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9 Abstract: Polyketides are large group of secondary metabolites that have notable variety in their
10 structure and function. Polyketides exhibit a wide range of bioactivities such as antibacterial,
11 antifungal, anticancer, antiviral, immune-suppressing, anti-cholesterol and anti-inflammatory
12 activity. Naturally, they are found in bacteria, fungi, plants, protists, insects, mollusks and sponges.
13 Streptomyces is a genus of Gram-positive bacteria that has a filamentous form like fungi. This genus
14 is best known as one of polyketides producers. Some examples of polyketides produced by
15 Streptomyces are rapamycin, oleandomycin, actinorhodin, daunorubicin and caprazamycin.

16 Biosynthesis of polyketides involves a group of enzyme activities called polyketide synthases
17 (PKSs). There are three types of PKSs (type I, type II, and type III) in Streptomyces that responsible
18 for producing polyketides. This paper focuses on biosynthesis of polyketides in Streptomyces with
19 three structurally different types of PKSs.

20 Keywords: Streptomyces, polyketides, secondary metabolite, polyketide synthases (PKSs)
21
22

23 1. Introduction

24 Polyketides, large group of secondary metabolites, are known possessing remarkable variety
25  not only in their structure and but also in their function [1,2]. Polyketidesexhibit a wide range of
26  Dbioactivities such as antibacterial (e.g., tetracycline), antifungal (e.g.,amphotericin B), anticancer
27  (e.g. doxorubicin), antiviral (e.g., balticolid), immune-suppressing (e.g., rapamycin), anti-cholesterol
28  (e.g. lovastatin) and anti-inflammatory activity (e.g., flavonoids) [3-9]. Some organisms such as
29  bacteria, fungi, plants, protists, insects, mollusks and sponges can produce polyketides naturally
30 [10-12]. In order to survive, these polyketide-producing organisms could use polyketides that they
31  generate to protect themselves in their environment [13].

32 Since the beginning of 1940’s, the history of antibiotic is much related to microorganisms. One
33  of the groups of bacteria which produce many important antibiotics is Actinobacteria.
34 Actinobacteria are Gram-positive bacteria, have high GC content and comprise various genera
35 known for their secondary metabolite production, such as Streptomyces,Micromonospora,
36 Kitasatospora, Nocardiopsis, Pseudonocardia, Nocardia, Actinoplanes, Saccharopolyspora and Amycolatopsis
37  [14,15]. The most important genus of them is Streptomyces which has a filamentous form like fungi
38  and recently becomes a source of 80% of the antibiotics since the discovery strepthothricin within
39  this genus in 1942 [16-18]. Among the antibiotics produced by Streptomyces, polyketides are one
40  group of the very important compounds. Some examples of polyketides produced by Streptomyces
41  are rapamycin (produced by Streptomyces hygroscopicus), oleandomycin (produced by Streptomyces
42 antibioticus), actinorhodin (produced by Streptomyces coelicolorA3(2)), daunorubicin (produced by
43 Streptomyces peucetius)and caprazamycin (produced by Streptomyces sp. MK730-62F2) [19-23].

44 Biosynthesis of polyketides is very complex because the process involves multifunctional
45  enzymes called polyketide synthases (PKSs). The mechanism of PKS is similar to fatty acid synthase
46  (FAS) which includes acyltransferase (AT) that has a role in catalyzing the attachment of the
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47  substrate (e.g., acetyl or malonyl) to the acyl carrier protein (ACP), ketosynthase (KS) which
48  catalyzes condensation of substrates attached in ACP. For the subsequent steps, polyketide
49  intermediate is processed by ketoreductase (KR), dehydratase (DH) and enoylreductase (ER) as
50  shown in Figure 1. Unlike in FAS, the three remaining process are optional in PKSs that can give the
51  various structures of polyketides [24-26]. In Streptomyces, there are three types of PKSs (type I, type
52 11, and type III) [27-29]. This review describes the biosynthesis of polyketides in Streptomyces with
53 three distinct types of PKSs.
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56 Figure 1. Scheme of reaction occurred in polyketide synthases (PKSs).
57  2.Polyketide Synthases Type I
58 The type I polyketide synthases (type-I PKSs) involve huge multifunctional proteins that have

59  many modules containing domains, in which a particular enzymatic reaction occur. Each module
60  has responsibility to perform one condensation cycle in a non-iterative way. Because this system
61 works with some modules, hence it is also called as modular PKS. The essential domains exist in
62  each module are acyltransferase (AT), keto synthase (KS) and acyl carrier protein (ACP) that
63  collaborates to produce P-keto ester intermediate. In addition, the other domains that may be
64  present in the module are B-ketoreductase (KR), dehydratase (DH) and enoyl reductase (ER) which
65  are responsible for keto group modification. In the process of producing polyketide, the expanding
66  polyketide chain is transferred from one module to other module until the completed molecule is
67 liberated from the last module by a special enzyme [2,26,30].

68 Furthermore, type-1 PKSs are responsible for producing macrocyclic polyketides (macrolides).
69  Macrolide belongs to polyketide compound characterized by macrocyclic lactone ring containing
70 between 12 and 16 atoms which has various bioactivities such as antibacterial, antifungal,
71  immunosuppressant and anticancer. As an antibacterial agent, macrolide works by inhibiting

72 protein synthesis by binding to the 50S ribosomal subunit and blocking translocation steps of protein
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synthesis [8,27,31]. Some examples of macrolides produced by Streptomyces are rapamycin, FK506,

spiramycin, avermectin, methymycin, narbomycin and pikromycin as shown in Figure 2 [32-36].

Narbomycin Pikromycin Methymycin

Figure 2. Some of macrolides produced by Streptomyces.

3. Biosynthesis of Rapamycin

Rapamycin is 31-membered ring macrolide produced by Streptomyces hygroscopicus isolated
firstly from a soil of Easter Island (Chile) in South Pacific Ocean. It is a hydrophobic compound and
was discovered as antifungal compound against Candida albicans, Cryptococcus neoformans, Aspergillus
fumigatus, Fusarium oxysporum, and some pathogenic species from genus Penicillium. The antifungal
mechanism of this compound has been described by diffusing into the cell and attaching to
intracellular receptor FKB12. Moreover, the complex of FKB12-rapamycin inhibits the TOR (target of
rapamycin) kinases that has important role in cell cycle progression. Interestingly, rapamycin has
not only antifungal activity but also anticancer and immunosuppressant activity [8,27,37,38].

Rapamycin is synthesized by type-I PKSs rapamycin synthase (RAPS) [39]. Rapamycin-PKS
gene cluster (rapPKS) is 107.3 kb in size and has 3 remarkable large ORFs (open reading frames),
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90  rapA, rapB and rapC which encode multifunctional protein RAPS1 (~900 kDa), RAPS2 (~1.07 MDa)
91  and RAPS3 (~660 kDa), respectively. Protein RAPS1 comprises four modules for polyketide chain
92  extension, protein RAPS2 contains six modules responsible for continuing the process of polyketide
93  chain elongation until C-16, and RAPS3 possesses four modules which have role in completing the
94  polyketide fraction of rapamycin molecule. Overall, these three giant proteins encompass 70
95  domains or enzymatic functions and because of this, rapamycin PKSs are considered as the most
96  complex multienzyme system discovered so far [26,27,32].
97 In rapamycin PKSs, there is a loading domain (LD) before the first module involving three
98  domains, i.e. coenzyme A ligase (CL), ER and ACP domain, which are considered to play in role of
99  activating and reducing a free shikimic-acid-derived moiety starter unit and finally passing it to the
100  KS domain of the first module. The extender units incorporated for growing chain are malonyl-CoA
101  and methylmalonyl-CoA. Rapamycin PKSs has special characteristic not only in the starting process
102 but also in the finishing process which the mechanism of transferring from the last domain in
103 rapamycin PKSs and cyclisation of polyketide molecule is assisted by pipecolate-incorporating
104  enzyme (PIE) as depicted in Figure 3. This enzyme (170 kD) is encoded by gene rapP which is also
105  located in the rapPKS gene cluster and considered has the similarity to genes encoding nonribosomal
106  peptide synthethases (NRPSs) [26,27,32].

107 4. Polyketide Synthases Type II

108 The type II polyketide synthases (type-II PKSs) are responsible for producing aromatic
109  polyketide. Based on the polyphenolic ring system and their biosynthetic pathways, the aromatic
110 polyketides produced by type-Il PKSs are classified into three groups, i.e. anthracyclines,
111 angucyclines, aureolic acids, tetracyclines, tetracenomycins, pradimicin-type polyphenols, and
112 benzoisochromanequinones. Some examples of aromatic polyketide produced by Streptomyces are
113 actinorhodin, doxorubicin, jadomycin B, oxytetracycline, mithramycin, tetracenomycin C, and
114  benastatin A (Figure 4) [28,40-45].

115 Unlike type-I PKSs that involve huge multifunctional proteins that have many modules
116  containing domains and perform the enzymatic reaction in a non-iterative way, the type-Il PKSs
117  have monofunctional polypeptides and work iteratively to produce aromatic polyketide. However,
118  like the type-I PKS, the type-II PKSs also comprise acyl carrier protein (ACP) that functions as an
119 anchor for the nascent polyketide chain. In addition to possessing ACP, the type-II PKSs also consist
120 of two ketosynthases units (KS« and KSg) that work cooperatively to produce poly-B-keto chain. KS«
121 unit catalyze condensation of the precursors, on the other hand, the role of KSp in the type-II PKSs is
122 as a chain length-determining factor. The three major systems (ACP, KSa and KSg) are called
123 ‘minimal PKS’ that work iteratively to produce aromatic polyketide. The other additional enzymes
124 such as ketoreductases, cyclases and aromatases cooperate together to transform the poly-p-keto
125  chain into the aromatic compound core. Furthermore, the post-tailoring process is conducted by
126  oxygenases, glycosyl and methyl transferases [40,46-48].

127 5. Biosynthesis of Doxorubicin

128 Doxorubicin was isolated from Streptomyces peucetius in the early of 1960s. It belongs to
129  anthracyclines that has tetracyclic ring containing quinone and hydroquinone group in its structure.
130  Doxorubicin is one of the important drugs for treatment of cancer such as breast cancer, childhood
131  solid tumors, soft tissue sarcomas, and aggressive lymphomas. There are some proposed
132 mechanisms how doxorubicin kills the cancer cells, i.e. (i) DNA intercalation, (ii) topoisomerase II
133 poisoning, (iii) oxidative stress, and (iv) ceramide overproduction [49-51].
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135 Figure 3. Biosynthesis of rapamycin.
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138 Figure 4. Some aromatic polyketides produced by Streptomyces.
139 Daunorubicin (DNR)-doxorubicin (DXR) type-II PKSs, encoded by dps genes in Streptomyces

140 peucetius, are involved in the formation of doxorubicin. The biosynthesis of doxorubicin requires one
141  of propionyl-CoA as the starter unit and nine of malonyl-CoA as the extender units. The process
142 involves two ‘minimal PKS’ expressed by dpsABCDG genes to produce a 21-carbon decaketide as an
143 intermediate compound. The repetitive process is conducted by KSa (DpsA), KSg (DpsB) and ACP
144  (DpsG). The next process employs several enzymes such as ketoreductase (DpsE), cyclases (DpsF,
145  DpsY and DnrD), oxygenase (DnrG and DnrF), and methyl transferase (DnrC) to produce
146  e-rhodomycinone, an important intermediate of doxorubicin biosynthesis. The remaining steps to
147  synthesize doxorubicin utilize glycosyltransferase (DnrS) with the thymidinediphospho (TDP)
148  derivative of L-daunosamine, methyl esterase (DnrP), oxygenase (DoxA) and methyl transferase
149  (DnrK) (Figure 5) [48,52-56].

150 6. Polyketide Synthases Type III

151 Unlike the type-I and type II PKSs, the type-III PKSs do not utilize ACP as an anchor for the
152 production of polyketide metabolite. In this case, acyl-CoAs are used directly as substrates for
153  generating polyketide compounds. In order to create polyketides, this system contains enzymes that
154  construct homodimers and catalyzes many reactions such as priming, extension, and cyclization in
155  the iterative way. With this fact, the type-III PKSs are the simplest structure among the other type
156  PKSs. The type-III PKSs founded in bacteria was first time reported in 1999 and before that time the
157  type-IIl PKSs were known only could be detected in plants [57-59].
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160 Figure 5. Biosynthesis of doxorubicin.
161 Some studies previously revealed that type-III PKSs could also be identified in the Streptomyces

162  such as RppA, founded in Streptomyces griseus, that is responsible in the synthesis of
163 1,3,6,8-tetrahydroxynaphthalene (THN), which is the intermediate compound in the synthesis of
164  flaviolin and hexahydroxyperylenequinone (HPQ) melanin [60]. Gcs, identified in Streptomyces
165  coelicolor A3(2), is reported has an important role in the biosynthesis of germicidin [61]. SrsA,
166  encoded by srsA gene and isolated from Streptomyces griseus, is known to have an important role in
167  the biosynthesis of phenolic lipids, i.e. alkylresorcinols and alkylpyrones [29]. The type-III PKS
168  Ken2, isolated from Streptomyces violaceoruber, was suggested to be involved in the production of
169  3,5-dihydroxyphenylglycine (3,5-DHPG). This compound is nonproteinogenic amino acid needed
170  for formation of kendomycin and several other glycopeptide antibiotics such as balhimycin,
171  chloroeremomycin and also vancomycin [62]. Cpz6, encoded by cpz6 gene and isolated from
172 Streptomyces sp. MK730-62F2, was reported to be engaged in the biosynthesis of caprazamycins by
173 producing a group of new triketidepyrenes (presulficidins) [63]. Moreover, other finding also
174  suggested that DpyA, encoded on a linear plasmid of Streptomyces reveromyceticus, catalyzes the
175  formation of the alkyldihydropyrones (Figure 6) [64].

176
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179 7. Biosynthesis of Germicidin
180 Germicidin, a pyrone-derived polyketide, is produced by a type-Ill PKSs germicidin synthase

181  (Gces) and is known to inhibit spore germination. Germicidin A, produced by Streptomyces
182 wiridochromogenes and Sreptomyces coelicolor, prevents the spore germination reversibly at very low
183  concentration (40 pg/ml). The mechanism of inhibition is suggested by affecting the sporal
184  respiratory chain and blocking Ca?~-activated ATPase, thus resulting inadequate energy for spore
185  gemination. Furthermore, germicidin A also has antibacterial properties against various
186  Gram-positive bacteria [65,66].

187 Although, many bacterial type-III PKSs use only malonyl-CoA as both starter and extender
188  units, the type-IIl PKS Gces, which is responsible in germicidin biosynthesis, is suggested having
189  ability to utilize either acyl-ACP or acyl-CoA as a starter unit [67]. Moreover, for extender units, Ges
190  may involved malonyl-CoA and either methylmalonyl-CoA or ethylmalonyl-CoA in order to
191  produce many types of germicidins [68]. In the first step, the starter unit is transacylated onto the
192 cystein residue of Ges and then Gces catalyzes the condensation reaction between starter unit and
193 extender unit concomitantly with decarboxylation process resulting B-ketoacyl-thioester of CoA.
194 The procces continues with B-ketoacyl-CoA that transacylates back onto the cysteine residue of Ges
195  (repetitive process) and subsequently undergoes condensation reaction with either
196  methylmalonyl-CoA or ethylmalonyl-CoA simultaneously with decarboxylation to formulate
197  B,d-diketothioester of CoA. In the end of the reaction, cyclization of the B,d-diketothioester of CoA is

198  catalyzed also by Gces to produce varios type of germicidins (Figure 7) [61].
199
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202 8. Conclusions
203 There are three types of PKSs (type L, type 11, and type III) in Streptomyces which is responsible

204 in the biosynthesis of polyketides. Type 1 polyketide synthases (type-I PKSs) are huge
205  multifunctional proteins that have many modules containing different domains. Each module has
206  responsibility to perform one condensation cycle in a non-iterative way and in each domain, a
207  particular enzymatic reaction is occured. Type-I PKSs are responsible for producing macrocyclic
208  polyketides (macrolides) such as rapamycin, FK506, spiramycin, avermectin, methymycin,
209  narbomycin and pikromycin. The type-II PKSs have monofunctional polypeptides and synthesize
210  iteratively aromatic polyketide such as actinorhodin, doxorubicin, jadomycin B, oxytetracycline,
211 mithramycin, tetracenomycin C, and benastatin A. Unlike the type-I and type Il PKSs, the type-III
212 PKSs do not utilize ACP as an anchor for the production of polyketide and use acyl-CoAs directly as
213 substrates for generating polyketide compounds. Type-IIl PKSs contain enzymes that construct
214  homodimers and catalyze many reactions in the iterative way in the biosynthesis of some
215  compounds such as tetrahydroxynaphthalene (THN), alkylresorcinols, alkylpyrones,
216  dihydroxyphenylglycine, germicidins, presulficidins, and alkyldihydropyrones. The type-III PKSs

217  arealso considered as the simplest structure among the other type PKSs.

218 Acknowledgments: The author gratefully acknowledges support from German Federal Ministry of Education
219 and Research (BMBF) under German-Indonesian antiinfective cooperation (GINAICO) project, a fellowship
220 awarded by German Academic Exchange Service (DAAD), and The President’s Initiative and Networking
221 Funds of the Helmholtz Association of German Research Centres (HGF) under contract number VH-GS-202.
222 The author also specially thanks PD. Dr. Joachim Wink and Dr. Tjandrawati Mozef for the support and
223 supervision.

224 Conflicts of Interest: The author declares no conflict of interest.

225


http://dx.doi.org/10.20944/preprints201805.0214.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 May 2018 d0i:10.20944/preprints201805.0214.v1

10 of 14
226
227  References
228 1. Moore, B.S.; Hopke, ].N. Discovery of a new bacterial polyketide biosynthetic pathway. ChemBioChem.
229 2001, 2, 35-38. doi:10.1002/1439-7633(20010105)2:1<35:: AID-CBIC35>3.0.CO;2-1
230 2. Rokem, J.S.; Lantz, A.E.; Nielsen, ]. Systems biology of antibiotic production by microorganisms. Nat
231 Prod Rep. 2007, 24, 1262. doi:10.1039/b617765b
232 3. Katsuyama, Y.; Funa, N.; Miyahisa, I.; Horinouchi, S. Synthesis of unnatural flavonoids and stilbenes by
233 exploiting the plant biosynthetic pathway in escherichia coli. Chem Biol. 2007, 14, 613-621.
234 doi:10.1016/j.chembiol.2007.05.004
235 4. Chopra, I.; Roberts, M. Tetracycline antibiotics: mode of action , applications , molecular biology , and
236 epidemiology of bacterial resistance tetracycline antibiotics: mode of action , applications , molecular
237 biology , and epidemiology of bacterial resistance. Microbiol Mol Biol Rev. 2001, 65, 232-260.
238 doi:10.1128/MMBR.65.2.232
239 5. Ghannoum, Mahmoud A., L.B.R. Antifungal agents: mode of action, mechanisms of resistance, and
240 correlation of these mechanisms with bacterial resistance. Clin Microbiol Rev. 1999, 12, 501-517.
241 6. Tacar, O.; Sriamornsak, P.; Dass, C.R. Doxorubicin: an update on anticancer molecular action, toxicity
242 and novel drug delivery systems. | Pharm  Pharmacol. 2013, 65, ~ 157-170.
243 doi:10.1111/1.2042-7158.2012.01567.x
244 7. Shushni, M.A.M.; Singh, R,; Mentel, R.; Lindequist, U. Balticolid: a new 12-membered macrolide with
245 antiviral activity from an ascomycetous fungus of marine origin. Mar Drugs. 2011, 9, 844-851.
246 doi:10.3390/md9050844
247 8. Li, J; Kim, S.G; Blenis, J. Rapamycin: one drug, many effects. Cell Metab. 2014, 19, 373-9.
248 doi:10.1016/j.cmet.2014.01.001
249 9. van de Donk, N.W.C.J.; Kamphuis, M.M.].; Lokhorst, H.M.; Bloem, A.C. The cholesterol lowering drug
250 lovastatin induces cell death in myeloma plasma cells. Leukemia. 2002, 16, 1362-1371.
251 doi:10.1038/sj.leu.2402501
252 10.  Das, A; Khosla, C. Biosynthesis of aromatic polyketides in bacteria. Acc Chem Res. 2009, 42, 631-639.
253 doi:10.1021/ar8002249
254 11. Crawford, J.; Townsend, C. New insights into the formation of fungal aromatic polyketides. Nat Rev
255 Microbiol. 2011, 8, 879-889. doi:10.1038/nrmicro2465.New

256 12. Noel, ]J.P.; Austin, M.B.; Bomati, EK. Structure-function relationships in plant phenylpropanoid
257 biosynthesis. Curr Opin Plant Biol. 2005, 8, 249-253. doi:10.1016/j.pbi.2005.03.013
258 13. Miiller, S.; Strack, S.N.; Hoefler, B.C.; Straight, P.D.; Kearns, D.B.; Kirby, J.R. Bacillaene and sporulation

259 protect bacillus subtilis from predation by Myxococcus xanthus. Appl Environ Microbiol. 2014, 80, 5603
260 5610. doi:10.1128/AEM.01621-14

261 14. Miiller, R.; Wink, J. Future potential for anti-infectives from bacteria - how to exploit biodiversity and
262 genomic potential. Int ] Med Microbiol. 2014, 304, 3-13. doi:10.1016/j.ijmm.2013.09.004

263 15. Widyastuti, Y.; Lisdiyanti, P.; Ratnakomala, S.; Kartina, G.; Ridwan, R.; Rohmatussolihat, R.; Rosalinda
264 Prayitno, N.; Triana, E.; Widhyastuti, N.; Saraswati, R.; Dewi Hastuti, R.; Lestari, Y.; Otoguro, M.;
265 Miyadoh, S.; Yamamura, H.; Tamura, T.; Ando, K. Genus diversity of actinomycetes in Cibinong
266 Science Center, West Java, Indonesia. Microbiol Indones. 2012, 6, 165-172. doi:10.5454/mi.6.4.4

267 16. Lucas, X.; Senger, C.; Erxleben, A.; Griining, B.A.; Déring, K.; Mosch, J.; Flemming, S.; Giinther, S.

268 StreptomeDB: a resource for natural compounds isolated from Streptomyces species. Nucleic Acids Res.


http://dx.doi.org/10.20944/preprints201805.0214.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 May 2018 d0i:10.20944/preprints201805.0214.v1

11 of 14
269 2013, 41, 1130-1136. doi:10.1093/nar/gks1253
270 17. de Lima Procépio, R.E.; da Silva, L.R.; Martins, M.K; de Azevedo, J.L.; de Aratjo, ].M. Antibiotics
271 produced by Streptomyces. Brazilian | Infect Dis. 2012, 16, 466—471. doi:10.1016/j.bjid.2012.08.014
272 18. Waksman, S.A.; Woodruff, H.B. Streptothricin, a new selective bacteriostatic and bactericidal agent,
273 particularly active against gram-negative bacteria. Proc Soc Exp Biol Med. 1942, 49, 207-210.
274 doi:10.3181/00379727-49-13515
275 19. Igarashi, M.; Takahashi, Y.; Shitara, T.; Nakamura, H.; Naganawa, H.; Miyake, T.; Akamatsu, Y.
276 Caprazamycins, novel lipo-nucleoside antibiotics, from Streptomyces sp. II. Structure elucidation of
277 caprazamycins. | Antibiot (Tokyo). 2005, 58, 327-337. doi:10.1038/ja.2005.41
278 20. Dutta, S.; Basak, B.; Bhunia, B.; Chakraborty, S; Dey, A. Kinetics of rapamycin production by
279 Streptomyces hygroscopicus MTCC 4003. 3 Biotech. 2014, 4, 523-531. d0i:10.1007/s13205-013-0189-2
280 21. Rodriguez, L.; Rodriguez, D.; Olano, C.; Brafia, A.F.; Méndez, C.; Salas, ].A. Functional analysis of oley
281 l-oleandrosyl 3-o-methyltransferase of the oleandomycin biosynthetic pathway in Streptomyces
282 antibioticus. ] Bacteriol. 2001, 183, 5358-5363. doi:10.1128/JB.183.18.5358
283 22. Elibol, M. Optimization of medium composition for actinorhodin production by Streptomyces coelicolor
284 A3(2) with response surface methodology. Process Biochem. 2004, 39, 1057-1062.
285 doi:10.1016/50032-9592(03)00232-2
286  23.  Pokhrel, A.R; Chaudhary, A K; Nguyen, H.T.; Dhakal, D.; Le, T.T.; Shrestha, A.; Liou, K.; Sohng, J.K.
287 Overexpression of a pathway specific negative regulator enhances production of daunorubicin in blda
288 deficient  Streptomyces  peucetius ~ ATCC  27952.  Microbiol ~ Res. 2016, 192, 96-102.
289 doi:10.1016/j.micres.2016.06.009
290 24. Shelest, E.; Heimerl, N.; Fichtner, M.; Sasso, S. Multimodular type I polyketide synthases in algae evolve
291 by module duplications and displacement of AT domains in trans. BMC Genomics. 2015, 16, 1-15.
292 doi:10.1186/s12864-015-2222-9
293 25,  Hopwood, D.A. Cracking the polyketide code. PLoS Biol. 2004, 2, 166-169.
294 doi:10.1371/journal.pbio.0020035
295  26.  Staunton, J.; Weissman, K.J. Polyketide biosynthesis: a millennium review. Nat Prod Rep. 2001, 18, 380—
296 416. doi:10.1039/a909079g
297 27. Lal, R;; Kumari, R.; Kaur, H.; Khanna, R.; Dhingra, N.; Tuteja, D. Regulation and manipulation of the
298 gene  clusters  encoding  type-I = PKSs.  Trends  Biotechnol. ~ 2000, 18,  264-274.
299 doi:10.1016/50167-7799(00)01443-8
300 28. Okamoto, S.; Taguchi, T.; Ochi, K.; Ichinose, K. Biosynthesis of actinorhodin and related antibiotics:
301 discovery of alternative routes for quinone formation encoded in the act gene cluster. Chem Biol. 2009,
302 16, 226-236. doi:10.1016/j.chembiol.2009.01.015
303 29. Funabashi, M.; Funa, N.; Horinouchi, S. Phenolic lipids synthesized by type III polyketide synthase
304 confer penicillin resistance on Streptomyces griseus. ] Biol Chem. 2008, 283, 13983-13991.
305 doi:10.1074/jbc.M710461200
306 30. Ruan, X,; Stassi, D.; Lax, S.A.; Katz, L. A second type-i pks gene cluster isolated from Streptomyces
307 hygroscopicus  ATCC 29253, a rapamycin-producing strain. Gene. 1997, 203, 1-9.
308 doi:10.1016/50378-1119(97)00450-2
309 31 Mazzei, T.; Mini, E.; Noveffi, A.; Periti, P. Chemistry and mode of action of macrolides. ] Antimicrob
310 Chemother. 1993,1-9.

311 32. Schwecke, T.; Aparicio, J.F.; Molndr, I.; Konig, a; Khaw, L.E.; Haydock, S.F.; Oliynyk, M.; Caffrey, P.;


http://dx.doi.org/10.20944/preprints201805.0214.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 May 2018 d0i:10.20944/preprints201805.0214.v1

12 of 14
312 Cortés, J.; Lester, ].B,; Bohm, G. a; Staunton, J.; Leadlay, P.F. The biosynthetic gene cluster for the
313 polyketide immunosuppressant rapamycin. Proc Natl Acad Sci U S A. 1995, 92, 7839-7843.

314 doi:10.1073/pnas.92.17.7839

315 33. Motamedi, H.; Shafiee, A. The biosynthetic gene cluster for the macrolactone ring of the
316 immunosuppressant FK506. Eur | Biochem. 1998, 256, 528-534. d0i:10.1046/j.1432-1327.1998.2560528 .x
317 34. Karray, F.; Darbon, E.; Oestreicher, N.; Dominguez, H.; Tuphile, K.; Gagnat, ].; Blondelet-Rouault, M.H.;

318 Gerbaud, C.; Pernodet, J.L. Organization of the biosynthetic gene cluster for the macrolide antibiotic
319 spiramycin in Streptomyces ambofaciens. Microbiology. 2007, 153, 4111-4122.
320 doi:10.1099/mic.0.2007/009746-0

321 35. Xue, Y.; Zhao, L.; Liu, HW.; Sherman, D.H. A gene cluster for macrolide antibiotic biosynthesis in
322 Streptomyces venezuelae: architecture of metabolic diversity. Proc Natl Acad Sci U S A. 1998, 95, 12111-6.
323 doi:10.1073/pnas.95.21.12111

324 36. Ikeda, H.; Nonomiya, T.; Usami, M.; Ohta, T.; Omura, S. Organization of the biosynthetic gene cluster
325 for the polyketide anthelmintic macrolide avermectin in Streptomyces avermitilis. Proc Natl Acad Sci U S
326 A. 1999, 96, 9509-9514. doi:10.1073/pnas.96.17.9509

327 37. Cruz, M.C,; Cavallo, L.M.; Gérlach, ].M.; Cox, G.; Perfect, ].R.; Cardenas, M.E.; Heitman, ]J. Rapamycin
328 antifungal action is mediated via conserved complexes with FKBP12 and TOR kinase homologs in
329 Cryptococcus neoformans. Mol Cell Biol. 1999, 19, 4101-4112. doi:10.1128/MCB.19.6.4101

330 38. Bastidas, R].; Shertz, C.A.; Lee, S.C.; Heitman, J.; Cardenas, M.E. Rapamycin exerts antifungal activity
331 in vitro and in vivo against Mucor circinelloides via FKBP12-dependent inhibition of Tor. Eukaryot Cell.
332 2012, 11, 270-281. doi:10.1128/EC.05284-11

333 39. Kwan, D.H.; Schulz, F. The stereochemistry of complex polyketide biosynthesis by modular polyketide
334 synthases. Molecules. 2011, 16, 6092-6115. doi:10.3390/molecules 16076092

335 40. Hertweck, C.; Luzhetskyy, A.; Rebets, Y.; Bechthold, A. Type II polyketide synthases: gaining a deeper
336 insight into enzymatic teamwork. Nat Prod Rep. 2007, 24, 162-190. doi:10.1039/B507395M

337 41. Malla, S.; Prasad Niraula, N.; Singh, B.; Liou, K.; Kyung Sohng, ]. Limitations in doxorubicin production
338 from Streptomyces peucetius. Microbiol Res. 2010, 165, 427-435. doi:10.1016/j.micres.2009.11.006

339 4. Jakeman, D.L.; Bandi, S.; Graham, C.L.; Reid, T.R.; Wentzell, J.R.; Douglas, S.E. Antimicrobial activities
340 of jadomycin b and structurally related analogues. Antimicrob Agents Chemother. 2009, 53, 1245-1247.
341 doi:10.1128/AAC.00801-08

342 43. Lombé, F.; Menéndez, N.; Salas, J.A.; Méndez, C. The aureolic acid family of antitumor compounds:
343 structure, mode of action, biosynthesis, and novel derivatives. Appl Microbiol Biotechnol. 2006, 73, 1-14.
344 doi:10.1007/s00253-006-0511-6

345 44, Petkovic, H.; Cullum, ].; Hranueli, D.; Hunter, 1.S.; Peric-Concha, N.; Pigac, J.; Thamchaipenet, A;
346 Vujaklija, D.; Long, P.F. Genetics of streptomyces rimosus, the oxytetracycline producer. Microbiol Mol
347 Biol Rev. 2006, 70, 704-728. doi:10.1128/MMBR.00004-06

348 45. Shen, B.; R, H. Triple hydroxylation of tetracenomycin a2 to tetraenomycin c in Streptomyces glaucescens.
349 ] Biol Chem. 1994, 1326, 30726-30733. Available at: http://www.jbc.org/content/269/48/30726.full.pdf
350 46,  Zhang, Z.; Pan, H-X; Tang, G.-L. New insights into bacterial type II polyketide biosynthesis.
351 F1000Research. 2017, 6, 172. doi:10.12688/f1000research.10466.1

352 47. Komaki, H.; Harayama, S. Sequence diversity of type-II polyketide synthase genes in Streptomyces.
353 Actinomycetologica. 2006, 20, 42-48. doi:10.3209/saj.20.42
354 48. Chan, Y.A,; Podevels, AM.; Kevany, B.M.; Thomas, M.G. Biosynthesis of polyketide synthase extender


http://dx.doi.org/10.20944/preprints201805.0214.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 May 2018 d0i:10.20944/preprints201805.0214.v1

13 of 14
355 units. Nat Prod Rep. 2009, 26, 90-114. doi:10.1039/B801658P
356 49. Minotti, G. Anthracyclines: molecular advances and pharmacologic developments in antitumor activity
357 and cardiotoxicity. Pharmacol Rev. 2004, 56, 185-229. doi:10.1124/pr.56.2.6
358 50.  Yang, F.; Teves, S.S.; Kemp, C.J.; Henikoff, S. Doxorubicin, DNA torsion, and chromatin dynamics.
359 2015, 25, 713-724. doi:10.1097/MCA.0000000000000178.Endothelial
360 51. Thorn, Caroline; Oshiro, Connie; Marsh, Sharon; Hernandez-Boussard, Tina; McLeod, Howard; Klein,
361 Teri; Altman, R. Doxorubicin pathways: pharmacodynamics and adverse effects. Pharmacogenet
362 Genomics. 2012, 21, 440-446. doi:10.1097/FPC.0b013e32833ffb56. Doxorubicin
363 52. Bao, W.; Sheldon, P.J.; Wendt-Pienkowski, E.; Richard Hutchinson, C. The Streptomyces peucetius dpsC
364 gene determines the choice of starter unit in biosynthesis of the daunorubicin polyketide. | Bacteriol.
365 1999, 181, 4690-4695.
366 53. Grimm, A.; Madduri, K.; Ali, A.; Hutchinson, C.R. Characterization of the Streptomyces peucetius ATCC
367 29050 genes encoding doxorubicin  polyketide synthase. Gene. 1994, 151, 1-10.
368 doi:10.1016/0378-1119(94)90625-4
369 54. Rajgarhia, V.B.; Strohl, W.R. Minimal Streptomyces sp. strain C5 daunorubicin polyketide biosynthesis
370 genes required for aklanonic acid biosynthesis. 1997, 179, 2690-2696.
371 55. Hutchinson, C.R. Biosynthetic studies of daunorubicin and tetracenomycin c. Chem Rev. 1997, 97, 2525—
372 2536. doi:10.1021/cr960022x
373 56. Lomovskaya, N.; Doi-Katayama, Y.; Filippini, S.; Nastro, C.; Fonstein, L.; Gallo, M.; Colombo, A.L.;
374 Hutchinson, C.R. The Streptomyces peucetius dpsY and dnrX genes govern early and late steps of
375 daunorubicin and doxorubicin biosynthesis. ] Bacteriol. 1998, 180, 2379-2386.
376 57. Shen, B. Polyketide biosynthesis beyond the type I, Il and III polyketide synthase paradigms. Curr Opin
377 Chem Biol. 2003, 7, 285-295. doi:10.1016/51367-5931(03)00020-6
378 58.  Yu, D, Xu F,;Zeng, J.; Zhan, J. Type III polyketide synthases in natural product biosynthesis. [UBMB
379 Life. 2012, 64, 285-295. doi:10.1002/iub.1005
380 59. Nakano, C.; Ozawa, H.; Akanuma, G.; Funa, N.; Horinouchi, S. Biosynthesis of aliphatic polyketides by
381 type III polyketide synthase and methyltransferase in Bacillus subtilis. | Bacteriol. 2009, 191, 4916—4923.
382 doi:10.1128/JB.00407-09
383 60. Funa, N.; Funabashi, M.; Ohnishi, Y.; Horinouchi, S. Biosynthesis of hexahydroxyperylenequinone
384 melanin via oxidative aryl coupling by cytochrome p-450 in Streptomyces griseus. | Bacteriol. 2005, 187,
385 8149-8155. doi:10.1128/]B.187.23.8149-8155.2005
386 61. Song, L.; Barona-Gomez, F.; Corre, C.; Xiang, L.; Udwary, D.W.; Austin, M.B.; Noel, ].P.; Moore, B.S,;
387 Challis, G.L. Type III polyketide synthase (3-ketoacyl-ACP starter unit and ethylmalonyl-CoA extender
388 unit selectivity discovered by streptomyces coelicolor genome mining. | Am Chem Soc. 2006, 128, 14754~
389 14755. doi:10.1021/ja065247w
390 62. Wenzel, S.C.; Bode, H.B.; Kochems, I; Miiller, R. A type I/type III polyketide synthase hybrid
391 biosynthetic pathway for the structurally unique ansa compound kendomycin. ChemBioChem. 2008, 9,
392 2711-2721. doi:10.1002/cbic.200800456
393  63.  Tang X Eitel, K; Kaysser, L.; Kulik, A.; Grond, S.; Gust, B. A two-step sulfation in antibiotic
394 biosynthesis requires a type III polyketide synthase. Nat Chem Biol. 2013, 9, 610-615.
395 doi:10.1038/nchembio.1310

396 64. Aizawa, T.; Kim, S.Y.; Takahashi, S.; Koshita, M.; Tani, M.; Futamura, Y., Osada, H.; Funa, N.
397 Alkyldihydropyrones, new polyketides synthesized by a type III polyketide synthase from Streptomyces


http://dx.doi.org/10.20944/preprints201805.0214.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 May 2018 d0i:10.20944/preprints201805.0214.v1

398
399
400
401
402
403
404
405
406
407
408
409
410
411
412

65.

66.

67.

68.

14 of 14

reveromyceticus. | Antibiot (Tokyo). 2014, 67, 819-823. d0i:10.1038/ja.2014.80

Cihak, M.; Kamenik, Z.; Smidova, K.; Bergman, N.; Benada, O.; Kofronova, O.; Petrickova, K.; Bobek, J.
Secondary metabolites produced during the germination of Streptomyces coelicolor. Front Microbiol. 2017,
8, 1-13. doi:10.3389/fmicb.2017.02495

Petersen, F.; Zahner, H.; Metzger, ] W.; Freund, S.; Hummel, RP. Germicidin, an autoregulative
germination inhibitor of Streptomyces viridochromogenes NRRL B-1551. | Antibiot (Tokyo). 1993, 46, 1126—
38. doi:10.7164/antibiotics.46.1126

Chemler, J.A.; Buchholz, T.]J.; Geders, TW.; Akey, D.L.; M.Rath, C.; Chlipala, G.E.; Smith, J.L.; Sherman,
D.H. Biochemical and structural characterization of germicidin synthase: analysis of a type III
polyketide synthase that employs acyl-ACP as a starter unit donor. 2013, 360, 1640-1645.
doi:10.1016/S0140-6736(02)11602-3. Association

Lim, Y.P.; Go, M.K,; Yew, W.S. Exploiting the biosynthetic potential of type III polyketide synthases.
Molecules. 2016, 21, 1-37. d0i:10.3390/molecules21060806


http://dx.doi.org/10.20944/preprints201805.0214.v1

