med. 2004, 10, S18–S25. [Google Scholar] [CrossRef] [PubMed]

	31. 
Shimada, K.; Fujikawa, K.; Yahara, K.; Nakamura, T. Antioxidative properties of xanthan on the autoxidation of soybean oil in cyclodextrin emulsion. J. Agric. Food Chem. 1992, 40, 945–948. [Google Scholar] [CrossRef]

	32. 
Ray, P.D.; Huang, B.-W.; Tsuji, Y. Reactive oxygen species (ROS) homeostasis and redox regulation in cellular signaling. Cell Signal. 2012, 24, 981–990. [Google Scholar] [CrossRef] [PubMed]

	33. 
Qi, H.; Zhang, Q.; Zhao, T.; Hu, R.; Zhang, K.; Li, Z. In vitro antioxidant activity of acetylated and benzoylated derivatives of polysaccharide extracted from Ulva pertusa (Chlorophyta). Bioorg. Med. Chem. Lett. 2006, 16, 2441–2445. [Google Scholar] [CrossRef] [PubMed]

	34. 
Leopoldini, M.; Russo, N.; Chiodo, S.; Toscano, M. Iron chelation by the powerful antioxidant flavonoid quercetin. J. Agric. Food Chem. 2006, 54, 6343–6351. [Google Scholar] [CrossRef] [PubMed]

	35. 
Duh, P.-D.; Tu, Y.-Y.; Yen, G.-C. Antioxidant activity of water extract of Harng Jyur (Chrysanthemum morifolium Ramat). Lebensm. Wiss. Technol. 1999, 32, 269–277. [Google Scholar] [CrossRef]

	36. 
Qiao, D.; Ke, C.; Hu, B.; Luo, J.; Ye, H.; Sun, Y.; Yan, X.; Zeng, X. Antioxidant activities of polysaccharides from Hyriopsis cumingii. Carbohydr. Polym. 2009, 78, 199–204. [Google Scholar] [CrossRef]

	37. 
Melo-Silveira, R.F.; Fidelis, G.P.; Viana, R.L.S.; Soeiro, V.C.; Silva, R.A.D.; Machado, D.; Costa, L.S.; Ferreira, C.V.; Oliveira Rocha, H.A. Antioxidant and antiproliferative activities of methanolic extract from a neglected agricultural product: Corn cobs. Molecules 2014, 19, 5360–5378. [Google Scholar] [CrossRef] [PubMed]

	38. 
Kim, S.-G.; Ahn, H.-R.; Lee, K.-H. Pervaporation characteristics of polyelectrolyte complex gel membranes based on two anionic polysaccharides having a chelating structure. Curr. Appl. Phys. 2009, 9, e42–e46. [Google Scholar] [CrossRef]

	39. 
Ye, S.; Liu, F.; Wang, J.; Wang, H.; Zhang, M. Antioxidant activities of an exopolysaccharide isolated and purified from marine Pseudomonas PF-6. Carbohydr. Polym. 2012, 87, 764–770. [Google Scholar] [CrossRef]

	40. 
Li, W.; Ji, J.; Rui, X.; Yu, J.; Tang, W.; Chen, X.; Jiang, M.; Dong, M. Production of exopolysaccharides by Lactobacillus helveticus MB2-1 and its functional characteristics in vitro. Lebensm. Wiss. Technol. 2014, 59, 732–739. [Google Scholar] [CrossRef]

	41. 
You, L.; Gao, Q.; Feng, M.; Yang, B.; Ren, J.; Gu, L.; Cui, C.; Zhao, M. Structural characterisation of polysaccharides from Tricholoma matsutake and their antioxidant and antitumour activities. Food Chem. 2013, 138, 2242–2249. [Google Scholar] [CrossRef] [PubMed]

	42. 
Jemal, A.; Bray, F.; Center, M.M.; Ferlay, J.; Ward, E.; Forman, D. Global cancer statistics. CA. Cancer J. Clin. 2011, 61, 69–90. [Google Scholar] [CrossRef] [PubMed]

	43. 
Liou, G.-Y.; Storz, P. Reactive oxygen species in cancer. Free Radic. Res. 2010, 44, 479–496. [Google Scholar] [CrossRef] [PubMed]

	44. 
Torti, S.V.; Torti, F.M. Iron and cancer: More ore to be mined. Nat. Rev. Cancer 2013, 13, 342–355. [Google Scholar] [CrossRef] [PubMed]

	45. 
Terada, N.; Or, R.; Szepesi, A.; Lucas, J.J.; Gelfand, E.W. Definition of the roles for iron and essential fatty acids in cell cycle progression of normal human T lymphocytes. Exp. Cell Res. 1993, 204, 260–267. [Google Scholar] [CrossRef] [PubMed]

	46. 
Torti, S.V.; Torti, F.M. Cellular iron metabolism in prognosis and therapy of breast cancer. Crit. Rev. Oncog. 2013, 18, 435–448. [Google Scholar] [CrossRef] [PubMed]

	47. 
Zhang, C. Essential functions of iron-requiring proteins in DNA replication, repair and cell cycle control. Protein Cell 2014, 5, 750–760. [Google Scholar] [CrossRef] [PubMed]

	48. 
Habashy, H.O.; Powe, D.G.; Staka, C.M.; Rakha, E.A.; Ball, G.; Green, A.R.; Aleskandarany, M.; Paish, E.C.; Macmillan, R.D.; Nicholson, R.I. Transferrin receptor (CD71) is a marker of poor prognosis in breast cancer and can predict response to tamoxifen. Breast Cancer Res. Treat. 2010, 119, 283–293. [Google Scholar] [CrossRef] [PubMed]

	49. 
Faulk, W.P.; Hsi, B.-L.; Stevens, P. Transferrin and transferrin receptors in carcinoma of the breast. Lancet 1980, 316, 390–392. [Google Scholar] [CrossRef]

	50. 
Leng, X.; Ding, T.; Lin, H.; Wang, Y.; Hu, L.; Hu, J.; Feig, B.; Zhang, W.; Pusztai, L.; Symmans, W.F. Inhibition of lipocalin 2 impairs breast tumorigenesis and metastasis. Cancer Res. 2009, 69, 8579–8584. [Google Scholar] [CrossRef] [PubMed]

	51. 
Shpyleva, S.I.; Tryndyak, V.P.; Kovalchuk, O.; Starlard-Davenport, A.; Chekhun, V.F.; Beland, F.A.; Pogribny, I.P. Role of ferritin alterations in human breast cancer cells. Breast Cancer Res. Treat. 2011, 126, 63–71. [Google Scholar] [CrossRef] [PubMed]

	52. 
Estrov, Z.; Tawa, A.; Wang, X.-H.; Dube, I.D.; Sulh, H.; Cohen, A.; Gelfand, E.W.; Freedman, M.H. In vitro and in vivo effects of deferoxamine in neonatal acute leukemia. Blood 1987, 69, 757–761. [Google Scholar] [PubMed]

	53. 
Yamasaki, T.; Terai, S.; Sakaida, I. Deferoxamine for advanced hepatocellular carcinoma. N. Engl. J. Med. 2011, 365, 576–578. [Google Scholar] [CrossRef] [PubMed]

	54. 
Fukushima, T.; Kawabata, H.; Nakamura, T.; Iwao, H.; Nakajima, A.; Miki, M.; Sakai, T.; Sawaki, T.; Fujita, Y.; Tanaka, M. Iron chelation therapy with deferasirox induced complete remission in a patient with chemotherapy-resistant acute monocytic leukemia. Anticancer Res. 2011, 31, 1741–1744. [Google Scholar] [PubMed]

	55. 
Zhou, H.; Shen, T.; Luo, Y.; Liu, L.; Chen, W.; Xu, B.; Han, X.; Pang, J.; Rivera, C.A.; Huang, S. The antitumor activity of the fungicide ciclopirox. Int. J. Cancer 2010, 127, 2467–2477. [Google Scholar] [CrossRef] [PubMed]

	56. 
Li, C.; Cai, J.; Geng, J.; Li, Y.; Wang, Z.; Li, R. Purification, characterization and anticancer activity of a polysaccharide from Panax ginseng. Int. J. Biol. Macromol. 2012, 51, 968–973. [Google Scholar] [CrossRef] [PubMed]

	57. 
Billard, M.J.; Fitzhugh, D.J.; Parker, J.S.; Brozowski, J.M.; McGinnis, M.W.; Timoshchenko, R.G.; Serafin, D.S.; Lininger, R.; Klauber-Demore, N.; Sahagian, G.; et al. G protein coupled receptor kinase 3 regulates breast cancer migration, invasion, and metastasis. PLoS ONE 2016, 11, e0152856. [Google Scholar] [CrossRef] [PubMed]

	58. 
Liang, C.-C.; Park, A.Y.; Guan, J.-L. In vitro scratch assay: A convenient and inexpensive method for analysis of cell migration in vitro. Nat. Protoc. 2007, 2, 329–333. [Google Scholar] [CrossRef] [PubMed]

	59. 
Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [Google Scholar] [CrossRef] [PubMed]

	60. 
Zhang, Y.; Yang, Z.; Li, R.; Geng, H.; Dong, C. Investigation of fine chalk dust particles’ chemical compositions and toxicities on alveolar macrophages in vitro. Chemosphere 2015, 120, 500–506. [Google Scholar] [CrossRef] [PubMed]

	61. 
Ferrari, M.; Fornasiero, M.C.; Isetta, A.M. MTT colorimetric assay for testing macrophage cytotoxic activity in vitro. J. Immunol. Methods 1990, 131, 165–172. [Google Scholar] [CrossRef]

	62. 
Shirling, E.B.; Gottlieb, D. Methods for characterization of Streptomyces species. Int. J. Syst. Evol. Microbiol. 1966, 16, 313–340. [Google Scholar] [CrossRef]

	63. 
Evangelista-Martínez, Z. Isolation and characterization of soil Streptomyces species as potential biological control agents against fungal plant pathogens. World J. Microbiol. Biotechnol. 2014, 30, 1639–1647. [Google Scholar] [CrossRef] [PubMed]

	64. 
Tamura, K.; Stecher, G.; Peterson, D.; Filipski, A.; Kumar, S. MEGA6: Molecular evolutionary genetics analysis version 6.0. Mol. Biol. Evol. 2013, 30, 2725–2729. [Google Scholar] [CrossRef] [PubMed]

	65. 
Weisburg, W.G.; Barns, S.M.; Pelletier, D.A.; Lane, D.J. 16S ribosomal DNA amplification for phylogenetic study. J. Bacteriol. 1991, 173, 697–703. [Google Scholar] [CrossRef] [PubMed]

	66. 
Rudi, K.; Skulberg, O.M.; Larsen, F.; Jakobsen, K.S. Strain characterization and classification of oxyphotobacteria in clone cultures on the basis of 16S rRNA sequences from the variable regions V6, V7, and V8. Appl. Environ. Microbiol. 1997, 63, 2593–2599. [Google Scholar] [PubMed]

	67. 
Ye, Q.; Roh, Y.; Carroll, S.L.; Blair, B.; Zhou, J.; Zhang, C.L.; Fields, M.W. Alkaline anaerobic respiration: Isolation and characterization of a novel alkaliphilic and metal-reducing bacterium. Appl. Environ. Microbiol. 2004, 70, 5595–5602. [Google Scholar] [CrossRef] [PubMed]

	68. 
Turner, S.; Pryer, K.M.; Miao, V.P.; Palmer, J.D. Investigating deep phylogenetic relationships among cyanobacteria and plastids by small subunit rRNA sequence analysis. J. Eukaryot. Microbiol. 1999, 46, 327–338. [Google Scholar] [CrossRef] [PubMed]

	69. 
Manivasagan, P.; Sivasankar, P.; Venkatesan, J.; Senthilkumar, K.; Sivakumar, K.; Kim, S.K. Production and characterization of an extracellular polysaccharide from Streptomyces violaceus MM72. Int. J. Biol. Macromol. 2013, 59, 29–38. [Google Scholar] [CrossRef] [PubMed]

	70. 
Barrientos, R.C.; Clerigo, M.M.; Paano, A.M.C. Extraction, isolation and MALDI-QTOF MS/MS analysis of β-d-Glucan from the fruiting bodies of Daedalea quercina. Int. J. Biol. Macromol. 2016, 93, 226–234. [Google Scholar] [CrossRef] [PubMed]

	71. 
Yin, J.Y.; Nie, S.P.; Zhou, C.; Wan, Y.; Xie, M.Y. Chemical characteristics and antioxidant activities of polysaccharide purified from the seeds of Plantago asiatica L. J. Sci. Food Agric. 2010, 90, 210–217. [Google Scholar] [CrossRef] [PubMed]

	72. 
Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and cytotoxicity assays. J. Immunol. Methods 1983, 65, 55–63. [Google Scholar] [CrossRef]






	
Sample Availability: Samples of the compounds are available from the authors.

































© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).







media/file8.jpg
20






media/file13.png
DPPH scavenging activity %

100+

=il il = -3
80-
60-
40-
20-
0 . . . .
0 2 3 4 5

Concentration mg/ml

- Ascorbic acid
- EPS





media/file12.jpg
R I T ] - Ascorbic acid

0 - EPS

60

40

20

DPPH scavenging activity %

0 1 2 3 4 5
Concentration mg/ml





media/file18.jpg
@

Omgmt Sy

one 24rs





media/file9.png
5.5

5.0

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

Ppm





media/file14.jpg
100

80

60

40

Hydroxyl radical
scavenging acti

20;

2 3
Concentration mg/ml

= Ascorbic acid
- EPS





media/file19.jpg
®)

100
= 80
5 60 - -
]
=
2 40
g
=
= 20
0
0 1 2 4

EPS concentration (mg/ml)





media/file23.png
Cell viability %

1001

80-

60 -

40+

20+

2 4 8
EPS concentration (mg/ml)

16





media/file5.png
Abs

1.0

0.8~

0.6-

0.2

0.0

200

T I
300 350
Wavelength (nm)

400





media/file15.png
- Ascorbic acid

N
=
—
= U
- =t
=
=
-
I 1 T | | =
o fo [ f & )
=] L o -T ol
—

% ANAIE SUISUIABIS
[ed1ped [AX0IpAH

Concentration mg/ml





media/file2.jpg
5

ERE]

suemusuelL %

Warenumbers ()





nav.xhtml


  molecules-22-01396


  
    		
      molecules-22-01396
    


  




  





media/file11.png
% Intensity

40+ 710675
201| 7327,

8265.37 ]
8423.27 11466.23 14190.14
2311832':?1 2691 -841 3504 214358.68 16321.44
i il oAt 1 ottt il Mot At 088207
T T T I !
9599.4 12199.8 14800.2 17400.6 200!

Mass (m/z)

0
01.0

1032.





media/file6.jpg
]
- &
H H
g - 200-
i i
b J H o ] ) s 10 3 20
. - 3






media/file1.png
29

Streptomyces erumpens strain 13667K EU741214.1
Uncultured bacterium clone MY 35 JN245658 1
Streptomyces cellulosae strain VJDS KP170478.1
Streptomyces rimosus strain JCM 4667 NR 024762 1
—— Trichotomospora caesia gb AB006154 .1

Streptomyces sp. MOEB *** |

Streptomyces sp. HV10 gb FJ222814 1

Streptomyces javensis strain NRRL B-24423 DQ445793 1
B8 Streptomyces endus strain OsiSh-2 KU324469 .1

— 52 —I: Kitasatospora arboriphila strain CG5 gb EU100401 1
Streptacidiphilus sp. AM-02 gb DQ904535.1
Uncultured streptomycete gb HE974789 1

— a9 Streptomycineae bacterium P115 gb JN967803.1
4‘_—|: Streptomycineae bacterium S160 gb EU293173.1
Streptomycineae bacterium S164 gb EU293174 .1

Parastreptomyces abscessus gb DQO00673.1

Actinoalloteichus alkalophilus gb AY3316584 .1

Beutenbergia sp. 91196 gb AY996854 1

Glycomyces albus strain TRM 49136 NR 126187 .1

Corynebacterium fastidiosum gb AJ439347 1

Caldisericales bacterium enrichment culture clone BSK 103 gb JX452061.1

Acidicapsa ligni strain WH120 NR 116444 1

Nitrospira calida strain Ns10 gb KC884905 1





media/file20.png
(A)

0 hr 24 hrs





media/file10.jpg
o

SR o i [ [0 o o
T i ’\.\‘1 U SR it 2





media/file7.png
(A)

(©)

Intensity

Intensity

300+

200+

100+

100+~

1000+

8004

6004

4004

2004

‘h -

10 15

Time

20

0

-200-

-

10 15

Time

20

(B)

10001
o 500+
8
-
=
() | L} L} L]
5 10 15 20
Time
=500+
(D)
600+
4004
z
-
S 200+
=
0 — . — 1
5 10 15 20
Time

=200~





media/file24.png





media/file16.jpg
108 “/.,w'—_'—_' = EDTA-Na'

-~ EPS

Fe?* ions chelating activity %

0 1 2 3 4
Concentration (mg/ml)

P





media/file3.png
1000

2000

Wavenumbers (cm-1)

3000

50

45

= L
=T o

JOUETIWISUEL | %

30

0

00

4





media/file22.jpg
ity %

>
o}
®]

2 4 8
EPS concentration (mg/ml)





media/file17.png
% EDTA-Na'
-~ EPS

100

T T T T
= = = =
= L= - ~1

o/ AJAIIE SUDE[IYI SUol PRt

Concentration (mg/ml)





media/file4.jpg
Abs

1.0

0.8

0.6

04

0.2

0.0

200

250

300
Wavelength (nm)

350

400





media/file0.jpg
St
e Lo D
st
S et
e e e
N it
oS
ety
e
2L vt 9 A10258 005063 1
i s
e
e
A e
e o
e
et v
sl ekt
S i
st
fempels e






media/file21.png
(B)
100+

80 -

Migrated distance %

EPS concentration (mg/ml)





