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Figure 5-19. Kinetic mechanisms of ACL 1-7 (except ACL-2) using 

3-hydroxyl-7-methyloctanoic acid as substrate. A-F: ACL1, 3, 4, 5, 6, 7. Left: initial 

rate curve. Right: Michealis-Menten equation fitted curve.  

 

Table 5-2. a: Kinetic parameters for ACL 1-7 against 3-hydroxy-octanoic acid 

 

 KM (µM)  vmax (µM/min) kcat (min-1) 

ACL-1 68.88 ± 20.67  0.1671 ± 0.0075 0.0111 ± 0.0005 

ACL-3 62.65 ± 1.29  0.2248 ± 0.0053 0.0149 ± 0.0003 

ACL-4 3.41 ± 0.99 0.1845 ± 0.0066 0.0123 ± 0.0004 

ACL-5 15.00 ± 1.89  0.2983 ± 0.0044 0.0198 ± 0.0003 

ACL-6 342.07 ± 16.58  0.0405 ± 0.0081 0.0027 ± 0.0005 

ACL-7 15.49 ± 1.05 0.0864 ± 0.0039 0.0057 ± 0.0002 

 

Time (secs)

0 500 1000 1500 2000 2500
0.18

0.28

0.38

0.48

0.58

0.68

0.78

0.88

0.98

Well C1 C2 C3 C4 C5 C6 C7 C8 C9
Vmax 1.000 1.923 1.640 1.050 1.193 1.231 1.084 1.301
R^2 0.995 0.944 0.995 0.969 0.899 0.989 0.992 0.994

Vmax Points = 145
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b: Kinetic parameters for ACL 1-7 against 3-hydroxy 7-methyloctanoic acid 

 

 KM (uM)  vmax (µM/min) kcat (min-1) 

ACL-1 70.24 ± 12.43  0.2420 ± 0.0065  0.0161 ± 0.0004 

ACL-3 6.12 ± 1.67  0.3148 ± 0.0073  0.0209 ± 0.0004 

ACL-4 511.76 ± 379.39  0.6342 ± 0.0859  0.0422 ± 0.0057 

ACL-5 49.98 ± 11.87  0.9535 ± 0.0397  0.0635 ± 0.0026 

ACL-6 5.84 ± 1.28  4.9006 ± 0.0810  0.3267 ± 0.0054 

ACL-7*    

 

*: ACL7 does not show distinct activity toward this substrate, thus the kinetics 

parameters could not be obtained. 

*: Saturation kinetics was not achievable for ACL-2 at concentrations less than 

10 µM. 

 

5-4. Summary and final remarks 

WAP-8294As are cyclic lipodepsipeptides with potent antibacterial activity. Although 

many lipopeptide antibiotics are known, including daptomycin (Cubicin), 

WAP-8294As exhibit exceptionally potent activities against MRSA and VRSA (ED50 

is 14 times higher than that of vancomycin). The fact that WAP-8294A2 reached the 

Phase-I/II clinical studies testifies to its promise. Thus, study and engineering of 

WAPs biosynthetic gene cluster to produce various WAPs analogues represent a 
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valuable new opportunity to generate new antibiotics. In the previous study,110 we 

identified a total of 45 domains from the two NRPS genes within the WAPS cluster, 

representing one of the largest NRPS systems.  

The N-terminus of WAPs is acylated with a fatty acid side chain, which is a common 

feature found in other cyclic lipopeptides, such as surfactin, amphi-enterobactin130, 

daptomycin, fengycin147 and CDA148. When analyzing the C domain phylogeny of 

this type of NRPS, the N-terminus C domains present in the biosynthetic gene cluster 

of the lipopeptides listed above did not cluster with the known C domain subtypes, 

not even with the C domains downstream in the same assembly line. This N-terminus 

C domain is supposed to serve as an acceptor for a fatty acid, which is activated by 

ACLs149-151. In the case of surfactin biosynthesis, there are four putative ACL genes in 

the B. subtilis genome, two of which have the ability to catalyze the ligation of 

3-hydroxyfatty acids and CoA152. Disruption of each of the four ACL could not 

eliminate the production of surfactin. Similarly, a disruption of an ACL gene 

(accession number JN596953) found in the genome of L. enzymogenes OH11 lowered 

the antibacterial activity and the yield of WAP-8294A2, suggesting a broad 

specificity and redundancy of these ACLs110. This is consistent with the fact that all 

WAP-8492A compounds have the same amino acid composition but vary in the 

length of the fatty acid side chain. 

To further prove this feature and discover the most essential ACLs for fatty acyl 

priming in WAP biosynthesis, we constructed seven ACL disruption mutants. None 

of these mutants eliminates WAP production completely, suggesting that the 

3-hydroxy fatty acid substrates can be activated by various ACLs. Among the 7 
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mutants, the ACL-6 mutant had the lowest yield of WAPs, thus became an important 

candidate in our investigation.  

The ACL-6 deletion mutant was constructed to eliminate any possibility of polar 

effects caused by gene disruption, which inserts a large plasmid into the genome. We 

also constructed complementation and overexpression vectors to verify the ACL-6 

activity, but were not able to obtain the ACL-6 complementary mutant. Instead, we 

used a chemically synthesized CoA surrogate, 3-hydroxy-7-methyloctanoic acid 

SNAC, in a feeding experiment to verify the activity. The subsequent restoration 

WAPs production supported that ACL-6 is required in WAP fatty acid substrate 

activation, but not NRPS priming. It also suggested that feeding the ΔACL-6 mutant 

with different side chain substrates to generate novel WAP analogues is possible.  

We were able to express the seven ACL genes in E. coli and purify the enzymes. The 

kinetic data from in vitro studies revealed that ACL-6 is the most likely enzyme 

involved in WAP-8294A2 synthesis, while ACL-5 is the most likely enzyme involved 

in activating the acyl substrate of WAP-8294A1. Based on the results presented in 

this study, we propose the mechanism shown in Figure 5-20 for the initiation of the 

biosynthesis of WAPs.  
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Figure 5-20. Proposed lipidation reaction during WAP biosynthesis. The fatty acid is 

activated by ACLs and then recognized by the donor site of C domain, which 

catalyzes the nucleophilic attack of the amino group of the PCP-bound serine on the 

carbonyl of fatty acyl-CoA. 

 

The understanding of the activation mechanisms of the fatty acyl portion of the WAPs 

obtained in this study can be used to guide future biosynthetic engineering efforts. 

Fatty acid moieties have strong influence on the activity and properties of natural 

products. The final goal of this study is to generate a small family of WAP-8294A2 

analogues with optimal structure-activity features (such as solubility verses activity 

by varying the fatty acid chain length and replacing certain amino acid residues) by 

feeding the wild type as well as the mutants with fatty acids with different chain 

lengths and various amino acids to direct the biosynthesis toward an optimized 

compound. It should also allow transfer of such logic to the discovery of new 

bioactive NPs from other Lysobacter species and allow optimization of the yield, 

structure, and activity of the Lysobacter anti-infectives.  

An important task for the future is to understand the NRPS initiation in WAPs 

biosynthesis by investigating the activity of the first NRPS module (C-Aser-PCP) in 

vitro. Although most C domain exhibits a greater selectivity towards the amino acid 

activated by the A domain within the same module compared with the intermediate in 

upstream modules153, 154, it’s incorrect to draw the conclusion that the fatty acyl 

substrate selectivity is only determined by ACLs. If the first C domain catalyzes the 

transfer of activated 3-hydroxy fatty acid at its donor site to the peptidyl carrier 
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protein (PCP) bound amino acid serine, the mechanism of lipoinitiation of WAPs 

could be explored using the purified C-Aser-PCP.  

 

  



146	
  
	
  

	
  

Reference 

1. Hertweck, C. (2009) The Biosynthetic Logic of Polyketide Diversity, Angew. 

Chem. Int. Edit. 48, 4688-4716. 

2. Staunton, J., and Weissman, K. J. (2001) Polyketide biosynthesis: a 

millennium review, Nat. Prod. Rep. 18, 380-416. 

3. Hopwood, D. A. (1997) Genetic contributions to understanding polyketide 

synthases, Chem. Rev. 97, 2465-2497. 

4. Fischbach, M. A., and Walsh, C. T. (2006) Assembly-line enzymology for 

polyketide and nonribosomal peptide antibiotics: Logic, machinery, and 

mechanisms, Chem. Rev. 106, 3468-3496. 

5. Khosla, C. (2000) Natural product biosynthesis: A new interface between 

enzymology and medicine, J. Org. Chem. 65, 8127-8133. 

6. Wilkinson, B., Kendrew, S. G., Sheridan, R. M., and Leadlay, P. F. (2003) 

Biosynthetic engineering of polyketide synthases, Expert. Opin. Ther. Pat. 13, 

1579-1606. 

7. Zabala, A. O., Cacho, R. A., and Tang, Y. (2012) Protein engineering towards 

natural product synthesis and diversification, J. Ind. Microbiol. Biot. 39, 

227-241. 

8. Shen, B., and Thorson, J. S. (2012) Expanding nature's chemical repertoire 

through metabolic engineering and biocatalysis, Curr. Opin. Chem. Biol. 16, 

99-100. 

9. Watanabe, K. (2008) Exploring the Biosynthesis of Natural Products and 

Their Inherent Suitability for the Rational Design of Desirable Compounds 

through Genetic Engineering, Biosci. Biotech. Bioch. 72, 2491-2506. 

10. Winter, J. M., and Tang, Y. (2012) Synthetic biological approaches to natural 



147	
  
	
  

	
  

product biosynthesis, Curr. Opin. Biotech. 23, 736-743. 

11. Weissman, K. J., and Leadlay, P. F. (2005) Combinatorial biosynthesis of 

reduced polyketides, Nat. Rev. Microbiol 3, 925-936. 

12. Williams, G. J. (2013) Engineering polyketide synthases and nonribosomal 

peptide synthetases, Curr. Opin. Struc. Biol. 23, 603-612. 

13. Chan, Y. A., Podevels, A. M., Kevany, B. M., and Thomas, M. G. (2009) 

Biosynthesis of polyketide synthase extender units, Nat. Prod. Rep. 26, 

90-114. 

14. Sherman, D. H. (2005) The Lego-ization of polyketide biosynthesis, Nat. 

Biotechnol. 23, 1083-1084. 

15. Khosla, C., Kapur, S., and Cane, D. E. (2009) Revisiting the modularity of 

modular polyketide synthases, Curr. Opin. Chem. Biol. 13, 135-143. 

16. Challis, G. L. (2008) Genome mining for novel natural product discovery, J. 

Med. Chem. 51, 2618-2628. 

17. Winter, J. M., Behnken, S., and Hertweck, C. (2011) Genomics-inspired 

discovery of natural products, Curr. Opin. Chem. Biol. 15, 22-31. 

18. Shen, B., Cheng, Y. Q., Christenson, S. D., Jiangi, H., Ju, J. H., Kwon, H. J., 

Lim, S. K., Liu, W., Nonaka, K., Seo, J. W., Smith, W. C., Standage, S., Tang, 

G. L., Van Lanen, S., and Zhang, J. (2007) Polyketide Biosynthesis beyond 

the Type I, II, and III Polyketide Synthase Paradigms: A Progress Report, Acs. 

Sym. Ser. 955, 154-166. 

19. Moss, S. J., Martin, C. J., and Wilkinson, B. (2004) Loss of co-linearity by 

modular polyketide synthases: a mechanism for the evolution of chemical 

diversity, Nat. Prod. Rep. 21, 575-593. 

20. Zhang, O., Pang, B., Ding, W., and Liu, W. (2013) Aromatic Polyketides 



148	
  
	
  

	
  

Produced by Bacterial Iterative Type I Polyketide Synthases, Acs. Catal. 3, 

1439-1447. 

21. Kaulmann, U., and Hertweck, C. (2002) Biosynthesis of polyunsaturated fatty 

acids by polyketide synthases, Angew. Chem. Int. Edit. 41, 1866-+. 

22. Metz, J. G., Roessler, P., Facciotti, D., Levering, C., Dittrich, F., Lassner, M., 

Valentine, R., Lardizabal, K., Domergue, F., Yamada, A., Yazawa, K., Knauf, 

V., and Browse, J. (2001) Production of polyunsaturated fatty acids by 

polyketide synthases in both prokaryotes and eukaryotes, Science 293, 

290-293. 

23. Liu, W., Christenson, S. D., Standage, S., and Shen, B. (2002) Biosynthesis of 

the enediyne antitumor antibiotic C-1027, Science 297, 1170-1173. 

24. Van Lanen, S. G., Lin, S. J., and Shen, B. (2008) Biosynthesis of the enediyne 

antitumor antibiotic C-1027 involves a new branching point in chorismate 

metabolism, P. Natl. Acad. Sci. USA 105, 494-499. 

25. Ahlert, J., Shepard, E., Lomovskaya, N., Zazopoulos, E., Staffa, A., 

Bachmann, B. O., Huang, K. X., Fonstein, L., Czisny, A., Whitwam, R. E., 

Farnet, C. M., and Thorson, J. S. (2002) The calicheamicin gene cluster and its 

iterative type I enediyne PKS, Science 297, 1173-1176. 

26. Li, Y. Y., Chen, H. T., Ding, Y. J., Xie, Y. X., Wang, H. X., Cerny, R. L., 

Shen, Y. M., and Du, L. C. (2014) Iterative Assembly of Two Separate 

Polyketide Chains by the Same Single-Module Bacterial Polyketide Synthase 

in the Biosynthesis of HSAF, Angew. Chem. Int. Edit. 53, 7524-7530. 

27. Blodgett, J. A. V., Oh, D. C., Cao, S. G., Currie, C. R., Kolter, R., and Clardy, 

J. (2010) Common biosynthetic origins for polycyclic tetramate macrolactams 

from phylogenetically diverse bacteria, P. Natl. Acad. Sci. USA 107, 



149	
  
	
  

	
  

11692-11697. 

28. Fisch, K. M. (2013) Biosynthesis of natural products by microbial iterative 

hybrid PKS-NRPS, Rsc. Adv. 3, 18228-18247. 

29. Wilkinson, B., Foster, G., Rudd, B. A. M., Taylor, N. L., Blackaby, A. P., 

Sidebottom, P. J., Cooper, D. J., Dawson, M. J., Buss, A. D., Gaisser, S., 

Bohm, I. U., Rowe, C. J., Cortes, J., Leadlay, P. F., and Staunton, J. (2000) 

Novel octaketide macrolides related to 6-deoxyerythronolide B provide 

evidence for iterative operation of the erythromycin polyketide synthase, 

Chem. Biol. 7, 111-117. 

30. Hardt, I. H., Steinmetz, H., Gerth, K., Sasse, F., Reichenbach, H., and Hofle, 

G. (2001) New natural epothilones from Sorangium cellulosum, strains So 

ce90/B2 and So ce90/D13: Isolation, structure elucidation, and SAR studies, J. 

Nat. Prod. 64, 847-856. 

31. Zhu, G., LaGier, M. J., Stejskal, F., Millership, J. J., Cai, X. M., and Keithly, J. 

S. (2002) Cryptosporidium parvum: the first protist known to encode a 

putative polyketide synthase, Gene 298, 79-89. 

32. Gaitatzis, N., Silakowski, B., Kunze, B., Nordsiek, G., Blocker, H., Hofle, G., 

and Muller, R. (2002) The biosynthesis of the aromatic myxobacterial electron 

transport inhibitor stigmatellin is directed by a novel type of modular 

polyketide synthase, J. Biol. Chem. 277, 13082-13090. 

33. Moore, B. S., and Hopke, J. N. (2001) Discovery of a new bacterial polyketide 

biosynthetic pathway, Chembiochem. 2, 35-38. 

34. Muller, R. (2004) Don't classify polyketide synthases, Chem. Biol. 11, 4-6. 

35. Kennedy, J., Auclair, K., Kendrew, S. G., Park, C., Vederas, J. C., and 

Hutchinson, C. R. (1999) Modulation of polyketide synthase activity by 



150	
  
	
  

	
  

accessory proteins during lovastatin biosynthesis, Science 284, 1368-1372. 

36. Crawford, J. M., and Townsend, C. A. (2010) New insights into the formation 

of fungal aromatic polyketides, Nat. Rev. Microbiol. 8, 879-889. 

37. Fujii, I. (2010) Functional analysis of fungal polyketide biosynthesis genes, J. 

Antibiot 63, 207-218. 

38. Cortes, J., Haydock, S. F., Roberts, G. A., Bevitt, D. J., and Leadlay, P. F. 

(1990) An Unusually Large Multifunctional Polypeptide in the 

Erythromycin-Producing Polyketide Synthase of Saccharopolyspora-Erythraea, 

Nature 348, 176-178. 

39. Smith, S., and Tsai, S. C. (2007) The type I fatty acid and polyketide 

synthases: a tale of two megasynthases, Nat. Prod. Rep. 24, 1041-1072. 

40. Omura, S., Ikeda, H., Ishikawa, J., Hanamoto, A., Takahashi, C., Shinose, M., 

Takahashi, Y., Horikawa, H., Nakazawa, H., Osonoe, T., Kikuchi, H., Shiba, 

T., Sakaki, Y., and Hattori, M. (2001) Genome sequence of an industrial 

microorganism Streptomyces avermitilis: Deducing the ability of producing 

secondary metabolites, P. Natl. Acad. Sci. USA 98, 12215-12220. 

41. Cheng, Y. Q., Tang, G. L., and Shen, B. (2003) Type I polyketide synthase 

requiring a discrete acyltransferase for polyketide biosynthesis, P. Natl. Acad. 

Sci. USA 100, 3149-3154. 

42. El-Sayed, A. K., Hothersall, J., Cooper, S. M., Stephens, E., Simpson, T. J., 

and Thomas, C. M. (2003) Characterization of the mupirocin biosynthesis 

gene cluster from Pseudomonas fluorescens NCIMB 10586, Chem. Biol. 10, 

419-430. 

43. Jenke-Kodama, H., Sandmann, A., Muller, R., and Dittmann, E. (2005) 

Evolutionary implications of bacterial polyketide synthases, Mol. Biol. Evol. 



151	
  
	
  

	
  

22, 2027-2039. 

44. Jia, X. Y., Tian, Z. H., Shao, L., Qu, X. D., Zhao, Q. F., Tang, J., Tang, G. L., 

and Liu, W. (2006) Genetic characterization of the chlorothricin gene cluster 

as a model for spirotetronate antibiotic biosynthesis, Chem. Biol. 13, 575-585. 

45. Zhao, Q. F., He, Q. L., Ding, W., Tang, M. C., Kang, Q. J., Yu, Y., Deng, W., 

Zhang, Q., Fang, J., Tang, G. L., and Liu, W. (2008) Characterization of the 

azinomycin B biosynthetic gene cluster revealing a different iterative type I 

polyketide synthase for naphthoate biosynthesis, Chem. Biol. 15, 693-705. 

46. Xu, W., Qiao, K. J., and Tang, Y. (2013) Structural analysis of protein-protein 

interactions in type I polyketide synthases, Crit. Rev. Biochem. Mol. 48, 

98-122. 

47. Katz, L. (2009) The Debs Paradigm for Type I Modular Polyketide Synthases 

and Beyond, Methods Enzymol. 459, 113-142. 

48. Bretschneider, T., Heim, J. B., Heine, D., Winkler, R., Busch, B., Kusebauch, 

B., Stehle, T., Zocher, G., and Hertweck, C. (2013) Vinylogous chain 

branching catalysed by a dedicated polyketide synthase module, Nature 502, 

124. 

49. Cheng, Y. Q., Tang, G. L., and Shen, B. (2002) Identification and localization 

of the gene cluster encoding biosynthesis of the antitumor macrolactam 

leinamycin in Streptomyces atroolivaceus S-140, J. Bacteriol. 184, 

7013-7024. 

50. Liu, J., Zhu, X., Seipke, R. F., and Zhang, W. (2014) Biosynthesis of 

Antimycins with a Reconstituted 3-Formamidosalicylate Pharmacophore in 

Escherichia coli, Acs Synth. Biol. 

51. Palaniappan, N., Alhamadsheh, M. M., and Reynolds, K. A. (2008) 



152	
  
	
  

	
  

cis-Delta(2,3)-double bond of phoslactomycins is generated by a post-PKS 

tailoring enzyme, J. Am. Chem. Soc. 130, 12236. 

52. Chen, Y. L., Zhao, J., Liu, W., Gao, J. F., Tao, L. M., Pan, H. X., and Tang, G. 

L. (2012) Identification of phoslactomycin biosynthetic gene clusters from 

Streptomyces platensis SAM-0654 and characterization of PnR1 and PnR2 as 

positive transcriptional regulators, Gene 509, 195-200. 

53. Molnar, I., Schupp, T., Ono, M., Zirkle, R., Milnamow, M., 

Nowak-Thompson, B., Engel, N., Toupet, C., Stratmann, A., Cyr, D. D., 

Gorlach, J., Mayo, J. M., Hu, A., Goff, S., Schmid, J., and Ligon, J. M. (2000) 

The biosynthetic gene cluster for the microtubule-stabilizing agents 

epothilones A and B from Sorangium cellulosum So ce90, Chem. Biol. 7, 

97-109. 

54. Julien, B., Shah, S., Ziermann, R., Goldman, R., Katz, L., and Khosla, C. 

(2000) Isolation and characterization of the epothilone biosynthetic gene 

cluster from Sorangium cellulosum, Gene 249, 153-160. 

55. Takahashi, S., Toyoda, A., Sekiyama, Y., Takagi, H., Nogawa, T., Uramoto, 

M., Suzuki, R., Koshino, H., Kumano, T., Panthee, S., Dairi, T., Ishikawa, J., 

Ikeda, H., Sakaki, Y., and Osada, H. (2011) Reveromycin A biosynthesis uses 

RevG and RevJ for stereospecific spiroacetal formation, Nat. Chem. Biol. 7, 

461-468. 

56. Gaisser, S., Trefzer, A., Stockert, S., Kirschning, A., and Bechthold, A. (1997) 

Cloning of an avilamycin biosynthetic gene cluster from Streptomyces 

viridochromogenes Tu57, J. Bacteriol. 179, 6271-6278. 

57. Whitwam, R. E., Ahlert, J., Holman, T. R., Ruppen, M., and Thorson, J. S. 

(2000) The gene calC encodes for a non-heme iron metalloprotein responsible 



153	
  
	
  

	
  

for calicheamicin self-resistance in Micromonospora, J. Am. Chem. Soc. 122, 

1556-1557. 

58. Zazopoulos, E., Huang, K. X., Staffa, A., Liu, W., Bachmann, B. O., Nonaka, 

K., Ahlert, J., Thorson, J. S., Shen, B., and Farnet, C. M. (2003) A 

genomics-guided approach for discovering and expressing cryptic metabolic 

pathways, Nat. Biotechnol. 21, 187-190. 

59. Van Lanen, S. G., Oh, T. J., Liu, W., Wendt-Pienkowski, E., and Shen, B. 

(2007) Characterization of the maduropeptin biosynthetic gene cluster from 

Actinomadura madurae ATCC 39144 supporting a unifying paradigm for 

enediyne biosynthesis, J. Am. Chem. Soc. 129, 13082-13094. 

60. Daum, M., Peintner, I., Linnenbrink, A., Frerich, A., Weber, M., Paululat, T., 

and Bechthold, A. (2009) Organisation of the Biosynthetic Gene Cluster and 

Tailoring Enzymes in the Biosynthesis of the Tetracyclic Quinone Glycoside 

Antibiotic Polyketomycin, Chembiochem. 10, 1073-1083. 

61. Ito, T., Roongsawang, N., Shirasaka, N., Lu, W. L., Flatt, P. M., Kasanah, N., 

Miranda, C., and Mahmud, T. (2009) Deciphering Pactamycin Biosynthesis 

and Engineered Production of New Pactamycin Analogues, Chembiochem. 10, 

2253-2265. 

62. Xiao, Y., Li, S. M., Niu, S. W., Ma, L. A., Zhang, G. T., Zhang, H. B., Zhang, 

G. Y., Ju, J. H., and Zhang, C. S. (2011) Characterization of Tiacumicin B 

Biosynthetic Gene Cluster Affording Diversified Tiacumicin Analogues and 

Revealing a Tailoring Dihalogenase, J. Am. Chem. Soc. 133, 1092-1105. 

63. Ding, W., Deng, W., Tang, M. C., Zhang, Q., Tang, G. L., Bi, Y. R., and Liu, 

W. (2010) Biosynthesis of 3-methoxy-5-methyl naphthoic acid and its 

incorporation into the antitumor antibiotic azinomycin B, Mol. Biosyst. 6, 



154	
  
	
  

	
  

1071-1081. 

64. Sun, H. H., Ho, C. L., Ding, F. Q., Soehano, I., Liu, X. W., and Liang, Z. X. 

(2012) Synthesis of (R)-Mellein by a Partially Reducing Iterative Polyketide 

Synthase, J. Am. Chem. Soc. 134, 11924-11927. 

65. Wu, J. Q., Zaleski, T. J., Valenzano, C., Khosla, C., and Cane, D. E. (2005) 

Polyketide double bond biosynthesis. Mechanistic analysis of the 

dehydratase-containing module 2 of the picromycin/methymycin polyketide 

synthase, J. Am. Chem. Soc. 127, 17393-17404. 

66. Keatinge-Clay, A. T. (2007) A tylosin ketoreductase reveals how chirality is 

determined in polyketides, Chem. Biol. 14, 898-908. 

67. He, Q. L., Jia, X. Y., Tang, M. C., Tian, Z. H., Tang, G. L., and Liu, W. (2009) 

Dissection of Two Acyl-Transfer Reactions Centered on Acyl-S-Carrier 

Protein Intermediates for Incorporating 5-Chloro-6-methyl-O- 

methylsalicyclic Acid into Chlorothricin, Chembiochem. 10, 813-819. 

68. Castillo, Y. P., and Perez, M. A. (2008) Bacterial beta-ketoacyl-acyl carrier 

protein synthase III (FabH): an attractive target for the design of new 

broad-spectrum antimicrobial agents, Mini-Rev. Med. Chem. 8, 36-45. 

69. Weitnauer, G., Muhlenweg, A., Trefzer, A., Hoffmeister, D., Sussmuth, R. D., 

Jung, G., Welzel, K., Vente, A., Girreser, U., and Bechthold, A. (2001) 

Biosynthesis of the orthosomycin antibiotic avilamycin A: deductions from 

the molecular analysis of the avi biosynthetic gene cluster of Streptomyces 

viridochromogenes Tu57 and production of new antibiotics, Chem. Biol. 8, 

569-581. 

70. Weitnauer, G., Hauser, G., Hofmann, C., Linder, U., Boll, R., Pelz, K., Glaser, 

S. J., and Bechthold, A. (2004) Novel avilamycin derivatives with improved 



155	
  
	
  

	
  

polarity generated by targeted gene disruption, Chem. Biol. 11, 1403-1411. 

71. Okuyama, H., Orikasa, Y., Nishida, T., Watanabe, K., and Morita, N. (2007) 

Bacterial genes responsible for the biosynthesis of eicosapentaenoic and 

docosahexaenoic acids and their heterologous expression, Appl. Environ. 

Microb. 73, 665-670. 

72. Jiang, H., Zirkle, R., Metz, J. G., Braun, L., Richter, L., Van Lanen, S. G., and 

Shen, B. (2008) The role of tandem acyl carrier protein domains in 

polyunsaturated fatty acid biosynthesis, J. Am. Chem. Soc. 130, 6336. 

73. Lam, K. S., Veitch, J. A., Golik, J., Krishnan, B., Klohr, S. E., Volk, K. J., 

Forenza, S., and Doyle, T. W. (1993) Biosynthesis of Esperamicin-a(1), an 

Enediyne Antitumor Antibiotic, J. Am. Chem. Soc. 115, 12340-12345. 

74. Belecki, K., Crawford, J. M., and Townsend, C. A. (2009) Production of 

Octaketide Polyenes by the Calicheamicin Polyketide Synthase CalE8: 

Implications for the Biosynthesis of Enediyne Core Structures, J. Am. Chem. 

Soc. 131, 12564. 

75. Liu, W., Ahlert, J., Gao, Q. J., Wendt-Pienkowski, E., Shen, B., and Thorson, 

J. S. (2003) Rapid PCR amplification of minimal enediyne polyketide 

synthase cassettes leads to a predictive familial classification model, P. Natl. 

Acad. Sci. USA 100, 11959-11963. 

76. Lou, L. L., Qian, G. L., Xie, Y. X., Hang, J. L., Chen, H. T., Zaleta-Riyera, K., 

Li, Y. Y., Shen, Y. M., Dussault, P. H., Liu, F. Q., and Du, L. C. (2011) 

Biosynthesis of HSAF, a Tetramic Acid-Containing Macrolactam from 

Lysobacter enzymogenes, J. Am. Chem. Soc. 133, 643-645. 

77. Li, S. J., Du, L. C., Yuen, G., and Harris, S. D. (2006) Distinct ceramide 

synthases regulate polarized growth in the filamentous fungus Aspergillus 



156	
  
	
  

	
  

nidulans, Mol. Biol. Cell. 17, 1218-1227. 

78. Yu, F. G., Zaleta-Rivera, K., Zhu, X. C., Huffman, J., Millet, J. C., Harris, S. 

D., Yuen, G., Li, X. C., and Du, L. C. (2007) Structure and biosynthesis of 

heat-stable antifungal factor (HSAF), a broad-spectrum antimycotic with a 

novel mode of action, Antimicrob. Agents Chemother. 51, 64-72. 

79. Lou, L. L., Chen, H. T., Cerny, R. L., Li, Y. Y., Shen, Y. M., and Du, L. C. 

(2012) Unusual Activities of the Thioesterase Domain for the Biosynthesis of 

the Polycyclic Tetramate Macrolactam HSAF in Lysobacter enzymogenes C3, 

Biochemistry 51, 4-6. 

80. Antosch, J., Schaefers, F., and Gulder, T. A. (2014) Heterologous 

reconstitution of ikarugamycin biosynthesis in E. coli, Angew. Chem. Int. Edit. 

53, 3011-3014. 

81. Zhang, G. T., Zhang, W. J., Zhang, Q. B., Shi, T., Ma, L., Zhu, Y. G., Li, S. 

M., Zhang, H. B., Zhao, Y. L., Shi, R., and Zhang, C. S. (2014) Mechanistic 

Insights into Polycycle Formation by Reductive Cyclization in Ikarugamycin 

Biosynthesis, Angew. Chem. Int. Edit. 53, 4840-4844. 

82. Beyer, S., Kunze, B., Silakowski, B., and Muller, R. (1999) Metabolic 

diversity in myxobacteria: identification of the myxalamid and the stigmatellin 

biosynthetic gene cluster of Stigmatella aurantiaca Sg a15 and a combined 

polyketide-(poly)peptide gene cluster from the epothilone producing strain 

Sorangium cellulosum So ce90, Bba-Gene Struct. Expr. 1445, 185-195. 

83. Broadhurst, R. W., Nietlispach, D., Wheatcroft, M. P., Leadlay, P. F., and 

Weissman, K. J. (2003) The structure of docking domains in modular 

polyketide synthases, Chem. Biol. 10, 723-731. 

84. Mochizuki, S., Hiratsu, K., Suwa, M., Ishii, T., Sugino, F., Yamada, K., and 



157	
  
	
  

	
  

Kinashi, H. (2003) The large linear plasmid pSLA2-L of Streptomyces rochei 

has an unusually condensed gene organization for secondary metabolism, Mol. 

Microbiol. 48, 1501-1510. 

85. Nowak-Thompson, B., Gould, S. J., and Loper, J. E. (1997) Identification and 

sequence analysis of the genes encoding a polyketide synthase required for 

pyoluteorin biosynthesis in Pseudomonas fluorescens Pf-5, Gene 204, 17-24. 

86. Busch, B., Ueberschaar, N., Behnken, S., Sugimoto, Y., Werneburg, M., 

Traitcheva, N., He, J., and Hertweck, C. (2013) Multifactorial Control of 

Iteration Events in a Modular Polyketide Assembly Line, Angew. Chem. Int. 

Edit. 52, 5285-5289. 

87. Busch, B., Ueberschaar, N., Sugimoto, Y., and Hertweck, C. (2012) 

Interchenar Retrotransfer of Aureothin Intermediates in an Iterative Polyketide 

Synthase Module, J. Am. Chem. Soc. 134, 12382-12385. 

88. Chopra, T., Banerjee, S., Gupta, S., Yadav, G., Anand, S., Surolia, A., Roy, R. 

P., Mohanty, D., and Gokhale, R. S. (2008) Novel intermolecular iterative 

mechanism for biosynthesis of mycoketide synthase by a bimodular 

polyketide synthase, Plos. Biol. 6, 1584-1598. 

89. Busch, B., and Hertweck, C. (2009) Evolution of metabolic diversity in 

polyketide-derived pyrones: Using the non-colinear aureothin assembly line as 

a model system, Phytochemistry 70, 1833-1840. 

90. Kupferschmidt, K. (2012) Attack of the Clones, Science 337, 636-638. 

91. Lou, L., Qian, G., Xie, Y., Hang, J., Chen, H., Zaleta-Rivera, K., Li, Y., Shen, 

Y., Dussault, P. H., Liu, F., and Du, L. (2011) Biosynthesis of HSAF, a 

tetramic acid-containing macrolactam from Lysobacter enzymogenes, J. Am. 

Chem. Soc. 133, 643-645. 



158	
  
	
  

	
  

92. Xie, Y. X., Wright, S., Shen, Y. M., and Du, L. C. (2012) Bioactive natural 

products from Lysobacter, Nat. Prod. Rep. 29, 1277-1287. 

93. Li, Y. Y., Huffman, J., Li, Y., Du, L. C., and Shen, Y. M. (2012) 

3-Hydroxylation of the polycyclic tetramate macrolactam in the biosynthesis 

of antifungal HSAF from Lysobacter enzymogenes C3, Medchemcomm 3, 

982-986. 

94. Jiang, Y., Wang, H., Lu, C., Ding, Y., Li, Y., and Shen, Y. (2013) 

Identification and characterization of the cuevaene A biosynthetic gene cluster 

in streptomyces sp. LZ35, Chembiochem. 14, 1468-1475. 

95. Zhao, G. S., Li, S. R., Wang, Y. Y., Hao, H. L., Shen, Y. M., and Lu, C. H. 

(2013) 16,17-dihydroxycyclooctatin, a new diterpene from Streptomyces sp. 

LZ35, Drug discoveries & therapeutics 7, 185-188. 

96. Zhou, M., Jing, X., Xie, P., Chen, W., Wang, T., Xia, H., and Qin, Z. (2012) 

Sequential deletion of all the polyketide synthase and nonribosomal peptide 

synthetase biosynthetic gene clusters and a 900-kb subtelomeric sequence of 

the linear chromosome of Streptomyces coelicolor, Fems. Microbiol. Lett. 333, 

169-179. 

97. Sanchez, C., Du, L., Edwards, D. J., Toney, M. D., and Shen, B. (2001) 

Cloning and characterization of a phosphopantetheinyl transferase from 

Streptomyces verticillus ATCC15003, the producer of the hybrid 

peptide-polyketide antitumor drug bleomycin, Chem. Biol. 8, 725-738. 

98. Kayser, J. P., Vallet, J. L., and Cerny, R. L. (2004) Defining parameters for 

homology-tolerant database searching, J. Biomol. Tech. 15, 285-295. 

99. Hitchman, T. S., Crosby, J., Byrom, K. J., Cox, R. J., and Simpson, T. J. (1998) 

Catalytic self-acylation of type II polyketide synthase acyl carrier proteins, 



159	
  
	
  

	
  

Chem. Biol. 5, 35-47. 

100. Crosby, J., Byrom, K. J., Hitchman, T. S., Cox, R. J., Crump, M. P., Findlow, 

I. S., Bibb, M. J., and Simpson, T. J. (1998) Acylation of Streptomyces type II 

polyketide synthase acyl carrier proteins, FEBS letters 433, 132-138. 

101. Du, L., and Lou, L. (2010) PKS and NRPS release mechanisms, Nat. Prod. 

Rep. 27, 255-278. 

102. Datsenko, K. A., and Wanner, B. L. (2000) One-step inactivation of 

chromosomal genes in Escherichia coli K-12 using PCR products, Proc. Natl. 

Acad. Sci. U S A 97, 6640-6645. 

103. Wilkinson, C. J., Hughes-Thomas, Z. A., Martin, C. J., Bohm, I., Mironenko, 

T., Deacon, M., Wheatcroft, M., Wirtz, G., Staunton, J., and Leadlay, P. F. 

(2002) Increasing the efficiency of heterologous promoters in actinomycetes, J. 

Mol. Microbiol. Biotechnol. 4, 417-426. 

104. Bibb, M. J., Janssen, G. R., and Ward, J. M. (1985) Cloning and analysis of 

the promoter region of the erythromycin resistance gene (ermE) of 

Streptomyces erythraeus, Gene 38, 215-226. 

105. Sanchez, C., Du, L., Edwards, D. J., Toney, M. D., and Shen, B. (2001) 

Cloning and characterization of a phosphopantetheinyl transferase from 

Streptomyces verticillus ATCC15003, the producer of the hybrid 

peptide-polyketide antitumor drug bleomycin, Chem. Biol. 8, 725-738. 

106. Dorrestein, P. C., Bumpus, S. B., Calderone, C. T., Garneau-Tsodikova, S., 

Aron, Z. D., Straight, P. D., Kolter, R., Walsh, C. T., and Kelleher, N. L. 

(2006) Facile detection of acyl and peptidyl intermediates on thiotemplate 

carrier domains via phosphopantetheinyl elimination reactions during tandem 

mass spectrometry, Biochemistry 45, 12756-12766. 



160	
  
	
  

	
  

107. Gerber, R., Lou, L., and Du, L. (2009) A PLP-dependent polyketide chain 

releasing mechanism in the biosynthesis of mycotoxin fumonisins in Fusarium 

verticillioides, J. Am. Chem. Soc. 131, 3148-3149. 

108. Cao, S., Blodgett, J. A., and Clardy, J. (2010) Targeted discovery of 

polycyclic tetramate macrolactams from an environmental Streptomyces strain, 

Org. Lett. 12, 4652-4654. 

109. Shigemori, H., Bae, M. A., Yazawa, K., Sasaki, T., and Kobayashi, J. (1992) 

Alteramide-a, a New Tetracyclic Alkaloid from a Bacterium-Alteromonas Sp 

Associated with the Marine Sponge Halichondria-Okadai, J. Org. Chem. 57, 

4317-4320. 

110. Zhang, W., Li, Y. Y., Qian, G. L., Wang, Y., Chen, H. T., Li, Y. Z., Liu, F. Q., 

Shen, Y. M., and Du, L. C. (2011) Identification and Characterization of the 

Anti-Methicillin-Resistant Staphylococcus aureus WAP-8294A2 Biosynthetic 

Gene Cluster from Lysobacter enzymogenes OH11, Antimicrob. Agents 

Chemother. 55, 5581-5589. 

111. Olson, A. S., Chen, H. T., Du, L. C., and Dussault, P. H. (2015) Synthesis of a 

2,4,6,8,10-dodecapentanoic acid thioester as a substrate for biosynthesis of 

heat stable antifungal factor (HSAF), Rsc. Adv. 5, 11644-11648. 

112. Ma, S. M., Li, J. W. H., Choi, J. W., Zhou, H., Lee, K. K. M., Moorthie, V. A., 

Xie, X. K., Kealey, J. T., Da Silva, N. A., Vederas, J. C., and Tang, Y. (2009) 

Complete Reconstitution of a Highly Reducing Iterative Polyketide Synthase, 

Science 326, 589-592. 

113. Li, Y. R., Xu, W., and Tang, Y. (2010) Classification, Prediction, and 

Verification of the Regioselectivity of Fungal Polyketide Synthase Product 

Template Domains, J. Biol. Chem. 285, 22762-22771. 



161	
  
	
  

	
  

114. Alhamadsheh, M. M., Palaniappan, N., Daschouduri, S., and Reynolds, K. A. 

(2007) Modular polyketide synthases and cis double bond formation: 

establishment of activated cis-3-cyclohexylpropenoic acid as the diketide 

intermediate in phoslactomycin biosynthesis, J. Am. Chem. Soc. 129, 

1910-1911. 

115. Liavonchanka, A., and Feussner, I. (2008) Biochemistry of PUFA double 

bond isomerases producing conjugated linoleic acid, Chembiochem 9, 

1867-1872. 

116. Auclair, K., Sutherland, A., Kennedy, J., Witter, D. J., Van den Heever, J. P., 

Hutchinson, C. R., and Vederas, J. C. (2000) Lovastatin nonaketide synthase 

catalyzes an intramolecular Diels-Alder reaction of a substrate analogue, J. 

Am. Chem. Soc. 122, 11519-11520. 

117. Katayama, K., Kobayashi, T., Chijimatsu, M., Ichihara, A., and Oikawa, H. 

(2008) Purification and N-terminal amino acid sequence of solanapyrone 

synthase, a natural Diels-Alderase from Alternaria solani, Biosci. Biotechnol. 

Biochem. 72, 604-607. 

118. Watanabe, K., Mie, T., Ichihara, A., Oikawa, H., and Honma, M. (2000) 

Detailed reaction mechanism of macrophomate synthase. Extraordinary 

enzyme catalyzing five-step transformation from 2-pyrones to benzoates, J. 

Biol. Chem. 275, 38393-38401. 

119. Ose, T., Watanabe, K., Mie, T., Honma, M., Watanabe, H., Yao, M., Oikawa, 

H., and Tanaka, I. (2003) Insight into a natural Diels-Alder reaction from the 

structure of macrophomate synthase, Nature 422, 185-189. 

120. Stocking, E. M., and Williams, R. M. (2003) Chemistry and biology of 

biosynthetic Diels-Alder reactions, Angew. Chem. Int. Ed. Engl. 42, 



162	
  
	
  

	
  

3078-3115. 

121. Kelly, W. L. (2008) Intramolecular cyclizations of polyketide biosynthesis: 

mining for a "Diels-Alderase"?, Org. Biomol. Chem. 6, 4483-4493. 

122. Kim, H. J., Ruszczycky, M. W., Choi, S. H., Liu, Y. N., and Liu, H. W. (2011) 

Enzyme-catalysed [4+2] cycloaddition is a key step in the biosynthesis of 

spinosyn A, Nature 473, 109-112. 

123. Youn, B., Kim, S. J., Moinuddin, S. G. A., Lee, C., Bedgar, D. L., Harper, A. 

R., Davin, L. B., Lewis, N. G., and Kang, C. (2006) Mechanistic and structural 

studies of apoform, binary, and ternary complexes of the Arabidopsis alkenal 

double bond reductase At5g16970, J. Biol. Chem. 281, 40076-40088. 

124. Kumarasamy, K. K., Toleman, M. A., Walsh, T. R., Bagaria, J., Butt, F., 

Balakrishnan, R., Chaudhary, U., Doumith, M., Giske, C. G., Irfan, S., 

Krishnan, P., Kumar, A. V., Maharjan, S., Mushtaq, S., Noorie, T., Paterson, 

D. L., Pearson, A., Perry, C., Pike, R., Rao, B., Ray, U., Sarma, J. B., Sharma, 

M., Sheridan, E., Thirunarayan, M. A., Turton, J., Upadhyay, S., Warner, M., 

Welfare, W., Livermore, D. M., and Woodford, N. Emergence of a new 

antibiotic resistance mechanism in India, Pakistan, and the UK: a molecular, 

biological, and epidemiological study, Lancet. Infect. Dis. 10, 597-602. 

125. Harad, K. I., Suzuki, M., Kato, A., Fujii, K., Oka, H., and Ito, Y. (2001) 

Separation of WAP-8294A components, a novel anti-methicillin-resistant 

staphylococcus aureus antibiotic, using high-speed counter-current 

chromatography, J. Chromatogr. A 932, 75-81. 

126. Walsh, C. (2003) Where will new antibiotics come from?, Nat. Rev. Microbiol. 

1, 65-70. 

127. Kato, A., Hirata, H., Ohashi, Y., Fujii, K., Mori, K., and Harada, K. (2011) A 



163	
  
	
  

	
  

new anti-MRSA antibiotic complex, WAP-8294A II. Structure 

characterization of minor components by ESI LCMS and MS/MS, J. Antibiot. 

64, 373-379. 

128. Kato, A., Nakaya, S., Kokubo, N., Aiba, Y., Ohashi, Y., Hirata, H., Fujii, K., 

and Harada, K. (1998) A new anti-MRSA antibiotic complex, WAP-8294A. I. 

Taxonomy, isolation and biological activities, J. Antibiot. 51, 929-935. 

129. Kato, A., Nakaya, S., Ohashi, Y., and Hirata, H. (1997) WAP-8294A(2), a 

novel anti-MRSA antibiotic produced by Lysobacter sp., J. Am. Chem. Soc. 

119, 6680-6681. 

130. Zane, H. K., Naka, H., Rosconi, F., Sandy, M., Haygood, M. G., and Butler, A. 

(2014) Biosynthesis of Amphi-enterobactin Siderophores by Vibrio harveyi 

BAA-1116: Identification of a Bifunctional Nonribosomal Peptide Synthetase 

Condensation Domain, J. Am. Chem. Soc. 136, 5615-5618. 

131. Baltz, R. H. (2009) Daptomycin: mechanisms of action and resistance, and 

biosynthetic engineering, Curr. Opin. Chem. Biol. 13, 144-151. 

132. Chong, P. P., Podmore, S. M., Kieser, H. M., Redenbach, M., Turgay, K., 

Marahiel, M., Hopwood, D. A., and Smith, C. P. (1998) Physical identification 

of a chromosomal locus encoding biosynthetic genes for the lipopeptide 

calcium-dependent antibiotic (CDA) of Streptomyces coelicolor A3(2), 

Microbiol-Uk 144, 193-199. 

133. Kraas, F. I., Helmetag, V., Wittmann, M., Strieker, M., and Marahiel, M. A. 

(2010) Functional Dissection of Surfactin Synthetase Initiation Module 

Reveals Insights into the Mechanism of Lipoinitiation, Chem. Biol. 17, 

872-880. 

134. Arora, P., Vats, A., Saxena, P., Mohanty, D., and Gokhale, R. S. (2005) 



164	
  
	
  

	
  

Promiscuous fatty acyl CoA ligases produce acyl-CoA and acyl-SNAC 

precursors for polyketide biosynthesis, J. Am. Chem. Soc. 127, 9388-9389. 

135. Miao, V., Coeffet-Le Gal, M. F., Nguyen, K., Brian, P., Penn, J., Whiting, A., 

Steele, J., Kau, D., Martin, S., Ford, R., Gibson, T., Bouchard, M., Wrigley, S. 

K., and Baltz, R. H. (2006) Genetic engineering in Streptomyces roseosporus 

to produce hybrid lipopeptide antibiotics, Chem. Biol. 13, 269-276. 

136. Imker, H. J., Krahn, D., Clerc, J., Kaiser, M., and Walsh, C. T. (2010) 

N-Acylation during Glidobactin Biosynthesis by the Tridomain Nonribosomal 

Peptide Synthetase Module GlbF, Chem. Biol. 17, 1077-1083. 

137. Wang, Y., Qian, G. L., Liu, F. Q., Li, Y. Z., Shen, Y. M., and Du, L. C. (2013) 

Facile Method for Site-specific Gene Integration in Lysobacter enzymogenes 

for Yield Improvement of the Anti-MRSA Antibiotics WAP-8294A and the 

Antifungal Antibiotic HSAF, Acs Synth. Biol. 2, 670-678. 

138. Milcamps, A., and de Bruijn, F. J. (1999) Identification of a novel 

nutrient-deprivation-induced Sinorhizobium meliloti gene (hmgA) involved in 

the degradation of tyrosine, Microbiol-Uk 145, 935-947. 

139. Arias-Barrau, E., Olivera, E. R., Luengo, J. M., Fernandez, C., Galan, B., 

Garcia, J. L., Diaz, E., and Minambres, B. (2004) The homogentisate pathway: 

A central catabolic pathway involved in the degradation of L-phenylalanine, 

L-tyrosine, and 3-hydroxyphenylacetate in Pseudomonas putida, J. Bacteriol. 

186, 5062-5077. 

140. Werneburg, M., Busch, B., He, J., Richter, M. E. A., Xiang, L. K., Moore, B. 

S., Roth, M., Dahse, H. M., and Hertweck, C. (2010) Exploiting Enzymatic 

Promiscuity to Engineer a Focused Library of Highly Selective Antifungal and 

Antiproliferative Aureothin Analogues, J. Am. Chem. Soc. 132, 10407-10413. 



165	
  
	
  

	
  

141. Dalluge, J. J., Gort, S., Hobson, R., Selifonova, O., Amore, F., and Gokarn, R. 

(2002) Separation and identification of organic acid-coenzyme A thioesters 

using liquid chromatography/electrospray ionization-mass spectrometry, Anal. 

Bioanal. Chem. 374, 835-840. 

142. Vergnolle, O., Xu, H., and Blanchard, J. S. (2013) Mechanism and regulation 

of mycobactin fatty acyl-AMP ligase FadD33, J. Biol. Chem. 288, 

28116-28125. 

143. Huckin, S. N., and Weiler, L. (1974) Alkylation of Dianions of 

Beta-Keto-Esters, J. Am. Chem. Soc. 96, 1082-1087. 

144. Hasdemir, B., Onar, H. C., and Yusufoglu, A. (2012) Asymmetric synthesis of 

long chain beta-hydroxy fatty acid methyl esters as new elastase inhibitors, 

Tetrahedron-Asymmetr 23, 1100-1105. 

145. Webb, M. R. (1992) A Continuous Spectrophotometric Assay for 

Inorganic-Phosphate and for Measuring Phosphate Release Kinetics in 

Biological-Systems, P. Natl. Acad. Sci. USA 89, 4884-4887. 

146. Lloyd, A. J., Thomann, H. U., Ibba, M., and Soll, D. (1995) A Broadly 

Applicable Continuous Spectrophotometric Assay for Measuring 

Aminoacyl-Transfer-Rna Synthetase-Activity, Nucleic Acids Res. 23, 

2886-2892. 

147. Tosato, V., Albertini, A. M., Zotti, M., Sonda, S., and Bruschi, C. V. (1997) 

Sequence completion, identification and definition of the fengycin operon in 

Bacillus subtilis 168, Microbiology 143 ( Pt 11), 3443-3450. 

148. Baltz, R. H., Miao, V., and Wrigley, S. K. (2005) Natural products to drugs: 

daptomycin and related lipopeptide antibiotics, Nat. Prod. Rep. 22, 717-741. 

149. Konz, D., Doekel, S., and Marahiel, M. A. (1999) Molecular and biochemical 



166	
  
	
  

	
  

characterization of the protein template controlling biosynthesis of the 

lipopeptide lichenysin, J. Bacteriol. 181, 133-140. 

150. Rausch, C., Hoof, I., Weber, T., Wohlleben, W., and Huson, D. H. (2007) 

Phylogenetic analysis of condensation domains in NRPS sheds light on their 

functional evolution, Bmc. Evol. Biol. 7. 

151. Roongsawang, N., Lim, S. P., Washio, K., Takano, K., Kanaya, S., and 

Morikawa, M. (2005) Phylogenetic analysis of condensation domains in the 

nonribosomal peptide synthetases, Fems. Microbiol. Lett. 252, 143-151. 

152. Steller, S., Sokoll, A., Wilde, C., Bernhard, F., Franke, P., and Vater, J. (2004) 

Initiation of surfactin biosynthesis and the role of the SrfD-thioesterase protein, 

Biochemistry 43, 11331-11343. 

153. Belshaw, P. J., Walsh, C. T., and Stachelhaus, T. (1999) Aminoacyl-CoAs as 

probes of condensation domain selectivity in nonribosomal peptide synthesis, 

Science 284, 486-489. 

154. Lautru, S., and Challis, G. L. (2004) Substrate recognition by nonribosomal 

peptide synthetase multi-enzymes, Microbiology 150, 1629-1636. 


