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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.  
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