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ABSTRACT 
Natural products with β-lactone (2-oxetanone) rings often have potent antibiotic, 

antifungal and antitumor properties. These reactive pharmacophores are known to 

covalently inhibit enzymes from over 20 different families including lipases, proteases, and 

fatty acid synthases. Since the discovery of the first β-lactone natural product, anisatin, in 

1952, over 30 compounds with β-lactone moieties have been isolated from bacteria, fungi, 

plants and insects. Now in the post-genomic era, the field of natural product drug discovery 

is in the midst of a transformation from traditional ‘grind and find’ methods to targeted 

genome mining approaches. However, genomics-guided discovery of new β-lactone 

natural products was hampered by a lack of understanding of the enzymes that catalyze 

β-lactone ring formation. In 2017, our lab reported the first standalone β-lactone 

synthetase enzyme, OleC, in a bacterial long-chain hydrocarbon biosynthesis pathway 

from Xanthomonas campestris. This thesis builds on this initial breakthrough through 

biochemical characterization of the substrate specificity, kinetics, and mechanism of X. 

campestris OleC. Using these biochemical data, I trained machine learning classifiers to 

predict the substrate specificity of β-lactone synthetases and related adenylate-forming 

enzymes. I developed this into a web-based predictive tool and mapped the biochemical 

diversity of adenylate-forming enzymes in >50,000 candidate biosynthetic gene clusters 

across bacterial, plant, and fungal genomes. This global genomic analysis led to my 

discovery and characterization of the biosynthetic gene cluster for an orphan β-lactone 

natural product, nocardiolactone. To more broadly investigate enzymatic production of β-

lactone compounds, a library of 1,095 distinct enzyme-substrate combinations for OleA 

family of enzymes upstream in the β-lactone biosynthesis pathway were screened. 

Overall, this body of work advanced progress towards the discovery of new β-lactone 

natural products and combinatorial biosynthesis of β-lactone compound libraries. 
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Chapter 1 
 

Introduction and literature review 

 
Chapter modified from Robinson SL, Wackett LP. Rings of power: Enzymatic routes to 

β-lactones. Reference Module in Chemistry, Molecular Sciences and Chemical 

Engineering. 2019. Reprinted with permission from Elsevier. Copyright © 2019 Elsevier.1 

  

 

 

 

 

 

 

 

 

 
 

 



2 
 

1 Background 
 
β-Lactones are four-membered heterocycles with high ring-strain, electrophilicity 

and reactivity. The majority of β-lactone natural products have been isolated from 

Actinobacteria and fungi, although they are found in all domains of life including higher 

plants and animals. Over 30 core scaffolds of β-lactone natural products have been 

described to date, many of which possess potent medicinal properties (Figure 1.1).2 The 

weight loss agent, orlistat, is currently the only approved β-lactone drug on the market, 

but other candidates, including salinosporamide A, have entered clinical trials.3 Since 

2017, major breakthroughs have been made towards understanding the biosynthesis of 

β-lactone compounds including obafluorin4 and the cystargolides5 (Figure 1.1). This 

introduction and literature review will cover recent developments in β-lactone ring 

formation in the context of natural products. Additionally, I will compare and contrast 

enzymatic routes to β-lactones with β-lactams and discuss applications of β-lactones. 

1.1 General reactivity of β-lactones 

β-Lactones and β-lactams are pharmacophores that covalently modify their 

enzyme targets by acylating 

activated serine, threonine, or 

cysteine residues. The β-lactones 

undergo nucleophilic attack at 

both the C2 or C4 positions in the 

ring whereas β-lactams react. 

exclusively at the acyl (C2) 

position (Figure 1.2). The two 

sites of reactivity can be 

Figure 1.1 Structures of potent β-lactone natural products 
investigated for their antiobesity and anticancer properties. 
Reprinted from Robinson and Wackett (2019) with permission 
from Elsevier. Copyright © 2019 Elsevier. 
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categorized as ‘hard’ and ‘soft’ 

nucleophilic attack sites corresponding to 

the sp2 (C2) and sp3 (C4) carbons 

respectively (Figure 1.2).6,7 Attack and 

ring-opening of β-lactones is predicted to 

occur at the C2 position by hard 

nucleophiles such as alkoxides8-11 and at 

the C4 position by halides,12 azides,13 and 

organocuprates.14-19 β-Lactone reactivity 

is also highly dependent on the reaction 

conditions and solvent as described in a 

comprehensive review on β-lactone 

synthesis by Romo and colleagues.20  

β-Lactones are typically stable enough to withstand hydrolysis in neutral aqueous 

solutions but are susceptible to acid- and base-catalyzed hydrolysis. A notable exception 

is the antibiotic obafluorin which undergoes ring-opening within minutes of exposure to 

water.21,22 β-Lactones also readily thermally decarboxylate to alkenes in gas 

chromatograph inlets thus limiting their identification by classical GC-MS methods. The 

tendency of strained β-lactone rings to undergo hydrolysis or thermal degradation during 

harsh chemical workups has presumably hampered progress in the discovery of natural 

products with β-lactone moieties.  

It is likely that new β-lactone natural products which eluded detection by traditional 

‘grind and find’ methods may now be discovered by genome mining and MS-based 

metabolomics approaches. New techniques for discovery are continually being 

developed, such as thiol-based chemical probes to specifically detect electrophilic natural 

products with enone, β-lactone, and β-lactam moieties.23 The three-pronged approach of 

Figure 1.2 Dual sites of nucleophilic attack by 
cysteine, threonine, or serine residues results in two 
modes of ring opening for β-lactones (A) relative to 
just one mode for β-lactams (B). Figure modified 
from Robinson et al. (2019) Natural Product Reports, 
36(3), 458-475 with permission from the Royal 
Society of Chemistry. Copyright © 2019 Royal 
Society of Chemistry. 
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mass spectrometry-based molecular networking, genome mining, and silent pathway 

induction either through chemical elicitors, heterologous expression, or other forms of 

genetic manipulation is a powerful workflow enabling the rapid de-replication and 

discovery of novel compounds.24 The main goal of the work described in this thesis is to 

advance the rate of β-lactone natural product discovery through an improved 

understanding of how β-lactone rings are formed enzymatically. 

1.2 Synthesis vs. Biosynthesis of β-Lactones 

1.2.1 Chemical synthesis  

β-Lactone synthesis in the laboratory was first reported by Einhorn in 1883 through 

the base-catalyzed closure of β-bromocarboxylic acids.25 Subsequent reports of synthesis 

have been achieved from β-hydroxy acids via activation of either the hydroxyl or carboxylic 

acid groups (Figure 1.3).26-29 Activation has also been accomplished in situ via different 

reagents: ethylchloroformate,26 carbodiimide reagents,27 tosyl chloride or benzenesulfonyl 

chloride,30 and methane sulfonyl 

chloride.28 Reactions are typically done 

in basic solvents like pyridine and at low 

temperature to avoid decarboxylation of 

the potentially labile β-lactone. A 

common reaction for producing β-

lactones is the thermal cycloaddition of 

ketenes with carbonyl compounds.31 

The cycloadditions may be nucleophile 

or Lewis acid promoted. Reactions of 

oxiranes with carbon monoxide are 

typically promoted by transition-metal 
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Figure 1.3. A selection of known synthetic and 
biosynthetic routes to β-lactones. X1 = S or O-AMP. 
X2 = ethylchloroformate, carbodiimide reagents, 
tosyl chlorides, benzenesulfonyl chlorides, 
methane sulfonyl chlorides etc. Biosynthetic routes 
to β-lactones from 2-(3H)-oxepinones and β-
hydroxy acids and are indicated in red. Reprinted 
from Robinson and Wackett (2019) with permission 
from Elsevier. Copyright © 2019 Elsevier. 
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complexes, but this is not widely used because of modest yields, the requirement for high 

pressure conditions, and the toxicity of carbon monoxide gas.32 Interestingly, experimental 

and computational studies on the halogenation of α,β-unsaturated-monocarboxylic acids 

also suggests β-lactones can be formed from the dyotropic rearrangement of α-lactones.33 

A number of reviews are specifically devoted to general and asymmetric methods for β-

lactone synthesis and we refer readers here for further information.34,35 

The most recent developments in the field include new asymmetric methods to 

achieve different β-lactone ring combinations. Building on the seminal work of Wynberg,36 

Romo and colleagues later reported the first asymmetric synthesis of bicyclic β-lactones 

using a nucleophile-catalyzed aldol-lactonization process in 2001.37 They further 

expanded this method to bicyclic and tricyclic carbocycles and oxygen heterocycle-fused 

β-lactones.38,39 Driven by the natural inspiration of the potent proteasome inhibitors 

salinosporamide and omuralide, Romo applied the same process towards N-heterocycle 

fused β-lactones and ultimately achieved a bioinspired, total asymmetric synthesis of 

salinosporamide A starting with R-(-)-O-benzyl serine.40 In 2017, a large library of bicyclic 

and tricyclic N-heterocycle-fused β-lactones were synthesized with a high level of 

enantiocontrol, providing a vast panel of new candidates for screening of anticancer 

properties.41 

1.2.2 Biosynthesis 

In contrast to over a century of synthetic β-lactone chemistry, our knowledge of β-

lactone biosynthesis has only developed recently. The first in vitro studies of enzymes 

catalyzing β-lactone formation were described in the literature by our group and others in 

2017.4,42 Published results to date suggest most β-lactones are formed enzymatically via 

thioester or adenylate intermediates. No enzyme proceeding via a phosphoryl 

intermediate has yet been detected although it may be chemically and energetically 

plausible. This chapter will first cover the formation of β-lactones via adenylate and 
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thioester intermediates followed by summaries of alternative mechanisms for β-lactone 

and β-lactam cyclization. 

2 Adenylate-driven β-lactone formation 
2.1 Olefin biosynthesis 

The first standalone enzyme known to catalyze β-lactone biosynthesis was 

discovered by our group in a hydrocarbon biosynthesis pathway for long-chain (C27 - C31) 

olefins encoded in a four-gene biosynthetic cluster, oleABCD (Figure 1.4).42 This pathway 

is widespread in many common environmental bacteria including Shewanella, 

Xanthomonas, Streptomyces, and Stenotrophomonas.43,44 Olefin biosynthesis in the 

oleABCD pathway is initiated via an OleA-catalyzed Claisen condensation of fatty acids 

activated as coenzyme A (CoA) thioesters.45-47 Reduction of the resulting β-keto acid to a  

β-hydroxy acid is performed stereoselectively by the NADPH-dependent reductase 

OleD.48 Christenson et al. demonstrated that the third enzyme in the pathway, OleC, is an 

ATP-dependent β-lactone synthetase producing β-lactones as biosynthetic 

intermediates.4 Little was known about OleC at the time of its discovery. The mechanism 

Figure 1.4. A) OleABCD biosynthetic pathway produces cis-olefins via a cis-β-lactone intermediate. 
R1 = C9H19. R2 = C8H17. B) Linear and branched hydrocarbons with varying degrees of unsaturation 
have been extracted from organisms with the oleABCD gene cluster.  
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and kinetic properties of OleC is major focus of Chapter 2 of this thesis. The final step in 

olefin biosynthesis is stereoselective decarboxylation of cis-β-lactones by OleB to form 

cis-alkenes.49  

As is the case with many naturally-occurring compounds, it is challenging to 

discern the true ecological role(s) of these long-chain olefins. Based on expression data 

and chemical extraction of hydrocarbons from organisms with native oleABCD gene 

clusters, the pathway appears to be constitutively expressed.43 Since there is an 

abundance of oleABCD clusters in many polar environmental microorganisms,50 earlier 

work in our lab investigated the effects of temperature on hydrocarbon production. In 

Shewanella oneidensis MR-1, a downshift in temperature from 30°C to 4°C led to a 

dramatic increase in ketone and olefin production, possibly as a response to the 

temperature stress.44 Due to the characteristic cis-configuration of the oleABCD pathway 

products, we predict the olefins may integrate in the plasma membrane and help modulate 

its fluidity under fluctuating temperature conditions. However, further experimental 

evidence is required to support these hypotheses and understand nature’s purposes for 

hydrocarbon production. 

Genomic context of the oleABCD gene clusters can also provide clues as to the 

chemical identity of the products. For example, many oleABCD clusters have the 

pfaABCDE operon encoding the polyunsaturated fatty acid (PUFA) synthase for 

biosynthesis of polyunsaturated fatty acids. In 2019, Allemann et al. reported that OleA 

interacts with the acyl-carrier protein (ACP) domain of the PUFA synthase in vivo thereby 

channeling polyunsaturated fatty acids into the oleABCD pathway to produce 

polyunsaturated hydrocarbons.51 Experimental characterization of these pathways by our 

group and others in Shewanella amazonensis and Shewanella oneidensis suggested that 

co-occurring PUFA and ole genes typically results in a single product: a C31H46 polyolefin 

(3,6,9,12,15,19,22,25,28-hentriacontanonaene).43,52 In contrast, ole genes without 
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upstream PUFA genes are known to produce a variety of hydrocarbons with different 

levels of saturation, branching, and chain lengths.43  

Previously, we deleted the native oleA in Shewanella oneidensis and replaced it 

with oleA from Stenotrophomonas maltophilia.43 We observed the extracted ketone profile 

in the mutant matched that of S. maltophilia rather than S. oneidensis suggesting product 

profiles could be altered using different oleA genes in a ‘plug-and-play’ approach. This 

experiment was recently recapitulated by another group with oleA genes from gram- 

positive bacteria.53 Bioinformatics analysis using sequence-similarity networks for each of 

the oleABCD genes also found the strongest clustering association between oleA 

sequences and chemical product type compared to other genes in the pathway.43 Taken 

together, these studies suggested that OleA may serve as a ‘gatekeeper’ to determine the 

level of unsaturation and branching of the final hydrocarbon products.  

2.2 OleA  

OleA is the most well-characterized enzyme in the OleABCD hydrocarbon 

biosynthesis pathway. It catalyzes ‘head-to-head’ carbon-carbon bond formation between 

two acyl-coenzyme A (CoA) molecules in three steps: 1) transesterification on the active 

site cysteine 2) non-decarboxylative Claisen condensation and 3) hydrolysis releasing an 

unstable di-alkyl β-keto acid product.47 OleA has two long hydrophobic binding pockets to 

simultaneously accommodate two activated substrates. The hydrophobic channels are 

arranged orthogonally to a phosphopantetheine binding pocket resulting in a T-shaped 

configuration.45 The two hydrophobic channels differentiate OleAs from homologous 

enzymes involved in fatty acid biosynthesis such as FabH. FabH possesses single 

substrate binding pocket for iterative chain elongation with short C2-length building 

blocks.54  

Over twenty crystal structures of the X. campestris OleA have been deposited in 

the Protein Data Bank with various substrates bound and residues mutated.45,46,55 
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However, the OleA from X. campestris remains the only structurally characterized member 

of this enzyme family despite the presence of thousands of OleA sequences from diverse 

organisms in public databases. Characterization of these homologs was previously 

hampered by the time- and cost investments required to express, purify, and assay each 

homolog. To address this issue, our group published a whole-cell assay allowing for high-

throughput screening of OleA activity without requiring time-consuming purification or 

extraction steps.56 This breakthrough enabled the rapid characterization of the substrate 

specificity of a large library of OleA homologs described in Chapter 4 of this thesis.  

2.3 OleC 

Previously, our group published a report of the first standalone β-lactone 

synthetase, OleC. 42 In this study, Christenson et al. purified OleC from Xanthomonas 

campestris and demonstrated by proton nuclear magnetic resonance (1H-NMR) and gas 

chromatography-mass spectrometry (GC-MS) the conversion of syn- and anti-hydroxy 

acids into cis- and trans-β-lactones, respectively.42 Further characterization of β-lactone 

synthetase activity in four additional OleC homologs found in complete oleABCD 

biosynthetic clusters suggested this reaction is a conserved step in hydrocarbon 

biosynthesis. In particular, an OleBC fusion enzyme in Micrococcus luteus shares only 

35% amino acid sequence identity to X. campestris OleC but was shown to catalyze the 

same reaction. Moreover, β-lactone synthetase homologs were identified in the 

biosynthetic gene clusters for two known β-lactone natural products, lipstatin and 

ebelactone.42 This initial discovery of the previously ‘hidden’ function of OleC in β-lactone 

biosynthesis laid the foundation for further characterization of the mechanism and 

substrate specificity of β-lactone synthetases as described in Chapter 2 of this thesis. 
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3 Thioester-driven β-lactone formation 
3.1 Obafluorin biosynthesis 
Obafluorin is a β-lactone natural product first isolated in the 1980’s from a plant-

associated strain of Pseudomonas fluorescens.22 It was not until 2017, however, that 

Wencewicz and colleagues first reported the entire biosynthetic gene cluster for 

obafluorin4 followed closely by a report by Scott and co-workers.57 The cis-β-lactone ring 

of obafluorin is formed in the final stages of biosynthesis by the thioesterase (TE) domain 

of the nonribosomal peptide synthetase (NRPS), ObiF. ObiF in P. fluorescens is a single 

module NPRS comprised of 6 domains: condensation (C), adenylation (A), peptidyl carrier 

protein (PCP), MbtH-like protein (MLP), TE, and aryl acid adenylation (Aar) domains.  

Figure 1.5. Obafluorin biosynthesis from 2,3 di-hydroxybenzoic 
acid and β-hydroxy-p-nitro-L- homophenylalanine (A), both derived 
from chorismate from the endogenous shikimate pathway. 
Transesterification (B) is followed by intramolecular nucleophilic 
attack (C) to form the β-lactone ring prior to product release (D) from 
the ObiF1 NRPS. ArCP = aryl carrier protein, C = condensation, 
PCP = peptidyl-carrier protein, MLP = MbtH-like protein, TE = 
thioesterase domain. Figure modified from Robinson et al. (2019) 
Natural Product Reports, 36(3), 458-475 with permission from the 
Royal Society of Chemistry. Copyright © 2019 Royal Society of 
Chemistry. 
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Wencewicz and co-authors detected an unusual cysteine active site residue in the 

ObiF TE domain resulting in a GxCxG motif instead of the conserved GxSxG motif typical 

of type I TE domains. The authors proposed the cysteine was critical to form a high-energy 

thioester bond to simultaneously drive β-lactone formation and obafluorin release from the 

NRPS assembly line.4 The presence of a TE domain in the obafluorin gene cluster and its 

involvement in β-lactone ring formation is striking since TE domains are notably absent in 

many other known biosynthetic gene clusters of β-lactone natural products including 

lipstatin,58 ebelactone,59 and oxazolomycin.60 

The cysteine of the GxCxG motif is part of the TE domain catalytic triad (Cys1141-

His1297-Asp1267). His1297 likely assists in deprotonation of the Cys1141 to prime it for 

nucleophilic attack and deprotonation of the β-hydroxyl group prior to β-lactone formation. 

Wencewicz and colleagues proposed a mechanistic model whereby the obafluorin 

intermediate is transferred from the PCP domain onto Cys1141 of the TE domain in an 

energy neutral trans-thioesterification reaction (Figure 1.5). The proposed oxyanion hole 

(Gly1139-Gly1143) is believed to play a role in stabilization of the tetrahedral intermediate. 

Release from the thioester bond to an oxo-ester enables formation of the strained β-

lactone ring. Upon product release, Cys1141 is regenerated and the TE domain is re-

opened. Site-directed mutagenesis that altered Cys1141 to Ala and Ser resulted abolished 

obafluorin production. Wencewicz and colleagues proposed that the stronger oxo-ester 

linkage in the C1141S mutant resulted in an enzyme variant that was not 

thermodynamically capable of producing a β-lactone ring and instead produced a 

hydrolyzed product. In support of this, hydrolyzed Obi-COOH observable by LC-MS was 

produced by ObiF C1141S but not C1141A.  

The crystal structure of the complete NRPS, ObiF1, from Burkholderia diffusa was 

published by Gulick and Wencewicz in 2019.61 The ObiF1 TE domain responsible for β-

lactone formation domain shares low amino acid sequence identity to other TE domains 



12 
 

in in the PDB. The closest PDB structures to the ObiF1 TE domain are RifR, a type II 

thioesterase involved in rifamycin biosynthesis in Amycolatopsis mediterranei (29% amino 

acid identity, PDB ID: 3FLB),62 and RedJ in the prodiginine biosynthetic pathway (27% 

amino acid identity, PDB ID: 3QMV).63 These relatively low sequence identities are 

expected given that TE domains are a highly diverse family of proteins. For example, 

Boddy and colleagues reported from an analysis of more than 300 predicted TEs that 

there is no consensus sequence longer than 5 amino acids that is more than 50% 

conserved among all TE sequences.64  

The ObiF1 TE domain displayed the canonical α/β hydrolase fold with a three-helix 

loop region commonly referred to as the ‘lid’.61 Kreitler et al. suggested the unusually long 

ObiF1 lid loop region likely plays a role in occluding solvent from the active site to create 

an environment favorable for β-lactone cyclization. The ObiF1 Cys-His-Asp catalytic triad 

was also configured such that a hydrophobic pocket is formed near the active site Cys. 

The pocket was proposed to reduce the conformational degrees of freedom of the tethered 

substrate and drive it towards β-lactone formation rather than hydrolysis. Protein 

engineering to expand this hydrophobic pocket might broaden the ObiF1 TE domain 

substrate specificity to enzymatically generate non-natural obafluorin analogs as is 

discussed further in Chapter 5. 

3.2 Ebelactone biosynthesis 

The β-lactone moiety of the polyketide natural product ebelactone A is also 

proposed to arise from a thioester bond. However, ebelactone biosynthesis is not 

catalyzed by a TE domain as in obafluorin since a terminal TE domain is noticeably lacking 

from the ebelactone biosynthetic gene cluster. Harrison and colleagues proposed instead 

that the β-lactone ring was formed non-enzymatically from the β-hydroxy-thioester 

tethered to the polyketide synthase (PKS) surface. Isotope tracer studies indicated the 

bond between the β-carbon (C4) and oxygen in ebelactone was conserved during 
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biosynthesis thus supporting a mechanism of intramolecular closure from a β-hydroxy 

acid.59 The authors also speculated that the ketosynthase (KS) domain or adenylate-

forming enzyme detected in the ebelactone gene cluster could play a role in cyclization. 

However, the authors also demonstrated that the reaction of ebelactone A with N-

acetylcysteamine yielded a β-thioester adduct that rapidly and non-enzymatically cyclized 

to form a β-lactone in solution, offering support for non-enzymatic catalysis.59 The 

proposed non-enzymatic method of β-lactone formation is surprising given that β-hydroxy 

thioesters are moieties found frequently in diverse natural product pathways but reports 

of β-lactones are relatively rare.  

4 Alternative mechanisms for β-lactone formation 
4.1 Vibralactone biosynthesis 
An unusual mechanism for β-lactone biosynthesis was discovered during a 

detailed investigation of vibralactone biosynthesis in the fungus Boreostereum vibrans. A 

seven-membered lactone, 2-(3H)-

oxepinone, was isolated in large 

quantities from the fermentation 

broth of B. vibrans.65 Through 

isotope feeding studies, Zhao et al. 

showed that [13C1-7]-2-(3H)-

oxepinone was transformed to a 

bicyclic β,𝛾-vibralactone ring (Figure 

1.6). The reaction was thought to be 

enzyme-catalyzed as it required the 

crude lysate from the B. vibrans 

mycelia and no vibralactone 

formation was detected in a boiled 

Figure 1.6. Enzymatic routes to β-lactones via adenylate 
(OleC), thioester (ObiF), and seven-membered-ring 
intermediates (VibC). Figure modified from Robinson et al. 
(2019) Natural Product Reports, 36(3), 458-475 with 
permission from the Royal Society of Chemistry. Copyright 
© 2019 Royal Society of Chemistry. 
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control. Time-course metabolite profiling indicated 2-(3H)-oxepinone levels were highest 

after two weeks of fermentation but the final product vibralactone was barely detectable. 

In contrast, from days 18 to 22 of fermentation, oxepinone precursor levels declined with 

a corresponding increase in vibralactone levels, indicating the seven-membered precursor 

underwent ring rearrangement to the final product.65 In 2020, Feng et al. reported the 

crystal structure and biochemical characterization of the vibralactone cyclase, VibC, 

responsible for formation of the fused β,𝛾-vibralactone core.66 VibC belongs to the α/β 

hydrolase fold and had a Ser-His-Asp catalytic triad that likely catalyzes ring closure via 

an aldol-cyclization or pericyclic reaction. A VibC 

ortholog in the vibralactone producer Stereum 

hirsutum was also shown to catalyze the same 

reaction. A similar mechanism of β-lactone 

formation is likely also involved in ring closure 

for the ostalactones since a seven-membered 

oxepinone precursor was isolated from the 

fermentation broth of the ostalactone producer 

Stereum ostrea in threefold excess of the final β-

lactone product.67 Of note, this novel 

mechanism of seven-membered ring 

rearrangement has not been detected in any β-

lactam biosynthetic pathways to date. 

4.2 β-lactamase-catalyzed β-lactone formation  

Another unexpected route for enzymatic formation of β-lactones was found in the 

biodegradation pathway for β-lactamase-catalyzed inactivation of ertapenem (Figure 

1.7).68 Schofield and colleagues demonstrated that in the unique case of 1β-methyl 

carbapenems, a spiro-β-lactone results from nucleophilic attack by a β-hydroxy group on 
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the carboxyl carbon. While class A, B, and D carbapenemases were observed to mainly 

catalyze hydrolysis, the class D carbapenemases also exhibited a side reaction in which 

the hydroxyethyl side chain replaced the role of the hydrolytic water molecule, effectively 

forming a spiro-β-lactone (Figure 1.7). This is the only report of β-lactamase-catalyzed β-

lactone formation to date. Further investigation into the role of β-lactones as intermediates 

or degradation products in biosynthetic pathways is required.  

5 Comparison to β-lactam biosynthesis  
5.1 β-lactam and carbapenem synthetases 
ATP-dependent β-lactam biosynthesis proceeds through a mechanism of β-amino 

acid adenylation. However, these enzymes (the carbapenem and β-lactam synthetases) 

belong to the asparagine synthase family69-71 and share low amino acid sequence identity 

with OleC enzymes apart from the ATP-binding site (Figure 1.8). Experimental evidence 

covered in Chapter 2 of this thesis revealed that OleC-like β-lactone synthetases did not 

act as β-lactam synthetases to cyclize β-amino acid substrate analogs.72 Further 

investigation is warranted to determine whether OleC-like adenylate-forming enzymes are 

capable of β-lactam biosynthesis. Since different adenylate-forming enzymes in the same 

superfamily as OleC are known to catalyze β-amino acid adenylation and β-lactone 

formation, the existence of as-yet undiscovered adenylate-forming enzymes combining 

these functions to catalyze β-lactam formation is chemically plausible. 

5.2 NRPS-dependent pathways: sulfazecin and nocardicin 

Strikingly, just months before the report of β-lactone formation by the obafluorin 

TE domain, a similar NRPS TE domain was found to catalyze monocyclic β-lactam 

biosynthesis in the antibiotic sulfazecin.73,74 Similar to obafluorin biosynthesis, an unusual 

cysteine residue in an AxCxG motif in the terminal sulfazecin TE domain was 

demonstrated to be critical for β-lactam formation. In other TE domains producing natural 

products without β-lactam rings, such as curacin and aflatoxin, the cysteine is replaced 
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with a serine (GxSxG). This discovery represented a major breakthrough since 

biosynthesis of the β-lactam ring in the monobactams was the last major class of β-lactam 

compounds that awaited mechanistic elucidation. 

Another discovered mechanism for β-lactam formation was shown to be catalyzed 

by a NRPS C domain in nocardicin biosynthesis.75 Townsend and colleagues found the 

nocardicin C domain was capable of condensing two amino acids and catalyzing β-lactam 

ring formation via Michael addition of a secondary amine to dehydroalanine. 

Unexpectedly, the β-lactam ring product remained tethered to the PCP domain of the 

NRPS where it was subsequently transferred to a classical Ser-His-Asp TE domain for 

epimerization and product release. A molecular marker for this reaction in the nocardicin 

C domain was a histidine-rich motif (HHHxxxDG). The additional histidine (HHHxxxDG) 

Figure 1.8. Maximum-likelihood phylogeny of obafluorin-like TE domains and OleC-
like β-lactone synthetase sequences in different protein fold families. Black circles 
represent branching points with bootstrap probabilities > 0.75. Sulfazecin-like TE 
domains catalyzing β-lactam formation are more closely related to obafluorin TE 
domains than carbapenem/β-lactam synthetases are related to β-lactone synthetases. 
Reprinted from Robinson and Wackett (2019) with permission from Elsevier. Copyright 
© 2019 Elsevier. 
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was predicted to catalyze β-elimination of water to yield an electrophilic PCP-intermediate 

primed for β-addition of the next amino acid building block, L-(p-hydroxyphenyl)glycine.75 

Nocardicin biosynthesis then proceeded via stepwise elimination/addition reactions to 

drive C-N bond formation. Subsequently, β-lactam biosynthesis was catalyzed by the C 

domain in a variation on classical amide bond formation. Sequence analysis conducted 

by Gaudelli et al. suggested that C domains with the HHHxxxDG motif only rarely occurred 

upstream of A domains predicted to activate the appropriate amino acids (Ser or Thr) 

required for β-lactam formation. At the time of publication in 2015 there were less than ten 

gene clusters meeting these criteria.75 These findings suggest that C domain-catalyzed β-

lactam formation is a rare mechanism which to date has only been identified in nocardicin 

biosynthesis. With recent improvements in A domain prediction tools, revisiting this 

analysis may yield new insights into the prevalence of this route for β-lactam formation.  

NRPS C domain catalyzed ring formation has not yet been identified in β-lactone 

biosynthesis. However, Zhao et al. speculated that the unique spiro-β-lactone ring in 

oxazolomycin could be formed from an extra C domain with no assigned function found in 

the biosynthetic gene cluster.60 The additional C domain lacks the classical HHxxxDG 

motif and instead has a NYFCLDG motif, therefore it is unclear whether the C domain is 

active. Notably, the oxazolomycin gene cluster lacks a detectable TE domain suggesting 

a TE-catalyzed mechanism of ring closure is also unlikely. The discovery of enzymatic 

routes to spiro-β-lactones will be a key breakthrough to advance this field of research. 

5.3 Isopenicillin N synthases 

One of the most remarkable types of enzymes in biology is the isopenicillin N 

synthase (IPNS), a non-heme iron, non-α-ketoglutarate dependent oxygenase that forms 

the β-lactam ring in penicillins and cephalosporins. IPNS catalyzes the unprecedented 

transfer of four hydrogen atoms from its unique tripeptide starter unit (δ-(L-α-

aminoadipoyl)-L-cysteinyl-D-valine) to diatomic oxygen. In the second enzymatic step, a 
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monocyclic β-lactam is produced which is then fused to a thiazolidine ring. To date, this is 

the only non-heme iron oxygenase known to be directly involved in β-lactam ring 

formation. Other non-heme iron oxygenases play a role in biosynthesis of β-lactam 

antibiotics, but they are all dependent on α-ketoglutarate for activity and do not catalyze 

ring formation.76,77 The majority of β-lactam antibiotics on the market including penicillins, 

cephalosporins, and cephamycins are produced enzymatically via the IPNS route. Non-

heme iron oxygenases have not yet been identified or implicated in β-lactone biosynthesis.  

6 β-lactone synthetases in the ANL Superfamily 
6.1 OleC-like β-lactone synthetases 
OleC-like β-lactone synthetases belong to the Acyl-CoA synthetase, NRPS 

adenylation domain, and Luciferase (ANL) enzyme superfamily.78,79 This vast group of 

enzymes, also known as the class I adenylate-forming enzymes, are found in every branch 

of life including archaea, higher plants, fireflies, squid, and humans. Often, multiple ANL 

superfamily enzymes are found within a single genome. ANL superfamily enzymes share 

a conserved first partial step: formation of a carboxy-adenylate intermediate. The second 

step, typically thioester bond formation, requires a 140° rotation of the dynamic C-terminal 

domain enabled by the release of pyrophosphate.78,80 This conformational change results 

in the enzyme adopting a ‘closed’ form to stabilize the bound intermediate. A crystal 

structure for an OleC-like β-lactone synthetase has not yet been reported but would greatly 

enhance the current understanding of the role and dynamics of the C-terminal domain in 

β-lactone formation. 

All ANL superfamily members have sequence motifs which are conserved in the 

β-lactone synthetases. For example, a (Y/F/W)(G/W)x(A/T)E motif forms the wall of the 

active site. The first aromatic residue stacks with the adenine ring of ATP while the 100% 

conserved glutamic acid binds the Mg2+ ion.78 Another variable length phosphate-binding 

region, (S/T)(S/T/G)G(S/T)TGxPK, stabilizes the β,𝛾-phosphates of ATP. In this serine 
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and glycine rich region, β-lactone synthetase sequences tend to align best with the loop 

regions of the long-chain acyl-CoA synthetases, as would be predicted based on their 

preference for long-chain substrates. Finally, a third motif, (R/H)(M/S/T)GD, includes the 

100% conserved aspartic acid that binds the ribose hydroxyl groups. There is also a 

highly-conserved PxDxRHxxKxxR motif at the end of all characterized OleC sequences 

to date but the function of this region remains unknown. 

Many ANL enzymes have confirmed bi-uni-uni-bi ‘ping-pong’ mechanisms in which 

substrate first binds to the free enzyme followed by ATP.78 ATP is cleaved and 

pyrophosphate is released as an acyl-adenylate forms in the active site. The high-energy 

acid anhydride drives the second partial reaction in which an acceptor molecule, typically 

a pantetheine thiol group, attacks, releasing AMP as a thioester bond is formed. In OleC, 

only two substrates (ATP and β-hydroxy acids) are involved. As is described in Chapter 

2, the acyl-adenylate forms, pyrophosphate leaves, and intramolecular attack of the β-

hydroxyl group releases AMP and the β-lactone product. This scenario suggests a bi-ter 

mechanism, but the order of substrate binding and release is not yet known.  

It is plausible that OleC-like β-lactone synthetases catalyze thioesterification like 

other superfamily members, but a sulfur acceptor has not been identified. As discussed in 

Chapter 2, OleC may instead perform only the initial adenylation step, as has been 

demonstrated in a select number of ANL enzymes. For example, the ANL protein EhpF 

involved in D-alanylgriseoluteic acid biosynthesis was proposed to convert phenazine-1,6-

dicarboxylate to 6-formylphenazine-carboxylate through an adenylate intermediate. The 

crystal structure of EhpF was solved but it lacked a C-terminal domain characteristic of 

the ANL superfamily.81 Unexpectedly, EhpF showed no in vitro activity, suggesting the 

involvement of a downstream enzyme EhpG and supporting the possibility of adenylation 

and thioesterification reactions performed by two separates enzymes. Unlike EhpF, 
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homology models of OleC suggest the presence of a C-terminal domain, but structural 

elucidation is necessary to determine its function. 

Further evidence for a natural ‘division of labor’ of adenylation and thioesterification 

reactions was published in 2018 for platensimycin (PTM) and platencin (PTN) 

biosynthesis. The gene cluster encodes two acyl-CoA ligases, PtmA1 and PtmA2, which 

naturally diverged in function to separately perform adenylation and thioesterification, 

respectively.82 When ptmA2 was knocked out, adenylate intermediates produced by 

ptmA1 accumulated in the dual PTM-PTN overproducer, Streptomyces platensis 

SB12029. Alternatively, when ptmA1 was knocked out, the free acid accumulated. The 

structure of PtmA2 was solved and shown to only catalyze the thioesterification reaction 

on the adenylate intermediate. However, rational site-directed mutagenesis was able to 

restore dual adenylation and acyl-CoA ligase activation activity to PtmA2. This natural 

functional divergence within the ANL superfamily is one plausible explanation for the 

apparent absence of a thioesterification step in the β-lactone synthetase reaction. 

6.2 Acyl- and aryl-CoA ligases 

The acyl- and aryl-CoA ligase enzymes are the oldest known class of proteins in 

the ANL superfamily and they can be grouped into several subtypes based on preferred 

chain length and fatty acid substrate. The activation of acetate to form an acyl adenylate 

was first discovered in the 1950’s from crude enzyme extracts.83 For this reason, the ANL 

superfamily was originally named the ‘acetyl-CoA synthetase superfamily’ but it was later 

expanded to include luciferases and NRPS A domains. Short chain acyl-CoA ligases act 

on substrates 2-5 carbons in length, the most well-known being conversion of acetate to 

acetyl-CoA to maintain adequate cellular concentrations of this central carbon cycle 

metabolite. Medium-chain acyl-CoA ligases act on fatty acids 6-12 carbons in length. 

Long-chain acyl-CoA ligases prefer C13 – C17 fatty acid substrates whereas very-long acyl 

CoA ligases prefer C18+. While the exact definitions of chain lengths for each group varies 
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in the literature, the overall grouping into short, medium, long, and very-long-chain is 

based on a clear phylogenetic signal for each group, as described in Chapter 3. 

Another sub-class of CoA ligases are the aryl-CoA ligases such as the 4-

coumarate-CoA ligases often involved in biosynthesis of phenylpropanoids and flavonoids 

in higher plants. A well-studied structure of an aryl-CoA ligase in the Chinese white poplar 

(Populus tomentosa) revealed key residues involved in the formation of 

hydroxycinnamate-CoA thioesters as important precursors for lignin.84 Site-directed 

mutagenesis studies revealed the shape and volume of the binding pocket was an 

important factor in determining substrate specificity. Aryl-CoA ligases are also central to 

many natural product biosynthetic pathways in bacteria and fungi. As will be described in 

Chapter 3, experimentally-characterized aryl-CoA ligases activate chemically-diverse 

hydroxyl-, methyl-, and halogen-substituted aryl, naphthyl, and anthranyl substrates. The 

aryl-CoA ligase family covers a remarkably broad substrate range. 

6.3 Luciferases 

Luciferases catalyze a particularly interesting reaction within the ANL enzyme 

superfamily conferring bioluminescent properties to fireflies. Different species of fireflies 

in the genus Photinus were found to emit different colors of light despite using the same 

substrates (luciferin, ATP, and oxygen). The first luciferase structure solved was the 

yellow/green-light emitting variant of luciferase found in Photinus pyralis.85 Later, blue and 

orange/red-light emitting luciferase variants were isolated.86,87 The structure of the 

luciferase enzyme was shown to be responsible for alterations in the color of light. For 

example, a complete change in the emission spectrum from green to orange could be 

accomplished by a single amino acid change from Tyr255 to Phe.87 This led to the 

hypothesis that an expansive hydrogen-bonding network determines the color emission 

spectrum of firefly luciferases. Studies have also been conducted on the naturally-

occurring red- and blue-shifted variants in beetles.88 Understanding the effects of amino 
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acid substitutions on bioluminescence is fascinating and also useful, since luciferases are 

typically used as reporter genes for molecular biology and biotechnology applications.  

Luminescence in fireflies is initiated by the formation of a carbanion intermediate. 

Diatomic oxygen in the form of a peroxyanion attacks the carboxylate carbon of the 

luciferin adenylate to facilitate oxidative decarboxylation. A dioxetanone ring forms which 

attains an excited state that releases a photon as oxyluciferin returns to the ground state. 

Recently, Branchini et al. proposed a revision to the luciferase mechanism by 

demonstrating that a superoxide anion participates in a single-electron transfer oxidation 

reaction.89 Interestingly, single-electron transfer has also been proposed to play a role in 

coelenterazine bioluminescence, which uses a significantly different substrate than 

luciferin. Coelenterazine bioluminescence in the Japanese firefly squid (Watasenia 

scintillans) was shown to be catalyzed by proteins sharing 19-21% sequence identity with 

the firefly luciferases.90 This study lent additional support to the proposal of Branchini et 

al. that firefly, squid, bacterial, and earthworm bioluminescence all proceed through single-

electron transfer. Although further research is required, Branchini proposed single electron 

transfer may be a unifying feature of bioluminescence across multiple domains of life.89  

In further support of their assignment within the adenylate-forming superfamily, 

luciferases were also observed to be bifunctional enzymes that exhibited CoA-ligase 

activity to form luciferyl-CoA.91 Interestingly, a single point mutation from Leu345 to Ser in 

a long-chain acyl-CoA ligase was sufficient to confer luciferase activity in the non-

luminescent click beetle (Agrypnus binodulus) enzyme.92 Ser345 was proposed to interact 

with luciferin and appeared to be a key residue that was conserved in firefly luciferases. 

Bifunctionality, either engineered or natural, is a common theme within many of the 

adenylate-forming enzymes as will be discussed further in Chapter 3. This observation 

raises questions as to whether single point mutations could also be introduced to engineer 

β-lactone synthetase activity in other adenylate-forming enzymes or vice versa.  
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6.4 NRPS adenylation domains 

NRPS adenylation domains are often part of multi-domain and multi-modular 

molecular assembly lines essential for the biosynthesis of natural products including 

gramicidin and daptomycin.93,94 Since NRPS do not require ribosomal machinery, and 

function independently of mRNA-templates, the recognition and activation of specific 

amino acids for incorporation into the growing natural product chain is controlled instead 

by A domains. Early work by Stachelhaus and colleagues revealed A domain substrate 

specificity is affected by nine residues termed the ‘Stachelhaus code’ located within ~5.5 

Å of the active site.95 Stachelhaus code residues are tuned to activate pathway-specific 

amino acids. Building on this early work, bioinformatics tools have now been developed 

that predict A domain substrates with remarkable accuracy.96,97 However, existing tools 

are still built mainly with the intent of predicting α-amino acids and remain limited in their 

capability to accurately predict non-proteinogenic amino acids and β-amino acids.  

The specificity of the Stachelhaus code facilitates a synthetic biology approach to 

incorporate non-native amino acid building blocks into custom natural products. Scientists 

have now mapped and mutagenized the biochemical ‘fingerprint’ for different amino acids 

in diverse A domain active sites. The rational reprogramming of A domain specificity has 

been used to achieve products with desired pharmaceutical properties98 or incorporate 

‘clickable’ amino acids with alkyne tails for in vivo chemical probe biosynthesis.99 Many 

different methods have been used to shift A domain substrate specificity, including 

directed evolution, domain swapping, and rational mutagenesis.100 Beyond the NRPS A 

domains, this approach has not been widely applied to other ANL superfamily members.  

Unexpectedly, a panel of five structurally-characterized NRPS A domains were 

found to be bifunctional with weak acyl-CoA ligase activity.101 Based on this finding, 

Marahiel and colleagues proposed that NRPS A domains evolved from an ancestral 

protein that utilized CoA-SH as the original acceptor molecule. Several other examples of 
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unusual activity for NRPS A domains have been reported including direct amide bond 

formation catalyzed by standalone A domains. During streptothricin antibiotic 

biosynthesis, the standalone A domain was found to catalyze the adenylation of L-β-lysine. 

In the subsequent peptide elongation step, the A domain also catalyzed amide bond 

formation between L-β-lysyl-O-AMP and L-β-lysine-S-Enz. The Stachelhaus code was 

observed to be essential both in substrate recognition and amide formation since no 

oligopeptides were formed when Stachelhaus code residues were mutated. Standalone A 

domains in pacidamycin, indolmycin, and novobiocin biosynthesis have also been 

reported to be catalyzed by bifunctional adenylate-forming and amide bond-forming 

enzymes.102-104 To date, no discernable molecular signature or prediction method has 

been reported for differentiation of amide bond-forming A domains from other A domains.  

6.5 Fatty-acyl AMP ligases 

Fatty-acyl AMP ligases (FAALs) are a unique class of ANL enzymes that have 

been studied as drug targets for their essential role in lipid biosynthesis and degradation 

in Mycobacterium tuberculosis.105 In M. tuberculosis there are over 34 FAALs designated 

as fatty acid degradation (FadD) proteins including FadD10, FadD28, and FadD32. FAALs 

are also important in the biosynthesis of a variety natural products such as ambruticin,106 

mycobactin,107 and various lipopeptides.108 Unlike the acyl- and aryl-CoA ligases, the 

adenylate intermediates formed by FAALs do not use CoASH as an acceptor molecule.109 

Instead, FAALs selectively transfer acyl-adenylates to the phosphopantetheine arm of the 

ACP domains of multi-domain PKS and NRPS enzymes.109 Significant effort has gone into 

understanding how FAALs are selective for ACP but reject free CoASH and 

phosphopantetheine. One mechanistic proposal to explain the striking fidelity of FAALs 

for ACP domains is a 20 amino acid loop known as the FAAL-specific insertion (FSI). The 

FSI is believed to inhibit the C-terminal domain rotation to the thioester-forming state in 

the presence of free CoASH.110 In further support of this, deletion of the FSI in the M. 
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tuberculosis FAAL28 resulted in a gain-of-function of acyl-CoA ligase activity with free 

CoASH.110 This discovery suggested that as ANL enzymes gradually lost their preference 

for free CoASH as they became more specialized in their function.101 However, simple 

modifications, such as deletion of the FSI, can result in a gain-of-function back to the 

proposed ancestral CoA ligase state.110 This evolutionary scenario within the ANL 

superfamily is explored further through ancestral reconstruction and phylogenetic analysis 

in Chapter 3 of this thesis. 

6.6 Atypical ANL enzymes 

Apart from the common enzyme families described above, a number of atypical 

ANL proteins have been identified in recent years. Perhaps most striking of these is diazo-

formation catalyzed by CreM, an acyl-CoA ligase homolog in the cremeomycin 

biosynthetic gene cluster.111 In vitro biochemical characterization and mutagenesis studies 

demonstrated CreM catalyzed ATP-dependent activation of nitrite for late-stage N-N bond 

formation. To the best of our knowledge, this is the only example of an ANL superfamily 

enzyme known to activate nitrite rather than a carboxylic acid group.  

Another interesting subfamily of proteins that are closely related to β-lactone 

synthetases are the aryl polyene adenylation enzymes. The enzymes are involved in the 

biosynthesis of natural products such as flexirubin and xanthomonadin that possess aryl 

head groups and polyene tails.112,113 Surprisingly, these represent the largest known family 

of biosynthetic gene clusters based on a global bioinformatics analysis.112 The aryl 

polyene adenylation enzymes share between 20 - 28 % identity with β-lactone synthetase 

enzymes and clade relatively closely with them in the ANL superfamily phylogeny. 

7 Enzymatic inactivation of β-lactones 
7.1 Decarboxylation by OleB 
The β-lactone decarboxylase enzyme, OleB, completes the final step of long-chain 

hydrocarbon formation in bacteria containing an oleABCD gene cluster.49 Identification of 
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β-lactone decarboxylase function based on gene annotation is challenging due to the 

close phylogenetic relationship of β-lactone decarboxylases and haloalkane 

dehalogenases. Christenson et al. showed that one class of weakly-active haloalkane 

dehalogenases (class III) were actually bifunctional as β-lactone decarboxylases.49 OleB 

from Xanthomonas campestris was found to convert cis-β-lactones to cis-olefins and also 

showed weak dehalogenation activity on long-chain haloalkanes. Although no structure 

has been solved to date, OleB is predicted to have an α/β hydrolase structural fold. In the 

Asp114-His277-Asp249 catalytic triad, Asp114 serves as a nucleophile to attack the 

carbonyl carbon of the β-lactone. 18O-labeling studies with OleB suggested an activated 

water attacks the distal carbonyl carbon of the resulting enzyme intermediate, producing 

bicarbonate and free enzyme ready for another catalytic cycle. CO2 is released from the 

cis-β-lactone to generate an alkene while maintaining cis-stereochemistry of the olefin 

product.49 OleB is notably missing in Ole-like biosynthetic gene clusters where a β-lactone 

ring is present the final product, suggesting OleB presence or absence could play a key 

role in determining whether the final pathway produces a β-lactone or an olefin. 

7.2 Hydrolysis 

Some well-known examples of ring-opening enzymes are the metallo-β-

lactamases and the acyl-homoserine lactonases which both belong to the same 

metalloenzyme superfamily. The extent to which β-lactone natural products are 

susceptible to enzymatic hydrolysis by these metalloenzymes remains poorly studied. The 

antibiotic obafluorin was found to be susceptible to three common types of β-lactamases 

(P99, TEM-2, and K1).22 To our knowledge, the susceptibility of other β-lactone natural 

products to β-lactamases has not been reported. Further investigation is required into 

whether susceptibility of obafluorin is due to the position of an amino group in the α-

position resulting in similar chemical properties to β-lactams or if it is a general property of 

β-lactones to be susceptible to β-lactamases. 
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Characterized esterases in the serine hydrolase superfamily hydrolyze β-lactones 

at a much slower rate than linear esters although both substrates have an ester moiety.114 

Rational protein engineering to remodel the Pseudomonas fluorescens esterase active 

site to make space for the lactone rings resulted in a variant with 13-fold increased activity 

as a β-lactonase.114 It remains to be discovered whether some naturally-occurring 

esterases prefer β-lactones over linear esters. With increased knowledge about the 

biosynthetic gene clusters for β-lactone natural products, it is possible that native β-

lactonases may be encoded in these clusters to protect the host. Resistance genes 

commonly co-occur with biosynthetic and regulatory genes in natural product gene 

clusters. Indeed, bioinformatics analysis readily identifies proteins annotated as metallo-

β-lactamases and/or esterases co-localized with putative β-lactone synthetases, 

suggesting they may be functioning to increase host tolerance to the reactive warhead. 

8 Deducing biochemistry from gene clusters 
8.1 Known β-lactone biosynthetic gene clusters 
Despite the characterization of over 30 core scaffolds of β-lactone natural 

products, there are only eight β-lactone biosynthetic gene clusters known to date (Figure 

1.9).2 I developed a web application (z.umn.edu/bltool) that allows rapid comparison of 

these clusters and will continue to be updated with new compounds and gene clusters as 

they are discovered. The clusters have representatives from each of the five major classes 

of β-lactone natural products described below with the exception of the terpene- and 

alkaloid-derived compounds. A gene synteny plot constructed between all the β-lactone 

natural product clusters described to date revealed very low synteny between clusters with 

the exception of cinnabaramide A and salinosporamide A which have highly similar 

biosynthetic pathways (Figure 1.10). Cystargolide and belactosin, two amino-acid derived 

products also display significant homology in pathway genes but the cluster arrangement 
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is different (Figure 1.10). The most commonly occurring type of PFAM domain are β-  

ketoacyl synthase domains in NRPS/PKS enzymes followed by the AMP-binding domains, 

many of which have high sequence similarity to β-lactone synthetases (Figure 1.9).  

8.2 Classes of β-lactone natural products 

There are five main classes of β-lactone natural products: (1) amino acid-derived, 

(2) fatty acid-derived, (3) PKS-derived, (4) hybrid PKS/NRPS-derived, and (5) terpene- 

and alkaloid-derived. Each class will be touched on briefly in the following sections.  

Figure 1.9. Known biosynthetic gene clusters for β-lactone natural products with their corresponding 
Minimum Information about a Biosynthetic Gene cluster (MIBiG) accession numbers. Genes are colored 
by their major protein family (PFAM) domain ordered by frequency. Gray genes correspond to rare PFAM 
domains occurring only once across all β-lactone gene clusters. *Cinnabaramide (BGC0000971) has a 
biosynthetic gene cluster that is very similar to the salinosporamide cluster therefore only the 
salinosporamide gene cluster is shown as a representative. Reprinted from Robinson and Wackett (2019) 
with permission from Elsevier. Copyright © 2019 Elsevier. 
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8.2.1 Amino acid-derived 

In the early 1980’s, scientists at the Squibb Institute for Medical Research 

developed a screen for detection of novel β-lactam antibiotics by measuring the growth  

inhibition of a highly-sensitive strain of Bacillus licheniformis SC 9262.115 Unexpectedly, 

the screen also detected several α-amino substituted β-lactone products including the 

Figure 1.10. Synteny dotplot of β-lactone biosynthetic clusters described to date. Diagonal lines 
indicate synteny. Axis units are in base pairs. Comparison to the oleABCD hydrocarbon biosynthetic 
pathway reveals sequence similarity between OleC and genes in lipstatin and ebelactone pathways 
(green lines). Belactosn = Belactosin A. Cinnabarmd = Cinnabaramide A. Cystargld = Cystargolide 
A. Ebelacton = Ebelactone A. Oxazlmycin = Oxazolomycin. SlnsprmdA = Salinosporamide A. 
Reprinted from Robinson and Wackett (2019) with permission from Elsevier. Copyright © 2019 
Elsevier.  
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smallest known β-lactone natural product, SQ 27,512. SQ 27,512 has not appeared in the 

literature since its initial report in 1982 but it appears to be the product of threonine 

cyclization followed by acetylation. Obafluorin was also discovered using this screening 

method and has been studied in depth.22 Genetic and biochemical studies revealed an 

NRPS-type mechanism of biosynthesis from unusual nonproteinogenic amino acid 

precursors including 2,3-dihydroxybenzoic acid and (R)-β-hydroxy-p-nitro-L-

homophenylalanine. Stable isotope labeling suggested both of these precursors were 

derived from chorismate produced in the endogenous shikimate pathway in the source 

organism Pseudomonas fluorescens.116,117 As described in the section above, the β-

lactone ring of obafluorin is derived from cleavage of the thioester linkage upon release 

from the terminal NRPS TE domain. The NRPS TE domain is clustered with other obi 

genes involved in product regulation and the biosynthesis of the precursors 2,3-

dihydroxybenzoate and (R)-β-hydroxy-p-nitro-phenylalanine.4,57 

The belactosins and cystargolides, two classes of amino-acid derived natural 

products, were discovered relatively late (in 2000 and 2015, respectively) compared to 

other β-lactone natural products. The biosynthetic gene cluster published in 2017 by 

Kaysser and colleagues unexpectedly revealed that their biosynthesis was not NRPS or 

ribosomal in origin but was instead catalyzed by standalone amide ligases. Isotopic tracer 

studies of [1,2-13C2]-acetate and labeled valine or isoleucine in cystargolide and 

belactosin, respectively, suggested acetate and amino acid condensation yielded β-

hydroxy acids as precursors to β-lactones.5 The mechanism of β-lactone ring formation in 

the cystargolides and belactosins is not yet known but the authors speculated that internal 

esterification or activation by acyl-CoA ligases were plausible routes towards cyclization 

of the β-hydroxy acid intermediates. 
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8.2.2 Fatty acid-derived 

Lipstatin is the most widely-used β-lactone natural product-derived drug due to its 

properties as a lipase inhibitor. The hydrogenated derivative of lipstatin, orlistat, has been 

available over-the-counter and by prescription as a weight loss drug in the U.S. and 

Europe since the late 1990’s. The six-gene operon lstABCDEF for lipstatin biosynthesis in 

Streptomyces toxytricini was published in 2014.58 Lipstatin is derived from two activated 

fatty-acid substrates: 3-hydroxylinoleic acid and octanoic acid. Head-to-head Claisen 

condensation of the fatty acid substrates is catalyzed a functional heterodimer formed by 

thiolase enzymes in the pathway, LstA and LstB.118 The resulting β-keto acid is then 

reduced to a β-hydroxy acid by the dehydrogenase enzyme, LstD. An amino acid is 

attached to the alkyl backbone by the nonribosomal peptide synthase, LstE, and 

subsequently formylated by LstF to form a N-formyl leucine side chain. Numerous lipstatin 

analogs with different amino acid side chains, including N-acetyl asparagine,119 N-formyl 

valine,120 N-formyl glycine and N-formyl-alanine,121 have been isolated from several 

related species in the Streptomyces lavendulae clade. Bai et al. proposed that the β-

lactone ring formed non-enzymatically from attack of the β-hydroxyl group on the carbonyl 

of the ACP-tethered acyl intermediate in a mechanism similar to ebelactone formation.58 

However, an ANL superfamily enzyme, LstC, originally predicted to function as an acyl-

CoA ligase for the activation of fatty acid biosynthetic precursors was recently found to 

share ~46% amino acid sequence identity with X. campestris OleC suggesting it could 

also function as a β-lactone synthetase.42 

8.2.3 Polyketide-derived 

A series of monocyclic, long-chain (C10 - C14) β-lactone natural products sharing a 

similar polyketide backbone were isolated from diverse sources including the 
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Actinobacteria, Basidiomycota, and 

striped cucumber beetles (Figure 

1.11). The most well-studied family 

of these compounds, the 

ebelactones, are produced by 

Streptomyces aburaviensis. The 

ebelactones are derived from a 

seven-gene cluster encoding multi-

modular polyketide synthases that condense malonyl and methylmalonyl-CoA extender 

units in a head-to-tail fashion.59,122 The related compounds hymeglusin and vittatalactone 

were isolated from the Ascomycota (Scopulariopsis, Fusarium, Cephalosporium) and the 

antennae of male striped cucumber beetles (Acalymma vittatum), respectively. The insect-

derived compound was found in male cucumber beetles, but not in females, suggesting it 

was produced exclusively by males as a sex pheromone. However, no evidence was 

provided as to whether the compound was produced by the insect itself or a microbial 

symbiont. Both hymeglusin and vittatalactone have an unusual (3R,4R)-trans-β-lactone 

configuration that confers different chemical properties than the (3S,4S)-trans-β-lactone 

compounds orlistat and ebelactone.123 The relation between stereochemistry and enzyme 

targets are discussed further in the medicinal compounds section of the introduction. The 

biosynthetic pathways for hymeglusin and vittatalactone have not yet been reported. 

8.2.4 Hybrid polyketide/nonribosomal peptide-derived 

Hybrid PKS/NRPS β-lactone compounds typically contain either β-lactone-𝛾-

lactam or β-lactone-𝛾-cyclopentene fused ring structures (Figure 1.12). The 

salinosporamides and cinnabaramides are β-lactone-𝛾-lactams derived from β-hydroxy-

2′-cyclohexenylalanine, acetate, and either chloroethylmalonate or hexylmalonate building 

Figure 1.11. Examples of polyketide-derived monocyclic 
β-lactone natural products from bacterial, fungal and 
insect sources. Reprinted from Robinson and Wackett 
(2019) with permission from Elsevier. Copyright © 2019 
Elsevier. 
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blocks (Figure 1.12). The gene cluster for salinosporamide A was published in 2009 but 

surprisingly only two of the eight biosynthetic enzymes were specific for salinosporamide 

biosynthesis and the functions of the remaining six could be replaced with primary 

metabolic enzymes.124 Salinosporamide biosynthesis is initiated by the condensation of 

acetyl-CoA and chloroethylmalonyl-CoA catalyzed by SalA. Chloroethylmalonyl-CoA is an 

unusual PKS extender unit found to be produced by a S-adenosyl-L-methionine (SAM)-

dependent chlorinase. Interestingly, the Salinispora pacifica SAM-dependent chlorinase 

could be substituted with a Streptomyces cattleya SAM-dependent fluorinase to produce 

fluorosalinosporamide analogs when the source organism was grown in fluorine-

supplemented media.125  

 Enzymes responsible for bicyclization of the b-lactone-𝛾-lactam pharmacophore 

in salinosporamide A have been of interest for nearly two decades since the discovery of 

the compound in the extracts of Salinospora strains from marine sediments in 2003. 

Bioinformatic and extensive mutagenesis analysis of the salinosporamide biosynthetic 

gene cluster suggested an unusual 

ketosynthase (KS) domain, SalC, might 

function as an aldolase/lactonase to catalyze 

ring formation.126 Importantly, SalC appears to 

have an intact acyltransferase domain that 

might facilitate an interaction with the PCP-

tethered salinosporamide intermediate from 

the upstream NRPS SalB. Synthesis of a 

linear deoxy-salinosporamide pantetheine 

precursor was essential to create the thiol-

linked salinosporamide substrate for 

investigation of SalC.126 KS domains typically 

Figure 1.12. Examples of bicyclic-fused and 
hybrid PKS/NRPS-derived β-lactone natural 
products. Reprinted from Robinson and 
Wackett (2019) with permission from 
Elsevier. Copyright © 2019 Elsevier. 
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catalyze a thio-Claisen condensation, thus demonstration of β-lactone formation by SalC 

would expand the known catalytic potential of this protein family. 

Oxazolomycins, lajollamycins, and curromycins comprise a family of large spiro- 

β-lactone natural products isolated from Streptomyces spp.60,127,128 Oxazolomycin A is 

constructed from serine, glycine, methoxymalonyl-ACP and nine malonyl-CoA extender 

units. Oxazolomycin has the largest known biosynthetic gene cluster for a β-lactone 

natural product consisting of over 20 open reading frames with 10 type I PKS modules 

(Figure 1.9).60 No terminal TE domain could be identified in the gene cluster by 

bioinformatics. The authors suggested the extra C-terminal domain in OxmL could 

catalyze spiro-β-lactone formation, but this was not experimentally confirmed. Further 

research is warranted to investigate the mechanism of spiro-β-lactone biosynthesis in 

oxazolomycin-like natural products. 

8.2.5 Terpene- and alkaloid-derived 

Terpene-derived β-lactones are typically produced by flowering and tropical 

genera of higher plants (Figure 

1.13). The sesquiterpenoid 

compound anisatin was the first 

to be discovered in 1952 for its 

convulsant properties,129 but the 

genetic basis for anisatin 

biosynthesis has not been 

investigated. More recently, a 

spiro-β-lactone diterpene product 

termed wollemolide was isolated 

from the organic extract of male 

pine cones from a critically-
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Figure 1.13. Terpenoid and alkaloid-derived β-lactone 
natural products isolated from higher plants, sea sponges, 
and butterflies. Reprinted from Robinson and Wackett (2019) 
with permission from Elsevier. Copyright © 2019 Elsevier. 
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endangered Australian pine tree (Wollemia nobilis).130 Other interesting diterpenoid 

products, including spongiolactone131 and 3’-norspongiolactone,131 were isolated from 

Mediterranean sea sponges. The triterpenoids such as lupeolactone132 and a hopanoid 

analog, moretenolactone,133 isolated from fig trees (Ficus insipida) remain some of the few 

β-lactone natural products for which total organic synthesis has not yet been achieved. 

Their biosynthetic pathways have also not yet been reported. 

The alkaloid-derived β-lactones viridiflorine and norviridiflorine were first isolated 

as sex pheromones from the antennae of male giant butterflies (Idea leuconoe).134 These 

compounds were reported to be derived from the β-hydroxy acid breakdown products of 

pyrrolizidine alkaloids consumed by Idea leuconoe during the larval stage. The 

mechanism of β-lactone cyclization remains unknown as does the origin of viridiflorine and 

norviridiflorine as either products of the insect host itself or its microbial symbionts. 

9 Applications 
9.1 β-lactones as chemical probes 
The electrophilic nature of β-lactones makes them well-suited for use as chemical 

probes. Activity-based protein profiling (ABPP) is a technique relying on fluorescent or 

isotope-labeled molecules to study drug interactions with different protein targets.135 β-

Lactones are known to covalently inhibit 4 different types of enzyme classes: 

oxidoreductases, ligases, transferases, and hydrolases.136,137 β-Lactones are most prized 

for their preferential reaction with active site nucleophiles in the threonine, serine, and 

cysteine hydrolase families, many of which play important roles in human health. For 

example, the endocannabinoid signaling lipids are a class of neurotransmitters that are 

regulated by serine hydrolases. To profile endocannabinoid serine hydrolases in the 

mouse brain, a multiplexed ABPP assay including a β-lactone probe was developed to 

study the inhibition and selectivity of these enzymes.138 Serine hydrolases are also 

essential for Mycobacterium tuberculosis virulence through their role in mycolic acid 
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biosynthesis. In 2017, Sieber and colleagues demonstrated the use of alkyne-tagged β-

lactone probes to inhibit essential serine hydrolase enzymes (Ag85 and Pks13) in M. 

tuberculosis.139 

Apart from their utility in targeting hydrolases, β-lactone ABPP probes have also 

been used to target ClpXP proteases involved in Staphylococcus aureus virulence to 

construct a quantitative virulence regulation network.140 Chemical probes inspired by the 

fungal β-lactone natural product, vibralactone, were also used for the selective labeling of 

the individual subunits of two protease isoforms (ClpP1 and ClpP2) in Listeria 

monocytogenes.141 In a study of penicillin-binding proteins (PBPs), certain classes of α-

amino β-lactone probes were found to have different PBP labeling profiles than β-lactam 

probes, suggesting differences in the target selectivity of β-lactones and β-lactams.142 

Further insight into the PBP target profile of β-lactones could aid in the rational design of 

novel β-lactone drug candidates with antimicrobial properties. The use of electrophilic 

rings for in vivo labeling and imaging will likely see an increase as the full potential of 

chemical proteomics is harnessed for precision medicine and other applications. 

9.2 β-lactones as synthetic intermediates 

Organic chemists have long recognized the power of β-lactones as intermediates 

for the total synthesis of more than twenty natural products and countless synthetic 

analogs.20 β-Lactones can undergo several types of transformations including ring 

expansion to 𝛾- and δ-lactones or Mitsunobu-type rearrangements to lactams (Figure 

1.14). Additionally, β-lactones can undergo decarboxylation to an alkene. Several 

examples of the use of β-lactones as synthetic vehicles in nature have already been 

documented. The most well-understood is the decarboxylation of cis-β-lactones to cis-

alkenes catalyzed by OleB.49 Ring-opening to β-hydroxy acids also occurs readily under 

neutral conditions for some unstable β-lactone compounds such as obafluorin. Another 

example of ring-opening is the natural polymerization of vibralactone to make oxime and 
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oxime ester compounds.143 In 2017, the new product bisoxazolomycin was identified as 

an ester adduct of two oxazolomycin molecules,144 again highlighting the tendency of β-

lactones towards ring-opening and polymerization discussed in section 9.4.  

9.3 β-lactones as medicinal compounds 

β-Lactones form covalent adducts with a wide variety of enzyme targets of interest, 

including proteins from over 20 different protein families.136,137 Structure activity 

relationship studies have revealed a few overarching trends in their target specificity. 

Fatty-acid derived (3S,4S)-trans-β-lactones such as lipstatin and analogs are effective 

pancreatic lipase inhibitors with minimum inhibitory concentrations (IC50) in the nanomolar 

to low micromolar range.119-121 The lipstatin derivative, orlistat, promotes weight loss by 

inhibition of gastric and pancreatic lipases. Orlistat is the hydrogenated form of the natural 

product lipstatin produced by Streptomyces toxytricini.145,146 It is available both as a 

prescription drug (XenicalTM) and as an over-the-counter supplement (AlliTM), generating 

millions of dollars in sales each year 

despite criticisms for adverse side 

effects.147 

 Interestingly, altering the 

stereochemistry of the (3S,4S)-

trans-β-lactone to the (3R,4R) 

configuration results in a dramatic 

drop in lipase inhibition (IC50 > 100 

µM) and a shift in target specificity 

towards 3-hydroxy-3-methylglutaryl 

(HMG)-CoA synthase inhibition.123 

HMG-CoA synthase is an essential 

enzyme involved in sterol 

Figure 1.14. β-lactones are synthetic building blocks that 
can undergo a variety of transformations to achieve 
other functional groups. A selection of these 
transformations are shown above. Chemical 
transformations are shown in black and known 
enzymatic transformations are shown in red. Reprinted 
from Robinson and Wackett (2019) with permission from 
Elsevier. Copyright © 2019 Elsevier.  
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biosynthesis and it is strongly inhibited by the (3R,4R)-trans-β-lactone hymeglusin.148,149 

Hymeglusin is of interest for its antifungal properties and was also used as a HMG-CoA 

synthase inhibitor to investigate a S. aureus gene that plays a role in virulence in a murine 

model of sepsis infection.150 

Spiro-β-lactone natural products such as the oxazolomycins have a broad target 

profile and have been studied as drug candidates for treatment of human 

immunodeficiency virus, leukemia, and Agrobacterium tumefaciens, the causative agent 

of crown gall tumor.151 The oxazolomycins are also weak antibiotics for gram-positive 

bacteria,152 as are the cis-β-lactone natural products such as obafluorin and SQ 26,517. 

Terpene-derived natural products including anisatin and its analogs are convulsants that 

block neurotransmitters.153-155 The polyketide-derived ebelactones are characterized as 

antimicrobial agents that form covalent adducts with Ser143 in the homoserine 

transacetylase active site.156 Homoserine transacetylase enzymes function in methionine 

biosynthesis in fungi and prokaryotes but are notably lacking in higher eukaryotes, thus 

they represent good antimicrobial drug targets. 

The bicyclic fused β-lactone-𝛾-lactam compounds, including the salinosporamides, 

are known to selectively acylate the active site threonine in the 20S subunit of the 

proteasome. The salinosporamide series of fused ring compounds are particularly strong 

inhibitors and unique among the β-lactones in that they undergo intramolecular 

rearrangement to displace the chloroethyl substituent and form stable tetrahydrofuran 

adducts. A comprehensive review on unique mode of action of the salinosporamides has 

been published by Gulder and Moore.157 The salinosporamides and its analogs are 

promising drug leads for combination treatment of multiple myeloma and glioblastoma. 

Monocyclic β-lactones, including cystargolides, belactosins, and orlistat, are also of 

interest for their anticancer properties related to inhibition of the proteasome and fatty acid 

synthetases.158 Other β-lactone compounds, including spongiolactone, have a broad 
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polypharmacological profile effective against myelogenous leukemia cells but no specific 

targets were identified.159 The broad target range of β-lactones results in potent 

therapeutic potential, but also major risks for side effects due to high cross-reactivity. 

9.4 β-Lactones as polymer feedstocks 

The use of β-lactones as feedstocks for polymers experienced its first spike of 

interest in the 1960’s and new developments in the field of biodegradable polymers are 

continually being made. One popular bio-derived polymer is poly(3-hydroxybutanoate) or 

PHB, a naturally-produced bacterial polymer that is often used in the medical industry for 

internal sutures since it does not need to be removed. PHB and other biodegradable 

polymers can be produced chemically from β-lactones. Since β-butyrolactone 

intermediates can be toxic when heated, methods for multicatalytic, one-pot synthesis 

have been developed whereby epoxides are carbonylated to β-butyrolactones directly 

followed by ring-opening polymerization to make PHB.160  

In addition to chemical methods for polymer production, the use of enzymes as 

green catalysts for enantioselective macromolecular synthesis is also of growing 

interest.161 A comparative study of ring polymerization catalyzed by the depolymerase 

from Ralstonia picketii with lactone and macrolide substrates ranging from three to thirteen 

carbons in size found that β-propiolactones were the most reactive and produced the 

highest molecular weight polymers. The lipase from Pseudomonas fluorescens was also 

found to enantioselectively polymerize a variety of β-lactone substrates including 

butyrolactone, α-methyl-β-propiolactone, benzyl β-malolactonate, and propyl β- 

malolactonate.162 Some of these polymers have commercial value for use in biomedical 

devices, such as polymalate which is a water-soluble biodegradable polymer produced by 

the ring-opening and polymerization of benzyl-β-malolactonate.163  
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10 Conclusions and chapter prelude 
 
As discussed in this chapter, β-lactones are versatile scaffolds with applications 

ranging from chemical proteomics to clinical treatments. Despite their utility, much remains 

to be understood about the enzymes and pathways involved in β-lactone ring formation. 

This thesis contributes towards improved biochemical characterization and genome 

mining techniques to advance our knowledge of enzymatic β-lactone formation. In Chapter 

2, I conducted mechanistic studies on the standalone β-lactone synthetase, OleC, from 

the plant pathogen Xanthomonas campestris which led to the development of a rapid 

continuous assay for this enzyme class.72 Building on this biochemical foundation, I 

applied machine learning techniques in Chapter 3 for supervised classification of β-lactone 

synthetases and other enzymes in the adenylate-forming superfamily. This analysis 

enabled the discovery and in vitro characterization of the biosynthetic gene cluster for the 

orphan β-lactone antibiotic, nocardiolactone. Finally, to explore the potential of OleACD 

enzymes for the production of chemically-diverse compound libraries, I investigated the 

substrate specificity of a library of 73 OleA homologs in Chapter 4. Gaining a deeper 

understanding also upstream pathway enzymes was essential since OleA represents the 

first committed step in β-lactone biosynthesis. The substrate specificity of OleA thereby 

determines the chemical composition of downstream β-lactone products. Overall, this 

thesis aimed to provide a systems perspective of β-lactones in nature through global 

analysis of their prevalence, biosynthesis, and diversity. 
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Chapter 2 
 

Mechanism of a standalone β-lactone synthetase: new 
continuous assay for a widespread ANL superfamily enzyme 
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SUMMARY  
 

Enzyme-catalyzed β-lactone formation from β-hydroxy acids is a crucial step in 

bacterial biosynthesis of β-lactone natural products and membrane hydrocarbons. We 

developed a novel, continuous assay for β-lactone synthetase activity using synthetic β-

hydroxy acid substrates with alkene or alkyne moieties. β-Lactone formation is followed 

by rapid decarboxylation to form a conjugated triene chromophore for real-time evaluation 

by UV-Vis spectroscopy. The assay was used to determine steady-state kinetics of a long-

chain β-lactone synthetase, OleC, from the plant pathogen Xanthomonas campestris. 

Site-directed mutagenesis was used to test the involvement of conserved active site 

residues in Mg2+ and ATP binding. A previous report suggested OleC adenylated the 

substrate hydroxyl group. Here we present several lines of evidence, including 

hydroxylamine trapping of the AMP intermediate, to demonstrate the substrate carboxyl 

group is adenylated prior to making the β-lactone final product. A panel of nine substrate 

analogs were used to investigate the substrate specificity of X. campestris OleC by HPLC 

and GC-MS. Stereoisomers of 2-hexyl-3-hydroxyoctanoic acid were synthesized and 

OleC preferred the (2R,3S) diastereomer consistent with the stereo-preference of 

upstream and downstream pathway enzymes. This biochemical knowledge was used to 

guide phylogenetic analysis of the β-lactone synthetases to map their functional diversity 

within the ANL superfamily. 

INTRODUCTION 

β-Lactones are strained four-membered heterocycles first described in 1883.25 

Core scaffolds for more than 30 β-lactone containing natural products have been isolated 

from diverse organisms including sea sponges, butterflies, and microbial plant 

pathogens.2 Of these, the two most notable natural products are lipstatin, which the FDA-

approved weight loss drug, orlistat,146 is derived from, and salinosporamide A, a potent 
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proteasome inhibitor for treatment of multiple myeloma164 and glioblastoma.3 The 

electrophilicity of the β-lactone ring enables compounds in this class to form covalent 

adducts with active site residues of over 20 different enzymes and enzyme families 

including lipases, fatty acid synthetases, and proteases.136,137  

Despite the prevalence of the β-lactone moiety in nature, it was not until 2017 that 

the first enzymes capable of forming the β-lactone ring were reported.4,42 The initial 

discovery was serendipitous. OleC from Xanthomonas campestris was found to catalyze 

the formation of a β-lactone prior to decarboxylation by the downstream enzyme OleB to 

produce cis-olefins. Independently, the thioesterase (TE) domain of the nonribosomal 

peptide synthetase (NRPS), ObiF, from Pseudomonas fluorescens was also reported to 

catalyze the β-lactone ring-closing reaction in biosynthesis of the antibiotic obafluorin.4 In 

this case, the precursor β-hydroxy acid is tethered via a thioester bond to Cys1141. Attack 

by the β-hydroxyl group on the high-energy thioester bond simultaneously forms the 

lactone ring and releases obafluorin from the NRPS assembly line. Later in 2017, TE-

mediated cyclization of the structurally similar monocyclic β-lactams was first recognized 

in biosynthesis of sulfazecin.73,74  

The OleC β-lactone synthetase (BLS) reaction is an ATP-dependent enzyme that 

differs from ObiF in that OleC is a standalone (non-NRPS) enzyme. Previously, X. 

campestris OleC was demonstrated to convert syn- and anti-β-hydroxy acids to cis- and 

Figure 2.1. The bacterial ATP-dependent enzyme, OleC, produces β-lactones from β-hydroxy acids. β- 
Lactone moieties are either present in final natural products or synthetic intermediates. For example, 
the downstream enzyme OleB decarboxylates β-lactones to cis-alkenes during long-chain olefin 
biosynthesis. R1 = C9H19, R2 = C8H17.  
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trans-β-lactones, respectively (Figure 2.1).42 The requirement for ATP is presumed to 

result in substrate activation followed by intramolecular attack and ring closure. The only 

published insight into the ATP activation mechanism of OleC was reported by Kancharla 

and co-workers prior to the discovery of its function as a BLS.165 LC/MS analysis detected 

an enzyme intermediate with a mass spectrum interpreted as representing an AMP-β-

hydroxy derivative. However, there was no authentic standard for comparison and the 

mass representing AMP derivatives of the alcohol and carboxylic acid are identical. In this 

context, activation of the hydroxyl and carboxyl groups by AMP both remained plausible 

mechanisms of substrate activation to drive formation of the strained β-lactone ring. Here 

we present evidence for carboxyl group adenylation further supported by the conservation 

of carboxyl group activation throughout the class I adenylate-forming superfamily.  

Most assays for activity of adenylate-forming enzymes rely on the cleavage of 

inorganic pyrophosphate (PPi) to free inorganic phosphate (Pi) quantified using 

colorimetric, fluorimetric, or radioactive techniques.166-169 Pi assays typically only measure 

the first partial adenylation reaction and suffer from high background levels if ATP is 

mishandled. Furthermore, the majority of assays are not continuous, resulting in tedious 

endpoint measurements to determine kinetic parameters. A few continuous assays exist 

that rely on fluorescent antibody detection of AMP168 or multiple-enzyme assays that track 

NADH consumption167,170 As an alternative, we developed a novel continuous assay 

specific for BLS activity. The assay relies on the enzyme-catalyzed formation of a 

chromophoric triene from the rapid decarboxylation of a di-unsaturated β-lactone. Here 

we report the use of this assay to determine kinetic parameters for the wild-type OleC BLS 

and six variants. We also performed the first detailed bioinformatic analysis of OleC-like 

BLS to understand their relation to other adenylate-forming enzymes. 
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OleC phylogenetics and role within the ANL superfamily 
 

OleC-like BLS are part of the Acyl-CoA synthetase, NRPS adenylation domain, 

and Luciferase (ANL) enzyme superfamily. ANL enzymes share relatively low amino acid 

sequence identities across the different subfamilies (~20%) and catalyze a wide range of 

reactions united by a conserved adenylate intermediate (Figure 2.2, Table 2.1).78 To map 

the phylogenetic distribution of BLS synthetases within the context of the superfamily, we 

constructed a profile Hidden Markov Model (HMM) from 68 OleC sequences with flanking 

oleABD genes. Fifteen of these OleC proteins were experimentally-verified either by 

extraction of olefinic hydrocarbons from the source organism43 or in vitro β-lactone 

formation42 (Figure 2.2, Supplementary Table S2.1). The profile HMM was searched 

against the UniProtKB database and the top 2500 hits were extracted (e-value < 1.0 x 10-

121). Of these hits, there were 474 distinct species belonging to over 200 bacterial genera. 

Top genera with more than fifteen distinct species with BLS homologs include Nocardia, 

Shewanella, Streptomyces, and Rhodococcus. Organisms with BLS homologs spanned 

a diverse range of phyla, including Actinobacteria (36% of high-confidence BLS hits) and 

Proteobacteria (50%). BLS homologs were also detected in divergent phyla such as the 

Chloroflexi, Bacteroidetes, Verrucomicrobia, and Firmicutes as well as more rare 

representatives such as the Lentisphaerae and nitrite-oxidizing Nitrospinae. Although BLS 

from these divergent clades remain to be experimentally characterized, these findings 

indicate a vast number of sequences annotated as ‘peptide synthases’ are homologous 

to OleC and may have BLS activity.  
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Figure 2.2. Unrooted maximum likelihood phylogeny of β-lactone synthetases relative to other adenylating 
enzymes. Light pink shading corresponds to β-lactone synthetase homologs with >40% amino acid identity 
to X. campestris OleC but with untested functions. Dark red shading indicates the clade containing the 15 
β-lactone synthetase homologs that have been experimentally-verified (Supplementary Table S2.1). Node 
triangles represent solved crystal structures of the ANL superfamily. Nodes are colored by phylum 
corresponding to the legend. Black circles represent branching points with probabilities >0.75. 

Based on sequence alignments, BLS are most closely related to fatty-acid AMP ligases 

and standalone adenylation enzymes that accept aliphatic β-amino acids as starter units 

in the biosynthesis of macrolactam antibiotics such as cremimycin, incednine, fluvirucin 

and vicensistatin.171,172 Overall amino acid sequence identity is 27% to the closest crystal 

structure in the Protein Data Bank (PDB), CmiS6 (PDB ID: 5JJP), which is a standalone 

adenylation enzyme that recruits and activates a long-chain β-aminononanoic acid as a 

starter unit for cremimycin biosynthesis.171 Interestingly, BLS and β-amino acid 
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adenylation enzymes share several key architectural features that differ from α-amino acid 

adenylation enzymes. For example, sequence alignments suggest that both classes of 

enzymes have a conserved β14β15 loop that is one residue shorter than the loop in α-

amino acid adenylation enzymes (Figure 2.2A) to accommodate a β-substituted 

substrate.171 Overall, the wide range of substrates accepted by ANL superfamily enzymes 

suggests there may be significant chemical diversity that remains to be explored within  

the clade of BLS-like sequences. 

 

Table 2.1. Characteristics of ANL superfamily structures selected as representatives out of 183 
structures of 73 different ANL proteins that have been reported to date. 

Protein (PDB ID) Substrate Origin Subunit 
MW (kDa) 

Theoretical 
isoelectric 
point 

Percent 
AA 
identity 
to OleC 

β-Lactone Synthetase 
OleC 

β-hydroxy acids Xanthomonas 
campestris 

58.5 8.35 100% 

Yeast Acyl-CoA 
Synthetase (1RY2) 

acetic acid Saccharomyces 
cerevisiae 

73.6 6.77 26% 

Human Acyl-CoA 
Synthetase (3C5E) 

acetic acid Homo sapiens 63.3 7.08 20% 

Firefly Luciferase 
(2D1Q) 

luciferin Luciola cruciata 
(firefly) 

60.1 7.46 23% 

4-Coumarate-CoA 
Ligase (3A9U) 

4-coumaric acid Populus 
tormentosa 
(poplar) 

58.6 7.80 26% 

Cahuitamycin starter 
unit CahJ (5WM2) 

salicylic acid Streptomyces 
gandocaensis 

60.7 5.46 26% 

Gramicidin 
synthetase PheA 
(1AMU) 

phenylalanine 
Bacillus brevis 

64.1 5.95 22% 

Cremimycin 
adenylation enzyme 
CmiS6 (5JJP) 

3-
aminononanoic 
acid  

Streptomyces 
sp. ML694-90F3 

58.6 6.47 26% 

Fatty Acyl-AMP 
Ligase FadD32 
(5HM3) 

long-chain fatty 
acids Mycobacterium 

tuberculosis 

71.9 6.55 23% 
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Figure 2.3. A) Active site alignment of representative OleC and ANL superfamily 
sequences. OleC sequences are highlighted in yellow. The gap highlighted in red 
corresponds to the β14β15 loop region which is one residue shorter in OleC and β-
amino acid adenylation enzymes than in other ANL members. Other highlighted 
residues (orange, purple, green, and blue) correspond to residues selected for site-
directed mutagenesis. Black shading corresponds to a consensus residue and gray 
indicates the same amino acid charge group. B) Abundance of active site residues 
across sequences in the ANL superfamily (n = 530 from Figure 2.2) highlights 
conserved active site residues. Sites for saturated mutagenesis are highlighted in 
colored boxes. C) AMP (dark gray bars) and ADP (light gray bars) were measured by 
HPLC for wild-type OleC and variants. Olefin formation (white bars) was reported as 
a proxy for β-lactone formation due to the thermal decarboxylation of β-lactones in the 
GC-MS inlet. Product formation is shown in the presence of a C20 chain-length β-
hydroxy acid substrate (Figure 2.1) with the exception of the final column which is for 
a C14 chain-length β-hydroxy acid substrate. All reactions were run in triplicate. The 
presence of non-preferred stereoisomers in the racemic mixture of substrates likely 
results in some futile hydrolysis of ATP yielding a higher amount of ATP consumption 
than olefin formation. 
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Development of a new spectrophotometric assay for BLS  

To increase discovery and characterization of new BLS enzymes, we developed a 

rapid screening technique. Most assays for ANL superfamily members quantify Pi, 

however, the abundance of free Pi as a contaminant requires tedious protocols to detect 

a clear signal above the high background noise. Furthermore, this approach does not 

differentiate the nonproductive hydrolysis of ATP to ADP and Pi from productive AMP and 

PPi formation. As will be discussed later, several enzyme variants we constructed did not 

generate AMP but instead rapidly hydrolyzed ATP to ADP at levels 10x higher than wild-
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Figure 2.4. A) Scheme for a novel continuous assay for β-lactone synthetase activity. A 
representative (E)-2-(1-hexenyl)-3-hydroxy-4-decenoic acid (1) is displayed however the 
synthesized substrate is a mixture of 4 diastereomers: (E, E) and (E, Z) syn- and anti- β-hydroxy 
acids. The Km is denoted as apparent (Km(app)) because the substrate is a stereochemical 
mixture, as described in the Supporting Information. R1=C5H11, R2=C4H9. OleC catalyzes β-
lactone formation (2) which is presumed to be an unstable product that rapidly decarboxylates 
to a triene product (3) that absorbs at 272nm. B) Determination of kinetic parameters of X. 
campestris with 5 mM methyl-β-cyclodextrins (CD, blue line) compared to the absence of 
substrate solubility-increasing additives (red line). Kinetic data were fit using the Michaelis-
Menten equation. 
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type. Analysis of these variants by many standard assay methods would yield false-

positive results. We therefore set out to design a more sensitive assay specific enough to 

distinguish BLS activity from other ANL enzymes to enable fast screening as well as 

detailed kinetic measurements. 

We developed a real-time assay that directly measures the chromophoric 

breakdown product of a β-hydroxy acid analog. We synthesized a diene analog (1) of the 

long-chain β-hydroxy acid that acts as a substrate for OleC (Figure 2.4A). Upon 

intramolecular ring closure of 1 to a diene β-lactone (2), we observed rapid, non-rate-

determining decarboxylation to a conjugated triene (3) with an absorbance maximum at 

272 nm (extinction coefficient of 13,900 M-1).173 A diyne substrate, 2-(1-octynyl)-3-hydroxy-

4-decynoic acid, was also synthesized and found to react slowly with X. campestris OleC. 

The resulting diyne β-lactone also rapidly decarboxylates to an enediyne chromophore 

that absorbs at 260 nm (Supplementary Figure S2.1). However, 1 was used for 

subsequent experiments because of its significantly faster rate of reaction with OleC.  

The rapid decarboxylation of 2 to 3 was an unexpected result. The identity of 3 

was confirmed by GC-MS (206.4 m/z, Supplementary Figure S2.2) and by comparison of 

the absorbance spectrum to characterized triene compounds.173 Synthetic long-chain 

diene β-lactone compounds resembling 2 have not been reported in the chemical literature 

nor are they found in comprehensive databases such as SciFinder, suggesting such 

compounds may be chemically unstable. An alternative is that the adenylate reaction 

intermediate generated by OleC collapses to an olefin prior to β-lactone ring formation. 

Notably, the addition of the long-chain β-lactone decarboxylase, OleB,49 did not increase 

the rate of triene formation (Supplementary Figure S2.3). Work is ongoing to determine 

whether 2 is an assay intermediate. 

We validated the diene assay by demonstrating a linear correlation between triene 

product formation and AMP release (Supplementary Figure S2.4). We also tested the 
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activity of a BLS homolog from another organism, Stenotrophomonas maltophilia,165,174 

and observed similar rates of 3 formation (Supplementary Figure S2.3). As a negative 

control, we tested our assay with a different member of the ANL superfamily: a 

commercially-available long-chain acyl-CoA ligase homolog from Pseudomonas sp. 

(Supplementary Figure S2.3). No increase in absorbance was observed compared to an 

OleC control, suggesting 3 was not formed by the acyl-CoA ligase and providing 

preliminary evidence this assay is specific to BLS activity. Studies involving rapid 

screening of BLS homologs are ongoing to further investigate the specificity of our diene 

assay. 

Poor substrate solubility and micelle formation often limits accurate determination 

of kinetic constants for highly hydrophobic substrates.175 Since X. campestris OleC prefers 

disubstituted β-hydroxy acids with linear alkyl chains (C6 – C14) and poor aqueous 

solubility, we tested the use of methyl-β-cyclodextrins (CD) as a solubilizer. The diene 

assay was used to assess the effects of CD on OleC kinetics (Figure 2.4B). We found that 

the addition of 5 mM CD proportionally increased both turnover rate (kcat) and the apparent 

Michaelis constant Km(app) compared to the wild-type OleC reaction with the separated 

diene substrate. Catalytic efficiency remained nearly constant, suggesting the addition of 

CD increased substrate release, but was offset by decreased substrate binding, resulting 

in no overall change to kcat/Km(app). The increase in kcat highlight the ongoing challenges of 

determining interpretable kinetic constants for enzymes that prefer hydrophobic 

substrates. 

In summary, our assay allows for real-time measurement of BLS activity without 

time-consuming quenching, extraction and chromatography steps. A significant 

advantage of the diene assay is that it enables kinetic determination of the complete 

reaction rather than only the first partial adenylation reaction. Only a select number of 

other ANL superfamily members have been characterized for kinetics of the entire 
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reaction.176,177 Currently available continuous assays for adenylation enzymes require 

either a multi-enzyme system with purine nucleoside phosphorylase cleavage of 7-

methylthioguanosine (MesG)169 or NADH consumption assays167,170 involving four different 

types of enzymes. As an alternative, the diene assay presented here is simple and only 

requires three active components: BLS, cofactors (ATP-Mg), and the chromophoric diene 

substrate.  

Site-directed mutagenesis of conserved ANL motifs 

We constructed six different enzyme variants by altering proposed catalytic 

residues in the OleC active site (Supplementary Figure S2.5A). The diene assay was used 

to determine kinetic constants for active variants. Each variant was further characterized 

by HPLC analysis of ATP, ADP, and AMP as well as GC-MS analysis of primary product 

formation. β-Lactones thermally decarboxylate to alkenes (olefins) in the heat of the GC 

inlet. Therefore, we used a program with an elevated inlet temperature (275 °C) for total 

conversion of β-lactones to olefins and validated this method with a standard curve of 

long-chain β-lactones synthesized as described by Christenson et al.42 Throughout this 

paper we will refer to olefin formation observed by GC-MS as a proxy for β-lactone 

formation.  

Several conserved motifs in the ANL superfamily have been identified that play a 

role in catalysis (Figure 2.3A).78 The (S/T)(S/T/G)G(S/T)TGxPK motif forms a phosphate-

binding loop to orient the β,γ-phosphates of ATP. We altered a candidate phosphate-

stabilizing residue in OleC, Thr181, to Ala. The T181A variant had reduced AMP formation 

(≤1 % of wild-type) but displayed over a threefold increase in ADP production suggesting 

futile hydrolysis of ATP (Figure 2.3C). Similarly, T181A only had a yield of approximately 

7% of the olefin product compared to wild-type. We confirmed by circular dichroism that 

the T181A variant had a melting temperature equivalent to wild-type, suggesting improper 

folding was not the cause for loss of activity (Supplementary Figure S2.6). 
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Another conserved region in ANL protein sequences is (Y/F/W)(G/W)x(A/T)E and 

BLS specifically contain a (Y/W)G(A/M)TE motif (Figure 2.3B). The first aromatic residue, 

Tyr317, is known to stack parallel to the adenosine ring of ATP. To test this with the X. 

campestris BLS, we generated both Y317A and Y317F variants. Y317A resulted in 

approximately 22% of olefin and 13% of AMP production compared to wild-type coupled 

with a three-fold increase in ADP production (Figure 2.3C). The compensatory variant 

Y317F restored full activity equivalent to wild-type enzyme (Figure 2.3C). Indeed, the Y to 

F variant occurs rarely throughout the superfamily including the β-amino acid adenylation 

enzyme IdnL1 (Figure 2.3A).171 The Y317A variant was not active enough to measure 

kinetic parameters but the Y317F displayed a Km(app) and kcat comparable to wild-type 

(Table 2.2). Interestingly, another experimentally-verified OleC from Micrococcus luteus42 

has a W variant of the (Y/W)G(A/M)TE motif. These results support findings in other ANL 

superfamily members that π-stacking interactions between the aromatic motif residues 

and the adenosine ring of ATP are critical for activity. 

The 100% conserved glutamic acid in the (Y/F/W)(G/W)x(A/T)E motif is known to 

coordinate Mg2+ ions in ANL superfamily members.78 The E321A variant of X. campestris 

OleC also demonstrated a significant drop in activity corresponding to negligible AMP and 

β-lactone production and an increase in ADP production by over one order of magnitude 

(Figure 2.3C). Evolutionary conservation of the glutamic acid throughout the superfamily 

supports its essentiality 

(Figure 2.3B). Aspartic 

acid or glutamine 

residues in this position 

were not detected in any 

wild-type ANL 

Table 2.2. Steady-state kinetic data for wild-type X. campestris OleC and 
variants measured using the spectrophotometric assay and fit with the 
Michaelis-Menten equation. Mean ± 1 standard deviation. 

Enzyme Km(app)[a] 
[µM] kcat [min-1] kcat/Km(app) [min-1 µM-1] 

Wild-type 26 ± 3 0.33 ± 0.01 0.013 ± 0.002 

Y193F 19 ± 2 0.34 ± 0.02 0.018 ± 0.002 

Y317F 22 ± 2 0.39 ± 0.01 0.018 ± 0.002 

[a] Apparent Michaelis constant Km(app) for 1 (diene β-hydroxy acid). 
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superfamily members, suggesting both the side chain length and charge of the glutamic 

acid are necessary for catalysis. 

While Tyr317 and Glu321 are highly conserved in the ANL superfamily, a different 

tyrosine, Tyr193, is uniquely conserved only within BLS homologs (Figure 2.3B). The 

Tyr193 residue is most often a Leu, Ile, His, or Val in other superfamily members. Most 

ANL superfamily members catalyze an extramolecular nucleophilic attack of a sulfur- or 

nitrogen-containing co-substrate such as coenzyme A on the adenylated-carboxy 

intermediate. By contrast, we postulated that in BLS an amino acid might serve as a base 

to abstract a proton from the substrate hydroxyl group. Due to the unique conservation of 

Tyr193 among BLS homologs, we hypothesized it may abstract the proton from the β-

hydroxyl group to facilitate intramolecular attack and ring closing. Homology models of X. 

campestris OleC suggested the Tyr193 was within 7 Å of the active site and, with some 

domain rotation characteristic of ANL proteins,78,80 it could be a candidate nucleophile 

(Supplementary Figure S2.7). Unexpectedly, the Y193A and Y193F variants both 

displayed similar levels of AMP release and β-lactone production compared to wild-type. 

Steady-state kinetics were determined for the Y193F variant and it was found to have a 

similar kcat and Km(app) compared to wild-type (Table 2.2), suggesting another active site 

residue or water may act as a general base to activate the hydroxyl group. Notably, wild-

type OleC and variants also have an unusually high pH optimum of 9.0 (Supplementary 

Figure S2.5B) which may contribute to creating a basic environment in the enzyme active 

site for deprotonation of the hydroxyl group to promote intramolecular attack. 

We searched BLS sequence alignments for a cysteine that could conceivably react 

with the acyl-adenylate to form a canonical thioester and drive β-lactone ring formation. 

No cysteines were detected with 100% conservation either in the BLS subfamily or the 

overall ANL superfamily. The role of cysteines in an acyl transfer mode has been 
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considered in numerous site-directed mutagenesis studies of other ANL superfamily 

members. However, to our knowledge all such experiments indicated a cysteine was not 

directly involved in catalysis.178 Further structural and mechanistic studies are warranted, 

but at present there is no evidence for thioester formation with a catalytic cysteine. This 

differentiates the standalone BLS described here from the thioesterase-mediated 

mechanism of β-lactone formation catalyzed by the NRPS ObiF involved in obafluorin 

biosynthesis.4 

Substrate analogs suggest carboxylic acid adenylation 

We next tested X. campestris OleC activity with a panel of 9 substrate analogs with 

varying chain lengths and combinations of carboxylic acid, hydroxyl, β-amino, β-hydroxy, 

and β-hydroxy methyl ester moieties (Figure 2.5). Unlike NRPS adenylation domains, a 

peptidyl carrier protein acceptor molecule is not required for AMP release from BLS. 

Therefore, relative amounts of ATP consumption and ADP/AMP release can be directly 

monitored by reverse-phase HPLC. Only two compounds, 2-hexyl-3-hydroxyoctanoic acid 

(5) and 2-hexyldecanoic acid (6) stimulated AMP formation at a level at least 25% of the 

Figure 2.5. Determination of X. campestris OleC substrate specificity. The preference of OleC towards 9 
substrates compared to a no substrate control was measured by A) ATP consumption and B) AMP release 
quantified by HPLC of adenosine ring absorbance at 259 nm. Relative specificity is represented by the 
bars along with their respective standard deviation. All reactions were run in triplicate. Compound 9 is a 
representative drawn for a mixture of 2-octyl-3-aminododecanoic acid and 2-nonyl-3-aminoundecanoic 
acid diastereomers. 
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preferred C20
 β-hydroxy acid substrate (4), suggesting OleC has a relatively narrow 

substrate specificity (Figure 2.5). The two-fold drop in AMP release observed with the C14 

chain length β-hydroxy acid compared to the C20
 suggests OleC prefers longer chain 

hydrophobic substrates. Indeed, the chain length of olefins produced in vivo by X. 

campestris with the oleABCD pathway ranges between C27 – C31, with shorter chain length 

hydrocarbons observed only as minor products.43 Monosubstituted β-hydroxy acids 

derived from the coupling of dodecanal and acetic acid or cinnamaldehyde and propionic 

acid only weakly stimulated AMP formation (Figure 2.5). These results suggest that 

disubstituted long-chain β-hydroxy acids are the preferred substrates of X. campestris 

OleC.  

To probe whether OleC adenylates the hydroxyl or carboxylic acid group of the β-

hydroxy acid moiety we tested two substrate mimics: 6 and 10-nonadecanol (10). While 

10 did not stimulate AMP formation above the level of no-substrate control, AMP formation 

was strongly stimulated by 6 (Figure 2.5). The continued stimulation of AMP release by 6 

lacking a β-hydroxy group suggested the acyl adenylate formed was unstable. ADP 

formation from 6 and 10 was also observed, suggesting futile hydrolysis occurred in the 

presence of non-native substrates (Figure S2.8). To further test adenylation of the 

carboxyl group, C14. (11) and C20
 β-hydroxy acid methyl esters (12) were prepared by the 

addition of diazomethane to 4 and 5. AMP formation was not stimulated by either 

methylated compound 11 or 12, despite the presence of the free hydroxyl groups 

(diazomethane is known to chemoselectively react with carboxylic acids). This lent 

additional support that the hydroxyl group alone does not stimulate OleC adenylation, 

however, lack of substrate binding cannot be ruled out. These results are contrary to 

Kancharla et al. who suggested adenylation of the hydroxyl group.165 However, carboxylic 

acid adenylation is universally conserved among diverse ANL superfamily members, 

further supporting formation of the AMP-carboxy derivative. Notably, AMP formation was 
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not stimulated by the β-amino acid substrate analogs 2-octyl-3-aminododecanoic acid or 

2-nonyl-3-aminoundecanoic acid (9), likely due to a difference in charge state from the 

native substrate 4. GC-MS analysis with comparison to an authentic β-lactam standard 

suggested X. campestris OleC is not capable of acting as a β-lactam synthetase by 

adenylating β-amino acid substrate mimics. Enzymes capable of adenylating β-amino 

acids to catalyze β-lactam ring closure include the carbapenem and β-lactam 

synthetases.69,70,179 These 

enzymes are highly divergent 

from the ANL superfamily 

and belong to the asparagine 

synthetase family, which are 

believed to have evolved 

from an ancestral asparagine 

synthetase which transfers 

ammonia to the AMP-

activated carboxy side chain 

of aspartic acid.70,71,179 To the 

best of our knowledge, β-

lactam formation has not yet 

been reported for any ANL 

enzyme, although discovery 

of the OleC-like BLS 

suggests this may be 

plausible since β-amino acid 

adenylation is also a known 

Figure 2.6. A) Reaction scheme for hydroxylamine trapping of 
adenylate intermediate catalyzed by OleC. B) Representative 
GC-FID trace of 2-hexyl-N-hydroxydecanamic acid dehydrated 
in the GC inlet to pentadecanenitrile oxide (12.6 mins). 2-hexyl-
N-hydroxydecanamide synthetic standards (orange) and OleC-
catalyzed production of 2-hexyl-N-hydroxydecanamide (purple) 
from 2-hexyldecanoic acid and hydroxylamine compared to a 
no ATP-Mg (blue), no enzyme control (red), and no substrate 
(2-hexyldecanoic acid) control (green). C) Mirrored mass 
spectra of synthetic (black) and enzymatic (red) 
pentadecanenitrile oxide products with expected parent ions 
(252.2 m/z). 
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reaction within the superfamily.  

Hydroxylamine trapping of the carboxy-adenylate 

Previous studies with several ANL superfamily proteins and domains have used 

hydroxylamine to trap the short-lived acyl-adenylate intermediates formed during the 

reaction.169,180,181 Adenylated and other highly electrophilic carbonyl groups react with 

hydroxylamine to yield O-acylhydroxylamines and hydroxamates, since the hydroxylamine 

nitrogen and oxygen atoms are both nucleophilic.181 O-Acylhydroxylamines react with 

excess hydroxylamine to yield hydroxamates, so hydroxamates generally predominate in 

enzyme reaction mixtures that contain high concentrations of hydroxylamine.181 The yield 

of hydroxamate in other ANL proteins is highest in the absence of the co-substrate that 

would react with the AMP-carboxylate intermediate. In this context, OleC was reacted with 

hydroxylamine using the substrate mimic 6 which stimulates AMP formation but lacks the 

hydroxyl group required to yield the final β-lactone product (Figure 2.6A). A unique peak 

was observed by GC-MS in the enzyme reactions with a retention time of 12.6 minutes 

(Figure 2.6B). Due to the high temperature of the GC inlet, the product is likely the 

dehydration product of 2-hexyl-N-hydroxydecanamide, with a parent ion (252.2 m/z) 

corresponding to its nitrile oxide derivative (Figure 2.6C). Control enzyme reactions that 

lacked ATP-Mg, 2-hexyldecanoic acid, hydroxylamine, or OleC did not produce the 

compound eluting at 12.6 minutes. To verify the enzymatic product was indeed 2-hexyl-

N-hydroxydecanamide, we prepared a synthetic standard and confirmed the identity of the 

compound by NMR and direct injection electrospray mass spectrometry (271.2 m/z). 

When synthetic 2-hexyl-N-hydroxydecanamide was analyzed by GC-MS, the nitrile oxide 

of the synthetic standard was observed with an identical retention time by GC-MS of 12.6 

minutes and a m/z of 252.2 (Figure 2.6C). Overall these hydroxylamine trapping 

experiments supported carboxylic acid adenylation consistent with precedence in the ANL 

superfamily. 
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OleC shows stereoselectivity for (2R,3S)-β-hydroxy acids 

Membrane olefins isolated from diverse environmental bacteria containing 

oleABCD genes were shown to have a cis-configuration.43,44 However, the stereochemical 

preferences of the OleC enzyme in vitro remained in question. Kancharla et al. reported 

that OleC from S. maltophilia (77% amino acid identity to X. campestris OleC) was found 

to react with all four β-hydroxy acid diastereomers to produce a cis-olefin observable by 

GC-MS.165 Our previous work with X. campestris OleC also found all four diastereomers 

were used; however, the configuration of the substrates appeared to be conserved in the 

β-lactone products.42 X. campestris OleC converted mixtures of syn-β-hydroxy acid 

diastereomers to cis-β-

lactones and anti-β-hydroxy 

acid diastereomers to trans-β-

lactones.42 However, the 

reactions were run overnight 

to completion and relative 

rates were not measured. To 

further test OleC stereo-

preference, we synthesized 

individual diastereomers of 

the (2R,3S), (2S,3R), and 

(2R,3R) β-hydroxy acids. 

Figure 2.7. Representative HPLC traces of ATP, ADP, and AMP 
showing X. campestris preference for different stereoisomers of 
2-hexyl-3-hydroxyoctanoic acid compared to a racemic mixture 
(orange) and a no enzyme control (purple). 100 µM standards of 
ATP, ADP and AMP are shown in gray. Reactions were 
quenched and adenosine ring absorbance of ATP, ADP, and 
AMP was measured at 259 nm after four hours.  
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HPLC analysis suggested the (2R,3S) diastereomer was preferred by X. 

campestris OleC four-fold over (2S,3R) and almost eight-fold over (2R,3R) after reacting 

for four hours (Figure 2.7). Time course analysis supported that both the syn- 

diastereomers and anti-diastereomer reacted but (2R,3S) was preferred (Figure S2.9). We 

found that the two syn-β-hydroxy acids (2R,3S and 2S,3R) were converted to cis-β-

lactones, and the anti-β-hydroxy acid (2R, 3R) was converted to a trans-β-lactone (data 

not shown). These data are consistent with a mechanism proceeding through an AMP-

carboxylate intermediate that would retain configuration in the ring-closing step, and argue 

against an epimerization or carbocation intermediate that would scramble the original 

configuration. Our findings agree with the stereopreference for S. maltophilia described by 

Kancharla et al. OleC but contradict their report that all diastereomers were converted to 

cis-olefins.165 Our results also correspond well with the known (2R,3S) product 

configuration of the upstream enzyme OleD,48 as well as the downstream enzyme, OleB, 

which was shown to only decarboxylate cis-β lactones to cis-alkenes.49 While the 

stereospecificity of OleC involved in olefin biosynthesis is now well-studied, it is likely that 

BLS occurring in other pathways have differing stereochemical preferences. For example, 

natural products with (2S,3S) and (2R,3R) trans-β-lactone rings have been isolated58,123 

and analysis of their biosynthetic gene clusters suggests the rings may be formed 

enzymatically by BLS homologs.42 Further study on the substrate and stereochemical 

Figure 2.8 Proposed mechanism for OleC-catalyzed β-lactone formation via a carboxy-adenylate 
intermediate and intramolecular ring closure.  
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preferences of diverse BLS homologs is warranted to understand their role in the 

biosynthesis of different alkenes and β-lactone natural products.  

 

CONCLUSIONS 

In summary, we have biochemically and bioinformatically characterized a long-

chain BLS, OleC from X. campestris. We probed the substrate specificity and determined 

steady-state kinetic parameters by developing a rapid, continuous assay for product 

formation. Preliminary evidence suggests this spectrophotometric assay specifically 

detects BLS activity and could be used to screen native gene libraries, during rational 

design, or in directed evolution experiments. Future efforts in enzyme engineering would 

be greatly aided by structural elucidation of a BLS. Crystals of the ATP-dependent BLS 

from S. maltophilia were reported to diffract to 3.4 Å resolution,174 but the structure has not 

been solved. 

The current proposed mechanism suggests OleC performs carboxylic acid 

adenylation followed by intramolecular nucleophilic attack to facilitate β-lactone ring 

closure (Figure 2.8). Most other ANL superfamily members undergo a second partial 

reaction requiring a 140° rotation of the dynamic C-terminal domain.78 While homology 

models suggest that the X. campestris OleC has a C-terminal domain similar to other ANL 

proteins, the role and dynamics of this domain in BLS catalysis is unknown. To the best 

of our knowledge, this is the first example of an ANL enzyme only requiring a single 

substrate besides ATP, which supports a bi-ter rather than a ter-ter mechanism 

characteristic of all other superfamily members.78 Further studies are required to 

determine the role of the putative C-terminal domain as well as the mechanism and binding 

order. Overall, the BLS represent a new reaction and distinct enzyme subfamily within the 

ANL superfamily.  
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MATERIALS AND METHODS 

Substrate analogs for OleC 

Substrate analogs 10-nonadecanol and 2-hexyldecanoic acid were purchased from Tokyo 

Chemical Industries. (R)-3-hydroxy myristic acid was purchased from Cayman Chemical 

Company. All other substrate analogs were synthesized in-house and the methods are as 

described in detail in Appendix I. The following compounds were synthesized: 2(1-

hexenyl)-3-hydroxy-4-decenoic acids, 2-(1-octynyl)-3-hydroxy-4-decynoic acids, 3-

hydroxy-2-methyl-5-phenylpent-4-enoic acid, 2-hexyl-N-hydroxydecanamide, the β-amino 

acids: 2-octyl-3-aminododecanoic acid hydrochloride and 2-nonyl-3-aminoundecanoic 

acid hydrochloride, and individual diastereomers of the 2-hexyl-3-hydroxyoctanoic acids. 

1H- and 13C-NMR spectra of all synthesized compounds are provided in Appendix II.  

Site-directed mutagenesis of X. campestris OleC 

X. campestris OleC variants were generated by site-directed mutagenesis (SDM) using a 

Q5 SDM kit (New England Biolabs). All primers were designed using the NEBaseChanger 

tool (New England Biolabs) and ordered from Integrated DNA Technologies (IDT). To 

confirm each mutation, single colonies were grown in 5 mL of Luria-Bertani broth at 37 °C 

overnight under kanamycin selection. Plasmids were isolated using a QIAprep Spin 

Miniprep Kit (QIAGEN) and verified by Sanger sequencing (ACGT Inc.). 

Purification of Xanthomonas campestris OleC and variants 

The OleC enzyme from Xanthomonas campestris ATCC 33913 (WP_011035474.1) was 

recombinantly expressed with a C-terminal hexa histidine-tag in a pET30b+ vector in 

Escherichia coli BL21(DE3) cells (New England Biolabs). 1.0 L cultures of Luria-Bertani 

broth were inoculated with 1 mL of overnight cultures and allowed to grow at 37°C until 

the OD reached 0.20-0.30. Growth was switched to 16°C for 40 minutes before the 

addition of 1 mL of 0.1 M Isopropyl β-D-1-thiogalactopyranoside (IPTG) and growth at 

16°C continued overnight. Cells were spun, resuspended in buffer A (50 mM Tris-HCl, pH 
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7.5, 400 mM NaCl, 10% glycerol), and lysed using a French pressure cell (2 x 1500 p.s.i.) 

Following centrifugation, the supernatant was loaded onto a 5.0 mL Ni2+ column, washed 

and eluted with buffer A + 325 mM imidazole. Protein concentration was determined by 

the method of Bradford using the Bio-Rad (USA) Protein Assay Dye Reagent. Concentrate 

and a standard curve prepared from a 2 mg/mL bovine albumin standard (Thermo 

Scientific). A typical yield was 10 - 20 mg/L culture. Enzyme stored at -80°C was stable 

for up to 1 year. X. campestris OleC site-directed variants and Stenotrophomonas 

maltophilia OleC (AFC01244.1) was purified using the same procedure. X. campestris 

OleB (WP_012437021.1) was purified using the method of Christenson et al.49 

OleC spectrophotometric assays and kinetics 

Spectrophotometric assays for OleC were performed in UV-transparent 96 well plates 

(Greiner, Sigma- Aldrich) and monitored using a SpectraMax Plus microplate reader 

(Molecular Devices). Equal volume substrate-containing wells and enzyme-containing 

wells were set up prior to reaction initiation to facilitate rapid mixing with a multichannel 

pipette. Prior to mixing, the enzyme-containing wells contained 3.33 μM enzyme (20 μg) 

and 200 μM ATP in a total volume of 100 µL assay buffer (200 mM bis-tris propane with 

5.0 mM methyl-β-cyclodextrins adjusted to pH 9.0 with HCl). Preparation of 2-(1-hexenyl)-

3-hydroxy-4-decenoic acid stock solutions (5 mM) in 100% ethanol rather than assay 

buffer was required by the hydrophobicity of the substrate. Substrate wells contained 200 

μM 2-(1-hexenyl)-3-hydroxy-4-decenoic acid in a total volume of 100 µL assay buffer with 

a final concentration of 4% ethanol from the substrate stock solution. 100 µL from the 

substrate-containing wells were then rapidly added to the enzyme-containing wells and 

mixed for a final concentration of 1.66 μM OleC (20 μg), 100 μM ATP, 100 μM substrate, 

and 2% ethanol in 200 µL total volume. Absorbance at 272 nm was monitored for 10 

minutes at room temperature, and initial rate data was extracted from the linear region of 

the graph between 60 and 300 seconds. To test activity of the diene assay with a non-
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BLS enzyme, reactions were run under identical conditions with a commercially available 

long-chain acyl-CoA Synthetase from Pseudomonas sp. (Sigma A3352-1UN). The 

extinction coefficient of the triene product was estimated to be 13,900 M-1cm-1 based on 

previous work.173 For the determination of kcat and Km(app) for the colorimetric diene 

substrate, wild-type OleC and variants were assayed with varying concentrations of 2(1-

hexenyl)-3-hydroxy-4-decenoic acid (200 μM, 100 μM, 50 μM, 25 μM, 12 μM, 6 μM, 3 μM 

and 1.5 μM). To assess the effects of 5.0 mM methyl-β-cyclodextrins on OleC kinetics, 

reactions were run with the following concentrations of 2(1-hexenyl)-3-hydroxy-4-decenoic 

acid: 125 μM, 62.5 μM, 30.6 μM, 15.3 μM, 7.65 μM, and 3.8 μM. Reactions were carried 

out in triplicate for each substrate concentration. Data were fit to the Michaelis-Menten 

equation using using the R package ‘nlstools’182 for nonlinear regression analysis with 

1000 non-parametric bootstrap resamplings to estimate the values and standard errors 

for the kinetic parameters Km(app) and Vmax. Enzymology data were submitted to the 

STRENDA database and are available at the STRENDA registry number: FOVXJ9. 

HPLC analysis of OleC activity 

High-performance liquid chromatography (HPLC) analysis of ATP, ADP, and AMP was 

conducted using an Agilent 1100 series instrument with a C18 eclipse plus (Agilent) column 

mounted with a C18 guard column. Reactions were carried out in glass HPLC vials with a 

total volume of 500 µL in assay buffer (200 mM bis-tris propane + 5.0 mM methyl-β-

cyclodextrins adjusted to pH 9.0 with HCl). Preparation of substrate stock solutions (5 mM) 

in 100% ethanol rather than assay buffer was required by the hydrophobicity of substrates. 

Reactions were initiated with the addition of 0.5 µM enzyme (15 µg) to 100 µM of ATP, 

100 µM of substrate, and 2% ethanol originating from the substrate stocks. Substrates 

tested include: 3-hydroxy-2-octyldodecanoic acid, 2-hexyl-3-hydroxyoctanic acid, 2-

hexyldecanoic acid, 3-hydroxytetradecanoic acid, (E)-3-hydroxy-2-methyl-5-phenylpent-

4-enoic acid, 3-hydroxy-2-octyldodecanamide, 10-nonadecanol, methyl 3-hydroxy-2-
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octyldodecanoate, and methyl 2-hexyl-3-hydroxyoctanoate. All reactions were performed 

in triplicate. Activity of the long-chain acyl-CoA synthetase from Pseudomonas sp. (Sigma 

A3352-1UN) was tested by HPLC using the assay conditions described by Shimizu et 

al.170 by the addition of 0.002 units (20 µg) enzyme to 300 µM ATP, 70 µM oleic acid, 1.8 

mM CoA in a final volume of 500 µL 50mM Tris-HCL at pH 8.0. All samples were injected 

directly onto the column without filtering. Separation of ATP, ADP, and AMP was observed 

after 9 min of an isocratic conditions with 95% 100 mM H2KPO4 (pH 6.0 with KOH) and 

5% methanol while monitoring at 259 nm.  

GC-MS analysis of OleC activity  

Separation and identification of volatile metabolites was accomplished by gas 

chromatography/mass spectrometry (GC-MS Agilent 7890a & 5975c) equipped with an 

Agilent J&W bd-ms1 column (30m x 0.25 mm i.d., 0.25 μm film). Reactions were initiated 

with the addition 0.68 µM enzyme (10 µg) to 100 µM of ATP, 100 µM of substrate, and 2% 

ethanol originating from the substrate stocks. At appropriate time points, reactions were 

quenched with 450 μL of ethyl acetate and 50 μL of ethereal diazomethane for 

derivatization of carboxylic acid substrates. Preparation of ethereal alcoholic solutions of 

diazomethane from N-methyl-N-nitroso-p-toluenesulfonamide was carried out using a 

commercial kit from Sigma Aldrich (Technical information Bulletin No. AL-180). After 

separation, the organic layer was extracted into clean glass vials and run on the GC-MS 

with the following conditions: splitless injection, inlet pressure of 155.4 kPa, injection 

volume of 2.5 µL, and injection port temperature of 275°C. The GC was programmed as 

follows: hold 76° C for 1 min; ramp linearly to 280° C for 17 min (12° C min-1); hold 280° 

C for 1 min. The carrier gas was He with a flowrate of 1.68 mL min-1. Olefin, from β-lactone 

thermal decarboxylation, was detected without derivatization, but all β-hydroxy acid 

substrates required methylation of the carboxylic acid group by diazomethane.  
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Bioinformatics: 56 nonredundant crystal structures were scraped from ANL Super Family 

Solved Structures site maintained by Dr. Andrew Gulick’s lab 

(http://www.acsu.buffalo.edu/~amgulick/RANLChart.html) and sequences were retrieved 

from the Protein Data Bank (PDB). 474 putative OleC sequences were obtained using a 

profile Hidden Markov Model constructed using HMMER3183 from 68 OleC sequences 

identified by Sukovich et al.43 with at least two of three flanking oleA, oleB, or oleD genes. 

A total of 530 sequences were aligned using DECIPHER184 or Clustal Omega185 and 

phylogenies were estimated using FastTree2.186 Tree visualization was completed in in 

ggtree.187 Sequence alignments were visualized using WebLogo3.188 A homology model 

for X. campestris OleC (WP_011035474.1) was constructed using Phyre2.189 
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Supplementary Table S2.1. Characterized hydrocarbons from selected microorganisms containing the 
complete oleABCD pathway. Major products range in length between C27 – C31 but often shorter chain 
lengths were observed as minor products.43,190 
Microorganism  Hydrocarbon 

chain length 
(predominant 
product)  

OleC homolog 
NCBI accession 
no.  

Reference  

Arthrobacter aurescens TC1  C29H58  YP_947744.1  Frias JA et al. Applied and 
Environmental 
Microbiology. 2009190  

Micrococcus luteus ISU ATCC 
27141  

C29H58  WP_010078536.1  Frias JA et al. Applied and 
Environmental 
Microbiology. 2009190  

Stenotrophomonas maltophilia 
ATCC 17674  

C29H54  AFC01244.1  Frias JA et al. Applied and 
Environmental 
Microbiology. 2009190  

Chloroflexus aurantiacus J-10-fl  C31H58  YP_001637104.1  Sukovich DJ et al. Applied 
and Environmental 
Microbiology. 201043  

Kocuria rhizophila 12 DC2201  C27H54  YP_001854904.1  Sukovich DJ et al. Applied 
and Environmental 
Microbiology. 201043  

Xanthomonas campestris pv. 
campestris ATCC 33913  

C29H52  WP_011035474.1  Sukovich DJ et al. Applied 
and Environmental 
Microbiology. 201043 

Shewanella oneidensis MR-1  C31H46  NP_717354.1  Sukovich DJ et al. Applied 
and Environmental 
Microbiology. 201043   

Shewanella putrefaciens CN-32  C31H46  WP_082785907.1  Sukovich DJ et al. Applied 
and Environmental 
Microbiology. 201043   

Shewanella baltica OS185  C31H46  YP_001049935.1  Sukovich DJ et al. Applied 
and Environmental 
Microbiology. 201043   

Shewanella amazonensis SB2B  C31H46  YP_927061.1  Sukovich DJ et al. Applied 
and Environmental 
Microbiology. 201043   

Shewanella denitrificans OS217  C31H46 YP_562380.1  Sukovich DJ et al. Applied 
and Environmental 
Microbiology. 201043   

Colwellia psychrerythraea 34H  C31H46 YP_268880.1  Sukovich DJ et al. Applied 
and Environmental 
Microbiology. 201043   

Geobacter bemidjiensis Bem  C31H46 YP_002138909.1  Sukovich DJ et al. Applied 
and Environmental 
Microbiology. 201043   

Planctomyces maris DSM 8797  C31H46 ZP_01857291.1  Sukovich DJ et al. Applied 
and Environmental 
Microbiology. 201043 

Lysobacter dokdonensis  unknown*  WP_036166093.1  Christenson JK et al. 
Biochemistry. 201742  

*OleC in gene cluster is characterized and active on 2-octyl-3-hydroxydodecanoic acids (C20 β-hydroxy 
acids) but native hydrocarbon product chain length is not known 
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Supplementary Figure S2.1. A) Di-alkynyl β-hydroxy acid substrate 
reacts with OleC to yield a di-alkynyl β-lactone that rapidly 
decarboxylates to an enediyne. B) OleC reacted slowly with the 
alkyne β-hydroxy acid to yield an enediyne product that absorbs at 
260 nm. R1 = C5H11, R2 = C6H13.  
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Supplementary Figure S2.2. Time-dependent formation of the conjugated 
triene product (m/z 206.4 m/z) by X. campestris OleC measured by GC/MS. 
Increased triene production was observed at 20 minutes (pink), 1.2 hours 
(green), 3.5 hours (blue), and 21.5 hours (orange) compared to a negative 
control lacking enzyme (purple, quenched and extracted after 21.5 hours). 
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Supplementary Figure S2.3. Separated diene assay was tested with long-chain 
Pseudomonas sp. acyl-CoA synthetase (Acs) shown in blue, Stenotrophomonas maltophilia 
OleC (red), Xanthomonas campestris OleC (orange), a no enzyme control (green), and 
equimolar amounts of X. campestris OleC and OleB shown in purple. The Pseudomonas 
sp. Acs displayed slight but insignificant activity by separated diene assay compared to the 
negative control. The addition of X. campestris OleB slightly decreased the activity of OleC 
in the separated diene assay possibly due to the aggregation of OleB and OleC. 
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Supplementary Figure S2.4. Correlation between AMP release and triene formation 
suggested an approximate 2:1 ratio of cofactor release to product formation. This 2:1 
ratio was also observed in wild-type and all mutant OleC variants comparing AMP 
release to the observed olefin (β-lactone) by GC/MS. We infer the difference may be 
due to low solubility of the triene product.  
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Supplementary Figure S2.5. A) SDS-page gel and B) pH profile of X. campestris purified 
wild- type OleC and mutants demonstrates a pH optimum of around 9.0 for wild-type and 
8.5 for mutants.  
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Supplementary Figure S2.6. A) SDS-page gel and B) pH profile of X. campestris 
purified wild- type OleC and mutants demonstrates a pH optimum of around 9.0 for 
wild-type and 8.5 for mutants.  
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Supplementary Figure S2.7. OleC homology model. Inset shows active site residues 
selected for site-directed mutagenesis highlighted pink in relation to AMP (green).  
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Supplementary Figure S2.8. ADP production by X. campestris OleC is increased 
with non-natural substrates. ADP release was quantified by HPLC of adenosine 
ring absorbance at 259 nm. Relative specificity is represented by the bars along 
with their respective standard deviation. All reactions were run in triplicate. 
Compound 9 is a representative drawn for a mixture of 2-octyl-3-aminododecanoic 
acid and 2-nonyl- 3-aminoundecanoic acid diastereomers.  
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Supplementary Figure S2.9. Time course analysis of ATP 
consumption (circles) and AMP release (triangles) by X. campestris 
OleC. (2R,3S)-2- hexyl-3-hydroxyoctanoic acid (green) is clearly 
consumed at a faster rate than 2S,3R (blue) and 2R,3R (red) 
stereoisomers.  
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SUMMARY 

Enzymes that cleave ATP to activate carboxylic acids play essential roles in 

primary and secondary metabolism in all domains of life. Class I adenylate-forming 

enzymes share a conserved structural fold but act on a wide range of substrates to 

catalyze reactions involved in bioluminescence, nonribosomal peptide biosynthesis, fatty 

acid activation, and β-lactone formation. Despite their metabolic importance, the 

substrates and catalytic functions of the vast majority of adenylate-forming enzymes are 

unknown without tools available to accurately predict them. Given the crucial roles of 

adenylate-forming enzymes in biosynthesis, this also severely limits our ability to predict 

natural product structures from biosynthetic gene clusters. Here we used machine learning 

to predict adenylate-forming enzyme function and substrate specificity from protein 

sequence. We built a web-based predictive tool and used it to comprehensively map the 

biochemical diversity of adenylate-forming enzymes across >50,000 candidate 

biosynthetic gene clusters in bacterial, fungal, and plant genomes. Ancestral enzyme 

reconstruction and sequence similarity networking revealed a ‘hub’ topology suggesting 

radial divergence of the adenylate-forming superfamily from a core enzyme scaffold most 

related to contemporary CoA ligases. Our classifier also predicted β-lactone synthetases 

in novel biosynthetic gene clusters conserved across >90 different strains of Nocardia. To 

test our computational predictions, we purified a candidate β-lactone synthetase from 

Nocardia brasiliensis and reconstituted the biosynthetic pathway in vitro to link the gene 

cluster to the β-lactone natural product, nocardiolactone. We anticipate our machine 

learning approach will aid in functional classification of enzymes and advance natural 

product discovery. 
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INTRODUCTION 

Adenylation is a widespread and essential reaction in nature to transform inert 

carboxylic acid groups into high energy acyl-AMP intermediates. Class I adenylate-

forming enzymes catalyze reactions for natural product biosynthesis, firefly 

bioluminescence, and the activation of fatty acids with coenzyme A.79 The conversion of 

acetate to acetyl-CoA by a partially purified acetyl-CoA ligase was first described by 

Lipmann in 1944.83 Since then, enzymes with this conserved structural fold have been 

found to activate over 200 different substrates including aromatic, aliphatic, and amino 

acids. To encompass the major functional enzyme classes, the term ‘ANL’ superfamily 

was proposed based on the Acyl-CoA ligases, Nonribosomal peptide synthetases 

(NRPS), and Luciferases.78 

Most ANL superfamily enzymes catalyze two-step reactions: adenylation followed 

by thioesterification. During the thioesterification step, ANL enzymes undergo a dramatic 

conformational change involving a 140° domain rotation of the C-terminal domain.78 

Thioester bond formation results from nucleophilic attack, typically by a 

phosphopantetheine thiol group. A notable exception to phosphopantetheine is the use of 

molecular oxygen by firefly luciferase to convert D-luciferin to a light-emitting oxidized 

intermediate. Other interesting exceptions include functionally-divergent ANL enzymes 

within the same pathway that catalyze the adenylation and thioesterification partial 

reactions separately.81,82 The ANL superfamily has recently expanded to include several 

new classes of enzymes including the fatty-acyl AMP ligases,110 aryl polyene adenylation 

enzymes,112 and β-lactone synthetases.72 Strikingly, an ANL enzyme in cremeomycin 

biosynthesis was shown to use nitrite to catalyze late stage N-N bond formation in diazo-

containing natural products.111 The discovery of such novel enzymatic reactions nearly 75 

years after the Lipmann’s initial report suggests the ANL superfamily still has unexplored 

catalytic potential, particularly in specialized metabolism. 



80 
 

No computational tools currently exist for prediction and functional classification of 

ANL enzymes at the superfamily level. Still, the development of one previous platform, 

which is no longer supported or available, showed that this class of enzymes is amenable 

to computational predictions of substrate and function.192 Previously, bioinformatics tools 

were also developed to predict substrates for NRPS adenylation (A) domains.96,97 Genome 

mining approaches using NRPS A domain prediction tools have proved useful to access 

the biosynthetic potential of unculturable organisms and link ‘orphan’ natural products with 

their biosynthetic gene clusters. For example, NRPS A domain predictions guided the 

discovery of the biosynthetic machinery for the leinamycin family of natural products193 

and enabled sequence-based structure prediction of several novel lipopeptides by Zhao 

et al. However, Zhao et al. reported limitations in existing tools in that they could not predict 

the chain length of lipid tails incorporated into lipopeptides. Lipid tails are prevalent in 

natural products and are incorporated by fatty acyl-AMP or acyl-CoA ligase enzymes, both 

in the ANL superfamily. These enzymes are among the most well-studied subclasses of 

ANL enzymes. For less-studied subclasses, enzyme functions and substrates are even 

more challenging to predict. Hence, a computational tool encompassing all classes of ANL 

enzymes would constitute a major step towards more accurate structural prediction of 

natural product scaffolds. 

Here, we used machine learning to develop a predictive platform for ANL 

superfamily enzymes and map their substrate-and-function landscape across 50,064 

candidate biosynthetic gene clusters in bacterial, fungal, and plant genomes. We detected 

candidate β-lactone synthetases in uncharacterized biosynthetic gene clusters from 

pathogenic Nocardia spp. and experimentally validated the gene cluster in vitro to link it 

to the orphan β-lactone compound, nocardiolactone. Overall, this research provides a 

proof-of-principle towards the use of machine learning for classification of enzyme 

substrates to guide natural product discovery. 
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RESULTS 

Machine learning accurately predicts enzyme function and substrate specificity 

A global analysis of protein family domains revealed that ANL superfamily 

enzymes (PF00501; AMP-binding domains) are the third most abundant domain in known 

natural product biosynthetic pathways (Supplementary Table S3.1). Despite the essential 

and varied roles of ANL enzymes, there is no database that catalogs their biosynthetic 

diversity. Therefore, we mined the literature, MIBiG,194 and UniProtKB195 for ANL enzymes 

with known substrate specificities. We then constructed a training set of >1,700 ANL 

protein sequences paired with their functional class, substrate(s), kinetic data, and crystal 

structures if solved. As reported previously by Gulick and others, ANL superfamily 

enzymes in our training set were divergent at the sequence level but shared a common 

structural fold and core motifs including (Y/F)(G/W)X(A/T)E and (S/T)GD critical for ATP-

binding and catalysis.78 

We defined nine major functional enzyme classes on the basis of having enough 

experimentally-characterized enzymes per class to enable classification by machine 

learning: short chain acyl CoA synthetases (C2 – C5, SACS), medium chain acyl-CoA 

synthetases (C6 – C12, MACS), long-chain acyl-CoA synthetases (C13 – C17, LACS), very-

long-chain acyl-CoA synthetases (C18+, VLACS), fatty acyl-AMP ligases (FAAL), 

luciferases (LUC), β-lactone synthetases (BLS), aryl-CoA ligases (ARYL), and NRPS A 

domains (NRPS). In addition, we trained a separate model to predict enzyme substrate 

specificity. While prediction at the level of an individual substrate is desirable, the broad 

substrate specificity of some classes of ANL enzymes limited the resolution of our 

predictions to groups of chemically-similar compounds. For example, one class of LACS 

has demonstrated activity with fatty acids with chain lengths ranging from C8 – C20.196 

There were over 200 chemically-distinct substrates in our training set, many with just one 
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experimental example. Therefore, we clustered substrates based on chemical similarity 

(Tanimoto coefficient) to identify 15 groups for broad level substrate classification 

(Supplementary Table S3.2). 

Previously, 34 amino acids within 8 Å of the gramicidin synthetase active site were 

shown to be critical for accurate prediction of NRPS A domain substrate specificity.97 Due 

Figure 3.1. Machine learning to predict substrate and function of adenylate-forming enzymes 
from protein sequences. A) The workflow includes extracting 34 active site residues (green) and 
FAAL-specific loop (red) residues and encoding them as a vector of physiochemical properties. 
Separate classifiers are trained to predict substrate specificity and enzyme function. B) Hold-out test 
set accuracy for three different classification methods evaluated in this study C) Area under the 
receiver operating characteristic curve (AUROC) for substrate specificity predictions. Colors 
correspond to different substrates and macro (gray) and micro (black) AUROC averages. Red = 
aryl/biaryl acids, Green = bulky/phenyl aa, Blue = C13 – C17 fatty acids, Purple = C18+ fatty acids, 
Orange = C2 – C5 acids, Tan = C6 – C12 fatty acids, Brown = succinylbenzoic acids, Hot pink = cyclic 
aliphatic aa, Dark blue = cysteine, Fuchsia = luciferin, Light pink = β-hydroxy acids, Turquoise = polar 
and charged aa, Goldenrod = small hydrophilic aa, Deep pink = small hydrophobic aa, Lavender = 
tiny aa. aa = amino acids. D) Confusion matrix of predicted vs. truth for ANL substrate specificity on 
hold-out test set. Predictions for functional class are presented in Supplementary Figure S3.2.  
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to the high level of structural conservation between NRPS A domains and other proteins 

in the superfamily, we hypothesized these 34 active site residues would also be important 

features for ANL substrate prediction. Using an AMP-binding profile Hidden Markov Model 

(pHMM), we extracted 34 active site residues from our >1,700 training set sequences. 

Further inspection of the superfamily-wide pHMM alignment revealed the presence of a 

fatty acyl-AMP ligase-specific insertion (FSI) of 20 amino acids not present in other 

superfamily members (Supplementary Figure S3.1). The FSI has been suggested to 

inhibit the 140° domain rotation of the C-terminal domain and is critical for the rejection of 

CoA-SH as an acceptor molecule.110 Since the FSI was shown experimentally to be an 

important feature to distinguish FAAL from LACS enzymes, we extracted 20 FSI residues 

from each sequence and appended them to our feature vector for a total of 54 residues. 

Each amino acid was further encoded as 15 normalized real numbers corresponding to 

different physicochemical properties including hydrophobicity, volume, secondary 

structure, and electronic properties.97 The physicochemical properties were then used to 

train machine learning models to predict enzyme function and substrate (Figure 3.1A). 

Three different machine learning algorithms were evaluated for our classification 

problem: feedforward neural networks, naïve Bayes, and random forest. Random forest 

performed slightly better than its counterparts for both function and substrate classification 

problems (Figure 3.1B and Supplementary Figure S3.2). Naïve Bayes also performed 

well, but was significantly slower than random forest in run-time. The feedforward neural 

network performed the worst, likely due to a relatively small number of training samples, 

and was also the slowest model to train. On the basis of speed and accuracy we chose to 

proceed with the random forest algorithm. Our best performing model achieved 82.5 ± 

2.3% test set classification accuracy for substrate specificity and 83.3 ± 3.0% for functional 

class prediction (Figure 3.1B and Supplementary Figure S3.2). The average area under 

the receiver operating characteristic curve (micro-average AUROC) was 0.981 for 
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substrate group prediction and 0.978 for functional class (Figure 3.1C and Supplementary 

Figure S3.2). Within-class accuracy was highest for the FAAL and NRPS A domains, most 

likely due to a larger amount of experimental data for these protein families 

(Supplementary Figure S3.2). Both of our classifiers also performed well with more 

specialized enzymes that accept single substrates such as the BLS and LUC classes 

(Supplementary Figure S3.2). We speculate that enzymes with specialized functions might 

have distinct ‘active site patterns’ that could be learned by our algorithms due to the 

preference of these enzymes for single substrates (e.g. D-luciferin). Our machine learning 

model consistently performed the worst on substrate classification for enzymes with broad 

substrate specificity such as the aryl/biaryl acids and C6 – C11 chain length fatty acids and 

aryl acids (Figure 3.1D). 

We developed a web application, AdenylPred (z.umn.edu/AdenylPred), for 

Adenylation Prediction to make our machine learning models publicly available. Users 

can upload their sequences of adenylate-forming enzymes in multi-FASTA or GenBank 

format either as nucleotide or protein sequences. Predictions and probability scores 

between 0 and 1 (with scores >0.6 designated as confident predictions) are reported for 

both functional classification and substrate specificity. The entire ANL enzyme training set 

is also available in a searchable database format. Overall, the web app provides an 

interactive interface for users with little computational experience. A command-line version 

of the tool is also available for download for the analysis of large datasets. 

AdenylPred validation with divergent ANL superfamily sequences 

To test AdenylPred with another separate hold-out set, we mined the literature for 

newly characterized adenylate-forming enzymes that had not been included in model 

training. We assembled a validation set of 40 protein sequences from insects, fungi, 
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cyanobacteria and other prokaryotes (Supplementary Table S3.3). Sequences in the 

validation set were sufficiently divergent with as low as 31% amino acid sequence identity 

from closest hits in the training set (mean 54%, Supplementary Table S3.3). Substrate 

preferences also ranged widely including benzoxazolinate, 3-cyanobutanoate and 3-

(methylthio)propanoate (Supplementary Figure S3.3). The validation set also included a 

Figure 3.2. Maximum-likelihood phylogenetic tree of characterized protein sequences in the ANL 
superfamily. Tree was computed using the Jones-Taylor-Thornton matrix-based model of amino acid 
substitution and colored by functional enzyme class. Some enzyme classes such as BLS, NRPS, and 
LUC form monophyletic clades while other sequences i.e. the ARYL class are dispersed throughout the 
tree, suggesting evolutionary divergence. Red = ARYL, Green = BLS, Dark blue = VLACS, Orange = LUC, 
Light blue = FAAL, Brown = NRPS, Purple = LACS, Pink = SACS, Gold = MACS. Gray node circles 
represent bootstrap support >75% at branch points. Bar, 0.4 aa substitutions per site. 
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number of unusual or bifunctional adenylate-forming enzymes including proteins 

catalyzing diazo-group formation,111 formylation,197 and amide-bond formation103,198 The 

overall accuracy for all 40 sequences independent of probability score was 80% for 

functional class prediction and 72.5% for substrate specificity prediction (Supplementary 

Table S3.3). AdenylPred had 100% functional class and substrate specificity prediction 

accuracy for all sequences with probability scores >0.6. These classification accuracies 

suggest AdenylPred has utility in prediction for a range of divergent enzymes in the ANL 

superfamily.  

Specialized ANL enzymes may have evolved from an ancestral scaffold utilizing 

CoA-SH 

We next used a phylogenetic approach to investigate the functional divergence of 

ANL superfamily enzymes (Figure 3.2). Maximum-likelihood phylogenetic analysis 

revealed that some functional classes, including the BLS, LUC, and NRPS enzymes, 

formed tight monophyletic clades whereas others, mainly enzymes in the ARYL class, 

were dispersed throughout the tree. The wide phylogenetic distribution of the ARYL 

sequences indicated many ARYL enzymes were more closely related to different protein 

subfamilies than to each other. This observation could likely be explained by two 

evolutionary scenarios: 1) aryl-CoA ligase activity arose independently several times 

throughout ANL superfamily evolution or 2) radial divergence of the superfamily occurred 

from an ancestral scaffold similar to contemporary ARYL enzymes.199 To investigate these 

scenarios further, we used a maximum-likelihood approach for ancestral sequence 

reconstruction to estimate the 10 most likely sequences for the predicted ancestral protein 

at the root of the ANL phylogeny.200 We used AdenylPred to extract sequence features 

and predict function and substrate for our reconstructed ancestral proteins. AdenylPred 

classified 10/10 of the most likely ancestral ANL proteins as aryl-CoA ligases most likely 

to activate aryl and biaryl derivatives as substrates (probability score = 0.6). We also 
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tested a maximum-likelihood ancestral reconstruction using only 34 active site residues 

as the seed sequences rather than full sequences and obtained similar ARYL predictions 

(probability score = 0.7). These findings suggest that the active sites of our reconstructed 

ancestral ANL proteins were most similar to contemporary ARYL enzymes. 

Sequence similarity networking reveals a ‘hub’ network topology 

To map the predicted functional distribution of adenylate-forming enzymes in 

biosynthetic gene clusters, we applied AdenylPred to a taxonomically- diverse and 

representative collection of bacterial, fungal, and plant genomes. We extracted all 

standalone adenylate-forming enzyme sequences from 50,064 candidate biosynthetic 

gene clusters detected using antiSMASH,201 fungiSMASH,202 and plantiSMASH.203 To 

visualize results, we constructed a sequence similarity network with adenylate-forming 

enzymes colored by their functional classification using AdenylPred (Figure 3.3A). The 

sequence similarity network displayed a ‘hub-and-spoke’ topology in which most functional 

protein subfamilies showed higher sequence similarity with hub sequences than with any 

other subfamily (Figure 3.3A). For all nodes in the hub with AdenylPred probability scores 

>0.6, 80% were predicted to be aryl-CoA ligases. To test the robustness of this topology 

with a different sequence set, we constructed a sequence similarity network from a smaller 

set of all AMP-binding domains from the manually-curated MIBiG database 

(Supplementary Figure S3.4). Again, we recovered the same topology with the aryl-CoA 

ligases at the center. Of the 48,250 full length AMP-binding hits that we analyzed with 

AdenylPred, 79% were predicted to be in the ARYL or NRPS classes (Figure 3.3B). There 

were no predicted luciferases in the biosynthetic gene clusters which was expected since 

insect genomes including fireflies were not included in the dataset. Interestingly, the 

predicted FAALs outnumbered LACS more than tenfold (3,673 to 322). Since both FAALs 

and LACSs both accept long-chain fatty acids as substrates, these findings support 

previous reports that the majority of lipid tails in lipopeptides and other natural products 
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may be incorporated through FAAL-mediated activity rather than CoA-activation.108 β-

Lactone formation and CoA-activation of long-chain fatty acids were the least common 

functions catalyzed by ANL enzymes in biosynthetic gene clusters (Figure 3.3B). 

 AdenylPred-guided discovery of β-lactone synthetases in biosynthetic gene 

clusters 

Figure 3.3. Predicted functional distribution of adenylation enzymes encoded in 50,064 candidate 
biosynthetic gene clusters. A) Sequence similarity network of all standalone AMP-binding pHMM hits 
extracted from candidate biosynthetic gene clusters identified in >24,000 bacterial, fungal, and plant 
genomes. Diamonds correspond to training set sequences and circles represent AMP-binding hits 
extracted from biosynthetic gene clusters. The network was trimmed to a BLAST e-value threshold of 1 x 
10-36. Circles with a probability >0.6. are colored by their prediction, while sequences colored gray had ‘no 
confident prediction.’  B) Bar plot of relative counts for different functional classes of ANL enzymes within 
biosynthetic gene clusters (AdenylPred prediction probability >0.6). 
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β-Lactone synthetases were among the most recently discovered members of the 

ANL superfamily and a comprehensive analysis of their prevalence in natural product 

biosynthetic gene clusters had never been conducted. We examined AdenylPred hits for 

β-lactone synthetases from our collection of 50,064 candidate biosynthetic gene clusters. 

As expected, we detected candidate β-lactone synthetases in gene clusters responsible 

for the biosynthesis of known β-lactone natural products including ebelactone and 

lipstatin.58,59 Predicted candidate β-lactone synthetases were detected in 48 distinct 

bacterial and fungal genera, with the highest confidence hits in the Planctomycetia, 

Deltaproteobacteria, and Actinobacteria (Supplementary Figure S3.5). To experimentally 

characterize one of these predictions, we selected a candidate β-lactone synthetase 

sequence that was highly conserved in the bacterial genus Nocardia (Supplementary 

Figure S3.5). Previously, a β-lactone natural product, nocardiolactone, had been isolated 

from pathogenic strains of Nocardia spp.204 However, no follow-up biosynthetic studies on 

nocardiolactone were published and the gene cluster was never reported resulting in 

nocardiolactone being labeled an ‘orphan’ natural product. Therefore, we aimed to 

experimentally determine whether the predicted β-lactone synthetases in Nocardia were 

involved in nocardiolactone biosynthesis. 

We identified three flanking genes around the predicted β-lactone synthetase 

genes in Nocardia spp. that shared synteny with biosynthetic genes for the β-lactone 

natural product, lipstatin (Figure 3.4A). The lipstatin cluster encodes NRPS and 

formyltransferase enzymes that attach an N-formyl leucine to the di-alkyl backbone.58 

Notably, NRPS and formyltransferase genes were absent from all candidate clusters in 

Nocardia (Figure 3.4B). We hypothesized that this cluster of four biosynthetic genes, 
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termed nltABCD, encode the necessary enzymes for Nocardia spp. to produce a di-alkyl 

β-lactone product similar to lipstatin but lacking an amino acid side chain. Predicted 

Figure 3.4. Proposed nocardiolactone biosynthetic gene cluster. A) Synteny between 
published bacterial cis-olefin and lipstatin gene clusters with the nocardiolactone biosynthetic 
gene cluster. Percentages correspond to amino acid identity. B) Representatives of the 
proposed nocardiolactone biosynthetic cluster in Nocardia. Maximum-likelihood phylogenetic 
tree is based on NltC amino acid sequence distance estimated using the Jones Taylor-
Thornton model of amino acid substitution. Sequences corresponding to Nocardia isolated 
from humans are designated by black circles.  
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functions of genes in the nltABCD biosynthetic cluster correspond to the reactions required 

to produce the orphan structure of the β-lactone product, nocardiolactone (Figure 3.4A), 

prompting us to characterize the biosynthetic enzymes and pathway experimentally. 

In vitro reconstitution of the nocardiolactone pathway links biosynthetic gene 

cluster to its orphan natural product 

Nocardiolactone was originally isolated in 1999 from a pathogenic strain of 

Nocardia brasiliensis and other unidentified strains of Nocardia spp., none of which are 

available in public culture collections.204 Genetic manipulation in Nocardia remains a 

challenge therefore we opted instead to reconstitute the complete biosynthetic pathway in 

vitro by heterologously expressing and purifying individual nltABCD pathway enzymes. 

This approach gave us full control to determine the function of each pathway enzyme 

through biochemical analysis of intermediates and comparison to synthetic standards. 

We cloned and expressed a gene encoding a candidate β-lactone synthetase, 

termed NltC, from a publicly available N. brasiliensis genome. NltC purified as a 60 kDa 

monomer. To test NltC for β-lactone synthetase activity, we synthesized syn- and anti-2-

octyl-3-hydroxydodecanoic acid diastereomers as substrate analogs and added ATP, 

MgCl2, and purified NltC (Figure 3.5A). We observed NltC-catalyzed formation of cis-and 

trans-β-lactones after overnight reaction compared to no enzyme controls (Supplementary 

Figure S3.6A). The coupling constants were consistent with synthetic standards for cis- 

and trans-β-lactones of comparable chain length. AMP release is also commonly used as 

a readout for ANL superfamily activity. In a time-course analysis of AMP release by NltC, 

we observed activity with C20 chain length β-hydroxy acids but no activity with C14 length 

analogs above the level of the no-substrate control (Figure 3.5A). NltC also showed weak 

activity with 2-hexyldecanoic acid as a substrate mimic, but not with 10-nonadecanol, 

suggesting adenylation of the carboxylic acid rather than hydroxyl group (Supplementary 

Figure S3.6B). These results are consistent with the reported adenylation activity for the 
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β-lactone synthetase from Xanthomonas campestris and with the ANL superfamily.72 

Overall, these results support AdenylPred-guided predictions that NltC in N. brasiliensis 

is a functional β-lactone synthetase. 

To further characterize enzymes involved in nocardiolactone biosynthesis, we 

purified two upstream thiolase family proteins, NltA and NltB. Recently, homologous 

enzymes in the lipstatin biosynthetic pathway, LstA and LstB were shown to form a 

functional heterodimer to catalyze ‘head-to-head’ Claisen condensation of two acyl-

CoAs.118 We hypothesized NltA and NltB might catalyze a similar reaction to form the 

nocardiolactone backbone (Figure 3.5B). When heterologously expressed, NltA was 

Figure 3.5. Biochemical characterization of nocardiolactone biosynthetic enzymes. A) Time-
course analysis of NltC activity with di-alkyl β-hydroxy acids with carbon backbones of length C20 
(blue) and C14 (orange) compared to a no substrate control (gray). NltC prefers longer chain β-
hydroxy acids (C20) and shows no discernable activity with C14 β-hydroxy acids above the level of 
the no substrate control. B) Co-expressed NltA and NltB enzymes condense 2 myristoyl-CoAs to 
form 2-myristoyl-3-ketomyristic acid. The resulting ketone (14-heptacosanone) from the 
breakdown of 2-myristoyl-3-ketomyristic acid was observable by GC-MS. The enzymatic product 
of NltAB was identical to a 14-heptacosanone control produced by wild-type X. campestris OleA 
but was not observed to be catalyzed by NltA or NltB enzymes purified individually. C) Proposed 
biosynthetic pathway for nocardiolactone. R1 = C18H37, R2 = C13H27. 
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mostly insoluble and formed inclusion bodies even when co-expressed with chaperones. 

We also attempted to purify a NltA homolog from a closely-related organism, Nocardia 

yamanashiensis, and again observed inclusion body formation. In contrast, NltB could be 

purified with a moderate yield (~28 mg/L of culture). When tested individually, NltA and 

NltB protein preparations did not display activity with any chain length (C8 – C16) acyl-CoA 

substrate tested. However, when nltA and nltB were co-expressed on a single plasmid we 

obtained soluble protein that actively catalyzed the Claisen condensation of long-chain 

acyl-CoAs to β-ketoacids (Figure 3.5B). Size exclusion chromatography suggested NltA 

and NltB formed a heterodimer that eluted at approximately 72 kDa.  

From homology modeling and sequence analysis we observed that the NltB 

sequence was 45 amino acids shorter than NltA and lacked a Cys-His-Asn catalytic triad, 

similar to reports for LstB relative to LstA.118 Although no crystal structure of LstAB is 

available, site-directed mutagenesis revealed a conserved glutamate in LstB (Glu 60) was 

required for condensation activity. In the crystal structure of the physiological homodimer 

of OleA from Xanthomonas campestris, a similarly-positioned glutamate from the β-chain 

was shown to enter the active site of the α-chain in the OleA homodimer to deprotonate 

and activate the α-carbon of the substrate.45 Based on homology modeling and structural 

alignments with OleA, NltBE57 may be similarly poised for α-carbon deprotonation in the 

NltA active site (Fig. S7A). We used site-directed mutagenesis to mutate the NltB 

glutamate (Glu 57) to either alanine or glutamine. Claisen condensation activity was 

abolished in NltABE57A and NltABE57Q mutants compared to wild-type NltAB 

(Supplementary Figure S3.7B). Taken together, these results suggest NltA and NltB may 

form a functional heterodimer with NltBE57 required to catalyze the Claisen condensation 

of two fatty acyl-CoA substrates. Crystallographic studies are required to investigate LstAB 

and NltAB further. 
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The final enzyme in the nocardiolactone cluster, NltD, belongs to the short chain 

reductase superfamily. NltD purified as a 78 kDa fusion protein with a maltose binding 

protein tag. NltD has an N-terminal conserved nucleotide binding motif (Rossman fold) 

and a SXnYXXXK catalytic triad characteristic of short chain reductase superfamily 

member.48 NltD shares 53% amino acid identity with the lipstatin reductase (LstD) and 

36% identity with X. campestris OleD, a 2-alkyl-3-ketoalkanoic acid reductase involved in 

olefin biosynthesis (Fig 3.4A). Since studies on OleD demonstrated 2-alkyl-3-ketoalkanoic 

acids are unstable, we monitored the reaction in reverse with 2-alkyl-3-hydroxyalkanoic 

acid substrates using a spectrophotometric assay for NADPH formation.48 Purified NltD 

catalyzed NADP+-dependent conversion of 2-alkyl-3-hydroxyalkanoic acid to 2-alkyl-3-

ketoalkanoic acid with both C20 and C14 di-alkyl β-hydroxy acid substrates at a rate similar 

to a X. campestris OleD control (Supplementary Figure S3.8).  

We next reconstituted the entire pathway to produce nocardiolactone-like analogs 

by combining purified pathway enzymes with decanoyl-CoA, NADPH, ATP, and MgCl2 

(Figure 3.5C and Supplementary Figure S3.9). Due to instability and loss of activity of 

purified NltAB over time, we substituted the functionally-equivalent and stable homodimer, 

OleA, from X. campestris.47 After overnight incubation, we observed formation of a di-alkyl 

β-lactone natural product (Supplementary Figure S3.9). Based on in vitro evidence, we 

propose nocardiolactone biosynthesis is initiated via ‘head-to-head’ Claisen condensation 

of fatty acyl-CoA substrates catalyzed by a heterodimeric interaction between NltA and 

NltB. NltD then reduces the di-alkyl β-keto acid to a di-alkyl β-hydroxy acid in an NADPH-

dependent manner. Finally, intramolecular ring closure of a β-hydroxy acid to a β-lactone 

is catalyzed by the ATP-dependent β-lactone synthetase NltC (Figure 3.5C). Overall, 

these results link the nltABCD biosynthetic gene cluster in Nocardia brasiliensis to the 

orphan natural product, nocardiolactone. 
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The nocardiolactone gene cluster is enriched in human pathogens 

With the biosynthetic gene cluster identified, we next probed the taxonomic 

distribution and abundance of the nocardiolactone pathway in Nocardia genomes. We 

used AdenylPred to identify putative β-lactone synthetases and detected nltC homologs 

with flanking nltABD genes in 94 out of 159 complete Nocardia genomes in the PATRIC 

database.205 Notably, the strict nltABCD cluster was not detected in any closely related 

genera such as Rhodococcus, Streptomyces, or Mycobacterium, suggesting 

nocardiolactone biosynthesis may be specific to the genus Nocardia. We observed the 

nocardiolactone gene cluster was more prevalent amongst strains of pathogenic clinical 

isolates from human patients than in strains isolated from other sources (Fig. 4B). The 

complete nltABCD cluster was detected in 68% of genomes of distinct species of human 

pathogenic Nocardia relative to 27% isolated from non-human sources (p-value: 0.002, 

Fisher’s exact test). We also queried a separate dataset comprised of 169 clinical isolates 

of Nocardia from human patients (Pidot, Stinear, in prep) and recovered a similar 

proportion of complete nocardiolactone cluster hits amongst clinical isolates (112/169, 

~66%). Although only correlative, the enrichment warrants further research and suggests 

a potential link between the nocardiolactone cluster and Nocardia pathogenicity. 

 

DISCUSSION 

Based on our ancestral reconstruction, we propose ancient ANL enzymes had an 

active site most similar to contemporary enzymes with CoA ligase activity. This hypothesis 

is supported by the unusual hub topology of the ANL network. Many other enzyme 

superfamilies do not have this topology and instead tend to show patterns of sequential 

functional divergence.206,207 However, Babbitt and colleagues detected a similar hub 

topology in the nitroreductase superfamily and provided multiple lines of evidence 

supporting that the topology indicated radial divergence of the superfamily from a minimal 
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flavin-binding scaffold.199 Our results also suggest ANL sequences may have undergone 

divergent evolution towards more specialized functions from ancestral enzymes with CoA-

ligase-like scaffolds. 

The proposed evolutionary trajectory of the ANL superfamily is supported by 

experimental evidence for CoA-ligase activity in many extant ANL enzymes that primarily 

perform other functions. For example, Linne et al. tested the CoA-ligase activity of five 

different NRPS A domains.101 Surprisingly, all the NRPS A domains were also able to 

synthesize acyl-CoAs in vitro. Enzymatic CoA-ligase activity of the NRPS A domains 

varied proportionally to their evolutionary similarity with a native acyl-CoA synthetase, 

suggesting that greater sequence divergence resulted in more specialized NRPS A 

domain activity and reduced bifunctionality. Firefly luciferases were also demonstrated to 

be bifunctional as CoA-ligases91 and luciferase activity was conferred to an acyl-CoA 

ligase from a non-luminescent click beetle by just a single point mutation.92 Arora et al. 

showed FAAL enzymes likely lost their CoA-ligase activity due to the FSI. Indeed, deletion 

of the FSI conferred acyl-CoA ligase activity in FAAL28 from Mycobacterium 

tuberculosis.110 The fact that simple mutations can revert many enzymes back to a CoA-

ligase state supports the hypothesis that the ANL superfamily arose from an ancestral 

enzyme using CoA-SH as an acceptor molecule. However, we cannot rule out the 

alternative hypothesis of CoA-ligase activity arising independently several times in the 

ANL superfamily. Overall, ancestral reconstruction coupled with AdenylPred analysis 

yielded new insights into the evolutionary structure-function relationships among 

adenylate-forming enzymes. 

Within the ANL superfamily, the β-lactone synthetases were the most recently 

discovered family and the extent of their role in natural product biosynthesis remained 

poorly understood.42,72 We used AdenylPred to detect >90 β-lactone synthetases in 

uncharacterized biosynthetic gene clusters which is significantly more than the eight 
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known biosynthetic gene clusters for β-lactone natural products reported to date.2 The 

disparity between the number of predicted β-lactone biosynthetic gene clusters and known 

β-lactone natural products has several possible explanations. One reason may be limited 

discovery due to the reactivity and thermal instability of β-lactones. β-lactones are strained 

rings that can rapidly hydrolyze in aqueous solutions or thermally decarboxylate, thus 

hampering their detection by common analytical methods such as GC-MS. It is also 

plausible many biosynthetic gene clusters with β-lactone synthetases are not expressed 

under normal laboratory conditions. Another explanation is the undetected role of β-

lactones as intermediates in the biosynthesis of other chemical moieties. Chemists have 

long referred to β-lactones as ‘privileged structures’ for the total synthesis of compounds 

with a variety of functional groups including β-lactams, gamma-lactones, and alkenes.2,20 

Our findings suggest microbes might also use β-lactones as intermediates since we 

detected a number of β-lactone synthetase hits in gene clusters known to make natural 

products without final β-lactone moieties such as polyunsaturated fatty acids. Indeed, β-

lactone synthetases in oleABCD gene clusters were recently linked to production of the 

final alkene moiety in the biosynthesis of a C31 polyunsaturated hydrocarbon product.51 

Such cases, if more widespread, may have also escaped detection because most of the 

predicted gene clusters with β-lactone synthetases were not detected by tools like 

antiSMASH201 until recently, prohibiting the discovery of such biosynthetic pathways 

through genome mining approaches. The recent feature implementation in antiSMASH to 

detect likely β-lactone moieties now enables further research into the role of β-lactones as 

intermediates in the biosynthesis of hydrocarbons and other secondary metabolites.  

Among the predicted gene clusters with β-lactone synthetase homologs, we 

detected a conserved cluster in Nocardia which we linked to the orphan β-lactone natural 

product, nocardiolactone. Numerous biosynthetic gene clusters have been detected in 

Nocardia spp., and many genomes from Nocardia have as many type I polyketide 
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synthases and NRPS gene clusters as Streptomyces genomes.208 Despite this, only a 

small number of biosynthetic gene clusters in Nocardia have been experimentally-verified. 

Recently, the biosynthetic gene cluster for the nargenicin family of macrolide antibiotics 

was discovered in human pathogenic strains of Nocardia arthriditis.209 Khosla and 

colleagues also reported on a unique class of orphan polyketide synthases in the genomes 

of Nocardia isolates from human patients with nocardiosis.210 Based on the conservation 

of this gene cluster in clinical isolates from nocardiosis patients, Khosla proposed the 

product might play a role in Nocardia pathogenicity in human hosts. Similarly, we found 

the nocardiolactone gene cluster was significantly more abundant in the genomes of 

human pathogenic strains compared to isolates from non-human sources. The enrichment 

supports the hypothesis that nocardiolactone could play a role in the pathogenicity of 

Nocardia, however further in vivo studies are required. 

Nocardiolactone was first isolated from the mycelia of Nocardia spp. rather than 

the fermentation broth, suggesting the compound is cell-associated.204 The long, waxy di-

alkyl tails of nocardiolactone resemble mycolic acids and would likely embed in the cell 

membrane. The cell wall composition varies between different species of Nocardia but is 

known to consist primarily of trehalose dimycolate and several other unidentified 

hydrophobic compounds.211 Studies on Nocardia virulence found that cell-surface 

composition was a critical determinant for attachment and penetration of host cells.212 Cell 

wall-associated lipids in N. brasiliensis were also shown to induce a strong inflammatory 

response.211 The role of hydrophobic natural products in Nocardia pathogenicity and 

infection remains a rich and untapped direction for future research. 

In summary, we conducted the first global analysis of adenylate-forming enzymes 

in >50,000 candidate biosynthetic gene clusters from all domains of life. Our machine 

learning approach yielded evolutionary insights into ANL superfamily divergence from a 

core scaffold similar to contemporary aryl-CoA ligases towards enzymes with more 
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specialized functions such as β-lactone formation. AdenylPred analysis also detected >90 

β-lactone synthetases in gene clusters in Nocardia spp. that were enriched in the genomes 

of human pathogens. Through in vitro pathway reconstitution, we were able to link this 

gene cluster family to the orphan natural product nocardiolactone. These findings 

demonstrate how machine learning methods can be used to pair gene clusters with orphan 

secondary metabolites and advance understanding of natural product biosynthesis. 

 

MATERIALS AND METHODS 

Sequence similarity networking  

Candidate biosynthetic gene clusters from >24,000 bacterial genomes in the antiSMASH 

database213 version 2.0 were combined with pre-calculated plantiSMASH output203 and 

results from fungiSMASH analysis of 1,100 fungal genomes (accession numbers available 

at https://github.com/serina-robinson/adenylpred_analysis/). The AMP-binding pHMM 

(PF00501) was used to query all genes in the dataset with default parameters, returning 

213,993 significant hits. Since the distribution and identity of NRPS adenylation domains 

have already been analyzed in detail by Chevrette et al.96 we opted to analyze only 

standalone AMP-binding pHMM hits. All sequences with a condensation domain 

(PF00668) in the same coding sequence were filtered out, leaving 71,331 ‘standalone’ 

AMP-binding HMM hits. Of these, partial sequences (less than 150 amino acids in length) 

were removed for a total of 63,395 sequences. Due to computational limitations of 

visualizing large networks, the sequences were clustered using CD-HIT214 with a word 

size of 2 and 40% sequence similarity cut-off to yield 2,344 cluster representatives. Cluster 

representatives were combined with the AdenylPred training set sequences to observe 

their relation to sequences with known specificity. A sequence similarity network was 

constructed by calculating pairwise BLAST215 similarities between all sequences. The 
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network was examined over a comprehensive range of e-value cutoffs and visualized 

using the ‘igraph’ package.216  

Training set construction  

The AdenylPred training set was pulled and manually-curated from three databases: 

UniProtKB,195 MIBiG,194 and the most up-to-date NRPS A domain training set from 

SANDPUMA.96 AMP-binding enzymes (PF00501) in the UniProtKB database that had 

experimental evidence at the protein level were extracted and linked to their substrate 

through literature mining and manual verification. The MIBiG database was queried with 

the AMP-binding HMM (PF00501). MIBiG sequences were extracted and linked to their 

product and substrate when reported in the literature. The SANDPUMA NRPS A domain 

dataset was randomly down-sampled with stratification by substrate class to balance the 

training set classes for substrate and enzyme function prediction. A dictionary of 

databases and other bioinformatics resources used in analysis here are defined in 

Supplementary Table S3.4. Training set sequences were grouped into 15 substrate 

groups and 9 enzyme functional classes.  

Machine learning methods  

Protein sequences in the training set were aligned with the AMP-binding HMM using 

HMMAlign.183 Residues within 8 Å of the active site were extracted and encoded as tuples 

of physicochemical properties as described by Röttig et al.97 The FSI was extracted, one-

hot encoded, and concatenated to the vector of active site vector properties for a total of 

585 sequence features. Three different machine learning algorithms were trained for 

multiclass classification: random forest, naïve Bayes, and feedforward neural networks. 

Descriptions of these algorithms and other machine learning terms commonly used 

throughout the manuscript are provided in Supplementary Table S3.5. The data were split 

with stratified sampling into 75% training and 25% test sets. Tuning parameters for all 

models were adjusted by grid search using 10-fold cross validation repeated with 5 
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iterations. The confidence of random forest predictions can be assessed using a 

nonparametric probability estimation for class membership calculated as a value between 

0 and 1.217 Based on the distribution of prediction probabilities, we set an empirical 

threshold for prediction confidence of 0.6 (60%), below which all substrates are listed as 

‘no confident result’ although the best prediction is still provided to the user. 

AdenylPred availability  

The web application is available at z.umn.edu/adenylpred (shortened URL) or 

https://srobinson.shinyapps.io/AdenylPred/. The command-line version of the tool is 

available at https://github.com/serina-robinson/adenylpred. 

Phylogenetic analysis and ancestral reconstruction  

Training set sequences were aligned were aligned using HMMAlign183 and terminal ends 

of the alignment were trimmed. The phylogeny of the entire training set was estimated 

using RAxML version 8.2.9218 with the Jones-Taylor-Thornton matrix-based model of 

amino acid substitution and a discrete gamma model with 20 rate categories. For ancestral 

sequence reconstruction, training set sequences were redundancy filtered to 40% amino 

acid identity with a word size of 2 with CD-HIT.214 FastML was used to reconstruct the 

most likely ancestral sequences for internal nodes of the tree.186 AdenylPred was then 

used to predict the functional class and substrate of the root ancestral sequence in the 

ANL superfamily. 

HPLC analysis of NltC activity  

HPLC analysis of ATP, ADP, and AMP was conducted using an Agilent 1100 series 

instrument with a C18 eclipse plus (Agilent) column mounted with a C18 guard column. 

Reactions were carried out in glass HPLC vials with a total volume of 500 µL in assay 

buffer (50 mM Tris base adjusted to pH 8.0 with HCl). Reactions were initiated with the 

addition of 0.5 µM enzyme (15 µg) to 100 µM of ATP, 100 µM of substrate, and 2% EtOH 

originating from the substrate stocks. Separation of ATP, ADP, and AMP was observed 
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after 9 min under isocratic conditions with 95% 100 mM H2KPO4 (pH 6.0 with KOH) and 

5% methanol while monitoring at 259 nm. 

Cloning, Expression, and Purification of Nocardiolactone Biosynthetic Enzymes 

Genes encoding NltA (WP_042260942.1), NltB (WP_042260944.1), NltC 

(WP_042260945.1) and NltD (WP_042260949.1) from Nocardia brasiliensis and NltA 

from Nocardia yamanshiensis (WP_067710538.1), were codon-optimized for E. coli and 

synthesized by Integrated DNA Technologies (IDT, USA). The synthetic gene encoding 

NltC was cloned into a pET30b+ vector with NdeI and HindIII restriction sites with a C-

terminal 6x-His tag. The gene encoding NltD was cloned into a modified pMAL-c5x vector 

with a tobacco etch virus (TEV) protease cut site added at NdeI and HindIII restriction sites 

and a N-terminal 6x-His tag and expressed as a fusion with maltose binding protein. The 

gene encoding NltA from N. yamanashiensis was cloned into a pET28b+ at NdeI and XhoI 

restriction sites. The genes encoding NltA and NltB from N. brasiliensis were cloned 

individually as in the case of N. yamanashiensis and combined with a ribosome binding 

site-like sequence (tttgtttaactttaagaaggaga) inserted into a single pET28b+ vector with a 

N-terminal 6x-His tag. Accession numbers and codon-optimized plasmid sequences are 

available in Appendix III. Constructs were cloned by Gibson assembly into DH5α cells and 

verified by Sanger sequencing. Sequence-verified plasmids were transformed into BL21 

(DE3) cells (NEB). Starter cultures (5 mL) were grown in Terrific Broth overnight at 37° C 

with kanamycin selection. 1-Liter cultures with 75 µg/ml kanamycin were grown to an 

optical density of 0.5 at 37° C, induced by addition of 1 mL isopropyl β-D-1-

thiogalactopyranoside (IPTG, 1 M stock) and further incubated for 19 h at 15 °C. Induced 

cells were harvested at 4000 x g with a Beckman centrifuge and frozen at -80 °C. Cell 

pellets were resuspended in 10 mL of buffer containing 500 mM NaCl, 20 mM Tris base, 

and 10% glycerol at pH 7.4. Elution buffer for the nickel column was the same but with the 

addition of 400 mM imidazole. NltD purification buffer required the addition of 0.025% 
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Tween 20. Cell pellets were thawed on ice, lysed with 2–3 cycles in a French pressure 

cell (1500 pounds per square inch) and centrifuged for 60 min at 17,000 x g. Supernatants 

were filtered through a 0.45 µM low protein binding filter (Corning, USA), loaded into a GE 

Life Sciences ÄKTA fast liquid protein chromatography system and injected onto a GE 

Life Sciences HisTrap HP 5 ml column. After washes to remove nonspecifically bound 

proteins, His-tagged proteins were eluted with a stepwise gradient of 5, 10, 15, and 80% 

elution buffer over 2.5 column volumes at 1 ml/min and collected in 2 ml fractions. Protein 

concentration was determined by the method of Bradford219 using the Bio-Rad (USA) 

Protein Assay Dye Reagent Concentrate and a standard curve prepared from a 2 mg/mL 

bovine albumin standard (Thermo Scientific). The desired protein fractions were pooled, 

analyzed by SDS-PAGE, flash frozen in liquid N2 and stored at -80°C. 

Gas chromatography-mass spectrometry (GC-MS) 

Separation and identification of metabolites was accomplished by GC-MS (Agilent 7890a 

& 5975c) equipped with a 30 m x 0.25 mm i.d. x 0.25 µm DB-1ms capillary column with 

outflow split to flame ionization and MS detectors. The formation of the unstable β-keto 

acid catalyzed by OleA and NltAB could be observed as its ketone breakdown product by 

GC-MS as published previously.48 Olefins from the complete thermal decarboxylation of 

β-lactone products were detected without derivatization by comparison to synthetic β-

lactone standards described previously.42,72 The β-hydroxy acids required methylation of 

the carboxylic acid group by diazomethane for detection by GC-MS. Ethereal alcoholic 

solutions of diazomethane were prepared from N-methyl-N-nitroso-p-toluenesulfonamide 

(Sigma-Aldrich). All samples were extracted with tert-methyl butyl ether and mixed with 50 

µL of diazomethane solution. One microliter of each sample was injected into the injection 

port (230 °C). The 25 min program was as follows: hold 80 °C for 2 min; ramp linearly to 

320 °C for 20 min; hold 320 °C for 3 min. 
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Verification of NltC β-lactone synthetase activity by 1H-NMR  

Reaction mixtures were set up in separatory funnels with 1 mg NltC, 20 mg ATP, and 30 

mg MgCl2 • 6H2O in 100 mL of 200 mM NaCl and 20 mM NaPO4 buffer (pH 7.4). Reactions 

were initiated with the addition of 1.5 mL of 2-octyl-3-hydroxydodecanoic acids dissolved 

in EtOH (1.0 mg/mL stock). As an internal standard, 10µL of 1-bromo-naphthalene (0.5 

mg/mL stock) was added to each reaction mixture. Reactions were allowed to run for 24 

hours before 3 successive extractions were performed with 10 mL, 5 mL, and 5 mL of 

dichloromethane. Samples were evaporated at room temperature before solvation in 

CDCl3 for 1H-NMR (400 MHz). Supplementary Figure S3.4A shows the 1H-NMR spectra 

of 2-octyl-3-hydroxydodecanoic acids allowed to react overnight with NltC compared to a 

no enzyme control. Chemical shifts for synthetic 2-octyl-3-hydroxydodecanoic acid 

starting materials and cis- and trans-3-octyl-4-nonyloxetan-2-one products were reported 

by Christenson et al.42  

NltD activity assay  

Activity of NltD/OleD by NADPH-dependent consumption of 2-alkyl-3-ketoalkanoic acid 

was monitored using the method described by Bonnett et al.48 The reaction was measured 

in reverse since the β-keto acid substrate for NltD/OleD homologs was previously shown 

to be unstable and undergoes rapid decarboxylation to a ketone,48 Briefly, progress was 

tracked by the change in absorbance at 340 nm by the formation or consumption of 

NADPH (ε340 = 6,220 M−1 cm−1) in UV-transparent 96 well plates (Greiner, Sigma-Aldrich) 

measured using a SpectraMax Plus microplate reader (Molecular Devices). 

General synthetic procedures  

Synthesis and purification of racemic 2-octyl-3-hydroxydodecanoic acid was performed as 

described previously42,220 via α-carbon deprotonation of decanoic acid by lithium 

diisopropylamide (LDA) followed by the addition of decanal to form 2-octyl-3-

hydroxydodecanoate. An identical synthetic method was used to synthesize racemic 2-
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hexyl-3-hydroxyoctanoic acid diastereomers from hexanal and octanoic acid as described 

by Robinson et al.72 

 

DATA AVAILABILITY 

Scripts and raw data for analyses and figures presented in this manuscript are available 
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Supplementary Table S3.1. Abundance of protein domains in the MIBiG database.194 ANL 
superfamily (AMP-binding, PF00501) domains are the third most abundant domain. *Domain count 
is the total number of domains for a given protein family detected from an analysis of 1,796 validated 
biosynthetic gene clusters in MIBiG at the time of analysis (March 2019). 

Description PFAM ID Domain count* 
Ketoacyl synthase-like PF00109; PF02801; PF16197 10711 

PP-binding PF00550 6843 

AMP-binding PF00501 3123 

Condensation PF00668 3077 

Ketoredutase PF08659 2736 

Acyltransferases PF00698 2719 

AMP-binding C-terminal domain PF13193 2367 
Polyketide synthase - 

dehydratases PF14765 1884 

Cytochrome p450 PF00067 1070 

ABC transporter PF00005 827 

Thioesterase PF00975 801 

Major facilitator superfamily PF07690 546 
Alcohol dehydrogenase, N-

terminal domain PF08240 489 
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Supplementary Table S3.2. Fifteen substrate specificity groups for adenylate-forming enzymes 
with representative substrates in each group. aa = amino acid.  
Substrate group name Representative substrates  

Polar and charged aa serine, glutamine, glutamate, arginine, aspartate, diaminobutyrate, 
ornithine, 2-oxoisovalerate 

Small hydrophobic aa 
valine, isoleucine, 2-aminobutyric acid, norcoronamic acid, 2-
hydroxyisovalerate, valinol, α-ketoisocaproic acid, α-ketoisovalerate, 2-
hydroxyisocaproate 

Bulky/phenyl aa trypotophan, tyrosine, phenylalainine, histidine, lysine, 
hydroxyphenylglycine, kynurenine 

Small hydrophilic aa threonine, diazinane-3-carboxylic acid 

C13 – C17 fatty acids laurate, tridecanoate, myristate, pentadecanoate, palmitate, 
heptadecanoate 

Ary/biaryl acids salicylate, 2,3-dihydroxybenzoate, anthranilate, benzoate, naphthoate 
xanthenurate, quinolate 

Succinylbenzoic acids coumarate, cinnamate, vanillate, caffeate, ferulate 

C2 – C5 acids 
acetate, acetoacetate, acrylate, 3-hydroxypropanoate, butyrate, 
crotonoate, malonate, methylmalonate, oxalate, valerate, 2-
ketoisovalerate 

β-hydroxy acids 3-hydroxy-2-octyldodecanoate 

Cyclic aliphatic aa proline, pipecolate 
  

Tiny aa glycine, glycolate 

C18+ fatty acids stearate, oleate, docosanoate, tetracosanoate, nonadecanoate, 
arachidonate, eicosapentanoate, linoleate 

Luciferin 4,5-Dihydro-2-(6-hydroxy-2-benzothiazolyl)-4-thiazolecarboxylate 

C6 - C12 fatty acids hexanoate, octanoate, hydroxyoctanoate, nonanoate, decanoate 

Cysteine cysteine 
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Supplementary Table S3.3 (page 1 of 2) Table of results from validation set predictions. FC = functional 
class. SS = substrate specificity. 1Substrate based on either direct biochemical evidence or strong 
chemical inference from authors based on natural product structure. 2Random forest probability score for 
functional class. 3Random forest probability score for substrate. 4Percent amino acid identity to the closest 
BLAST hit in the AdenylPred training set database. 

Substrate1 Organism Predicted 
FC 

FC 
prob. 
score2 

Predicted 
SS 

SS 
prob. 
score3 

NCBI acc. % 
ID4 

2,3-dihydroxybenzoate Vibrio campbellii 
ATCC BAA-1116 

Aryl-CoA 
ligase 0.98 aryl and biaryl  0.95 ABU70375.1 59.7 

proline Streptomyces 
armeniacus 

Nonribosom
al peptide 
synthetase 

0.98 cyclic 
aliphatic 0.66 AZY92000.1 64.4 

glycine Streptomyces 
lividans SBT19 

Nonribosom
al peptide 
synthetase 

0.98 tiny 0.42 QCE20608.1 36.2 

tyrosine Neonectria sp. DH2 
Nonribosom
al peptide 
synthetase 

0.96 bulky mainly 
phenyl  0.75 3426-15590 58.1 

2,3-dihydroxybenzoate Pseudomonas sp. 
J465 

Aryl-CoA 
ligase 0.95 aryl and biaryl  0.81 ACY02013.1 67.0 

C12 - C16 fatty acids 
(preferred) 

C10-C18 tested 

Cylindrospermum 
moravicum CCALA 

993 

Fatty-acyl 
AMP ligase 0.91 C13 through 

C17 
0.72 AXN93578.1 94.1 

3-formamidosalicylate Streptomyces orinoci Aryl-CoA 
ligase 0.91 

cinnamate 
and 

succinylbenzo
ate  

0.63 BBD17766.1 79.3 

C12 - C16 (preferred) 
C10-C18 tested 

Anabaena 
minutissima UTEX B 

1613 

Fatty-acyl 
AMP ligase 0.91 C13 through 

C17 0.44 AXN93595.1 68.7 

3-formamidosalicylate Streptomyces sp. Aryl-CoA 
ligase 0.9 

cinnamate 
and 

succinylbenzo
ate  

0.6 BBD17745.1 79.2 

C12 - C16 (preferred) 
C10-C18 tested 

Anabaena sp. 
UHCC-0399 

Fatty-acyl 
AMP ligase 0.89 C13 through 

C17 0.47 AXN93608.1 67.9 

glycine, serine, alanine Streptomyces 
lividans SBT20 

Nonribosom
al peptide 
synthetase 

0.88 cysteine 0.43 QCE20598.1 45.8 

N-formyl glycine Streptomyces sp. 
CNB091 

Nonribosom
al peptide 
synthetase 

0.85 small 
hydrophilic 0.3 WP_0637382

19.1 47.0 

decanoate Streptomyces sp. Fatty-acyl 
AMP ligase 0.83 C13 through 

C17 0.51 QED55419.1 47.4 

(2Z,4E)-8-methyldeca-
2,4-dienoate 

uncultured bacterium 
metagenome 

Fatty-acyl 
AMP ligase 0.83 C13 through 

C17 0.43 QBC75017.1 51.8 

phenylacetate Streptomyces 
lividans TK25 

Aryl-CoA 
ligase 0.82 aryl and biaryl  0.74 EFD64737.1  66.4 

C12 - C16 (preferred) 
C10-C18 tested 

Anabaena 
minutissima UTEX B 

1613 

Fatty-acyl 
AMP ligase 0.81 C6 through 

C12 0.55 AXN93598.1 67.7 

C12 - C16 (preferred) 
C10-C18 tested 

Anabaena sp. 
UHCC-0399 

Fatty-acyl 
AMP ligase 0.81 C6 through 

C12 0.55 AXN93611.1 66.0 

2,3-dihydroxybenzoate Streptomyces 
lividans TK24 

Aryl-CoA 
ligase 0.79 aryl and biaryl  0.76 EFD64524.1 54.9 

(Z)-tetradec-9-enoate Fischerella sp. PCC 
9339 

Fatty-acyl 
AMP ligase 0.78 C13 through 

C17 0.49 DAB41914.1 54.4 

alanine Streptomyces 
lividans SBT21 

Nonribosom
al peptide 
synthetase 

0.77 small 
hydrophilic 0.3 QCE20609.1 39.8 
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Supplementary Table S3.3. (page 2 of 2) Table of results from validation set predictions. Superscript 
definitions on previous page. 

Substrate1 Organism Predicted 
FC 

FC 
prob. 
score2 

Predicted SS 
SS 

prob. 
score3 

NCBI acc. % 
ID4 

Luciferin Amydetes vivianii Luciferase 0.76 Luciferin 0.79 6AAA_A 86.4 

2-aminobenzoate Streptomyces 
lividans TK27 

Aryl-CoA 
ligase 0.7 aryl and biaryl  0.57 EFD66106.1 33.7 

4-acetamidopyrrole-2-
carboxylate 

Streptomyces 
netropsis 

Aryl-CoA 
ligase 0.62 cinnamate and 

succinylbenzoate  0.28 AIS24844.1 31.9 

4-coumarate Streptomyces 
lividans TK28 

Aryl-CoA 
ligase 0.61 cinnamate and 

succinylbenzoate  0.42 EFD67678.1 44.0 

octanoate; hexanoate Streptomyces 
cinnabarigriseus 

Fatty-acyl 
AMP 
ligase 

0.6 C13 through C17 0.29 CBW54660.1 61.7 

(1-(3-(carboxymethyl)-
1,8,9-

trihydroxyanthracen-2-
yl)-1-hydroxyethyl)-L-

serine 

Pyxidicoccus 
fallax 

Aryl-CoA 
ligase 0.58 cinnamate and 

succinylbenzoate  0.3 AXM42922.1 36.2 

3-oxo-3,4-dihydro-2H-
benzo[b][1,4]oxazine-

2,5-dicarboxylate 
Streptomyces sp. Aryl-CoA 

ligase 0.56 aryl and biaryl  0.34 QCE20613.1 48.4 

 
3-methylmercapto-

propionate; also active 
with short chain fatty 

acids up to C6 

Ruegeria 
pomeroyi 

Aryl-CoA 
ligase 0.47 cinnamate and 

succinylbenzoate  0.23 WP_0110477
71.1 44.5 

5-hydroxy-6-methoxy-
1H-indole-2-
carboxylate 

Streptomyces sp. 
TP-A2060 

Aryl-CoA 
ligase 0.46 cinnamate and 

succinylbenzoate  0.27 ADZ13551.1 35.3 

3-dimethylallyl-4-
hydroxybenzoate 

Streptomyces 
niveus 

Aryl-CoA 
ligase 0.46 cinnamate and 

succinylbenzoate  0.22 AAF67505.1 35.3 

benzoxazolinate Streptomyces 
lividans SBT18 

Aryl-CoA 
ligase 0.46 aryl and biaryl  0.23 QCE20614.1 34.5 

3-cyanobutanoate Streptomyces 
thioluteus 

Long-chain 
acyl-CoA 

synthetase 
0.45 C13 through C17 0.55 ATY72527.1 58.6 

(2S,3R)-2-hydroxy-3-
(1H-indol-3-
yl)butanoate 

Streptomyces 
griseus 

Aryl-CoA 
ligase 0.45 aryl and biaryl  0.23 AJT38684.1 31.2 

3-
methylmercaptopropan

oate 

Ruegeria 
lacuscaerulensis 

ITI-1157 
Aryl-CoA 

ligase 0.44 cinnamate and 
succinylbenzoate  0.24 6IJB_A 44.1 

caproate, valerate, 
heptanoate 

Streptomyces 
lividans TK29 

Aryl-CoA 
ligase 0.37 C13 through C17 0.25 EFD68037.1 54.0 

2-hydroxyisobutyrate Aquincola 
tertiaricarbonis 

Aryl-CoA 
ligase 0.36 cinnamate and 

succinylbenzoate  0.17 6HDW_A 34.0 

myristate 
Bacillus subtilis 
subsp. spizizenii 

ATCC 6633 
Aryl-CoA 

ligase 0.32 C13 through C17 0.15 AAF08801.1 92.9 

valerate, butyrate, 
caproate 

Streptomyces 
lividans TK26 

Aryl-CoA 
ligase 0.31 C13 through C17 0.21 EFD64965.1 39.1 

3-amino-2-hydroxy-4-
methoxybenzoate 

Streptomyces 
cremeus 

Aryl-CoA 
ligase 0.29 C13 through C17 0.18 ALA99210.1 43.3 

1-acetyl-9H-pyrido[3,4-
b]indole-3-carboxylate 

Marinactinospora 
thermotolerans 

Aryl-CoA 
ligase 0.26 cinnamate and 

succinylbenzoate  0.16 6H1B_A 33.2 
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Supplementary Table S3.4. Dictionary of bioinformatics databases, resources, and methods used in this 
chapter. 
Bioinformatics 
term 

Definition Reference 

Databases and Resources 
PATRIC Pathosystems Resource Integration Center includes a database 

of genomes and other resources supporting biomedical research 
on bacterial infectious diseases 

Wattam AR et al. 
Nucleic Acids 
Research. 2017205 

UniProtKB Comprehensive database of protein sequence and functional 
information 

Uniprot Consortium 
Nucleic Acids 
Research. 2019195 

antiSMASH antibiotics & Secondary Metabolite Analysis SHell for rapid 
genome-wide identification, annotation, and analysis of 
biosynthetic gene clusters for secondary metabolites 

Blin K et al. Nucleic 
Acids Research. 
2019201 

plantiSMASH Plant Secondary Metabolite Analysis SHell for rapid genome-wide 
identification, annotation, and analysis of biosynthetic genes in 
plant genomes 

Katusar SA et al. 
Nucleic Acids 
Research. 2018203 

MiBIG Minimum Information about a Biosynthetic Gene Cluster is a 
project led by a Genomic Standards Consortium that facilitates 
deposition and retrieval of sequences and products of 
experimentally-validated biosynthetic gene clusters by the 
scientific community 

Kautsar SA et al. 
Nucleic Acids 
Research. 2020194 

Alignment and clustering methods 
BLAST Basic local alignment search tool (BLAST) finds similarity 

between protein or nucleotide sequences 
Camacho C et al. 
BMC Bioinformatics. 
2008215 

profile Hidden 
Markov Models 

Probabilistic models that turn multiple sequence alignments into 
position-specific scoring systems to search databases for 
remotely homologous sequences 

Eddy SR. PLoS 
Computational 
Biology. 2011183 

HMMAlign Method for alignment of nucleotide or protein sequences to profile 
Hidden Markov Models 

Eddy SR. PLoS 
Computational 
Biology. 2011183 

CD-HIT Clustering algorithms for biological sequences to reduce 
redundancy and identify 'representative sequences' 

Fu LM. 
Bioinformatics. 
2012214 

Phylogenetic reconstruction methods 
RAxML Randomized Axelerated Maxmum Likelihood tool for maximum-

likelihood based phylogenetic inference 
Stamatakis A. 
Bioinformatics. 
2014218 

FastML Probabilistic reconstruction of ancestral amino acid sequences Ashkenazy H et al. 
Nucleic Acids 
Research. 2012200 

Adenylation domain prediction software 
SANDPUMA Specificity of AdenylatioN Domain Prediction Using Multiple 

Algorithms: ensemble learning method that combines active-site 
motifs, suport vector machines, phylogenetic methods (prediCAT) 
and profile hidden markov models for accurate prediction of 
substrate specificity of NRPS adenylation domains 

Chevrette MC et al. 
Bioinformatics. 
201796 

NRPSPredictor2 Support vector machine models that predicts substrate specificity 
of nonribosomal peptide adenylation domains based on 
physicochemical properties of the protein active site sequence 

Röttig M et al. 
Nucleic Acids 
Research. 201197 
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Supplementary Table S3.5. Brief descriptions of machine learning algorithms and metrics 
used in this publication 
Term Definition 
ROC curve Receiver operator characteristic curve. A plot of sensitivity (true 

positive rate) vs. 1-specificity (false positive rate). The ROC curve is 
a probability curve that informs how well the model is capable of 
distinguishing between classes as threshold settings are varied. 

AUROC Area under the ROC curve. Used as a performance metric for 
classification problems. An excellent model has an AUROC near one 
as a good measure of separability whereas a model that is not much 
better than random guessing has an AUROC near 0.5. 

Macro AUROC In multiclass classification problems, the macro-average will 
compute AUROC for each class independently then take the 
average, thereby treating all classes equally. This metric is preferred 
in the case of balanced class sizes. 

Micro AUROC In multiclass classification problems, the micro-AUROC average will 
aggregate contributions of all classes towards the average metric, 
which is preferable if there is class imbalance. 

Confusion matrix Contingency table with two dimensions ('actual' and 'predicted’) that 
reports the number of false positives, false negatives, true positives 
and true negatives for each class. 

k-fold Cross validation A procedure to test model performance on unseen data. 'k' refers to 
the number of groups that a dataset is split into. Common values for 
k are usually 5 or 10. The data will be split into k groups and one of 
the groups will be left out from model training. Performance on the 
omitted group is evaluated. This is repeated k times, each time 
leaving out a different group. 

Leave-one-out cross 
validation (LOOCV) 

A variant of k-fold cross validation where k = n (number of rows in 
the dataset). 

Naïve Bayes A conditional probability model based on Bayes Theorem for use in 
supervised learning settings. It assumes that features are 'naïve' i.e. 
they are independent. It remains a popular algorithm for text 
classification especially email spam detection. 

Feedforward neural 
networks 

The simplest form of an artificial neural network whereby information 
only moves in one direction from input nodes through hidden layers 
and to the output nodes.  

Random forest An ensemble algorithm whereby a forest of uncorrelated decision 
trees are grown and prediction is made by 'majority vote.' The forest 
is 'random' because a random subset of features are included in 
each tree to make decisions and trees are also grown on different 
sets of data in a process known as bagging. 
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Supplementary Figure S3.1. Fatty acyl AMP-ligase (FAAL) specific insertion (cyan) is 
conserved across enzymes with FAAL-function characterized to date but absent in other ANL 
superfamily members.  
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Supplementary Figure S3.2. A) Confusion matrix of model predictions vs. truth for hold-out test set 
functional group classification using the random forest model B) Area under the receiver operating 
characteristics curve for substrate specificity predictions. Colors correspond to different functional 
classes as described in the legend as well as and macro (gray) and micro (black) AUROC averages. C) 
Hold-out test set accuracy for three different classification methods evaluated in this study. 
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Supplementary Figure S3.3. Examples of diverse substrates accepted of characterized 
adenylate-forming enzymes used in a hold-out test for model validation (results in Table S3.3). 
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Supplementary Figure S3.4. Sequence similarity network of MIBiG AMP-binding pHMM 
hits recovers a similar ‘hub’ topology to Fig. 3. Squares represent training set sequences 
and circles represent genes extracted from MIBiG biosynthetic clusters. The network was 
trimmed to a BLAST e-value threshold of 1 x 10-36. 
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Figure S3.5. Approximate maximum-likelihood phylogenetic tree estimated from aligned amino acid 
sequences of predicted β-lactone synthetases from AdenylPred analysis of 50,064 biosynthetic gene 
clusters. Predicted β-lactone synthetases are colored by their taxonomic class relative to training set 
sequences (gray). Circle sizes correspond to random forest functional class prediction probability 
scores provided in rightmost column ranging from 0 (no confidence) to 1 (high confidence) Gray 
asterisks indicate training set sequences. 
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Supplementary Figure S3.6. A) 1H-NMR of NltC-catalyzed formation of cis- and 
trans-β-lactones compared to no enzyme control. R1 = C9H19, R2 = C8H17. B) NltC 
activity with substrate mimics indicates that β-hydroxy acids are preferred. There 
is a slight stimulation of AMP release by the 2-hexyldecanoic acid substrate mimic 
compared to the no substrate control and secondary alcohol (10-nonadecanol).  
R1 = C9H19, R2 = C8H17, R3 = C6H7. 
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Supplementary Figure S3.7. A) Homology model of NltA (red) and NltB (blue) 
heterodimer constructed using the Robetta server (4). B) NltA + NltBE57A (green) and 
NltA + NltBE57Q (orange) enzyme variants co-expressed do not condense decanoyl-
CoA while NltA + NltB co-expressed (purple) are active. 
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Supplementary Figure S3.8. Nocardia brasiliensis NltD activity compared to a 
Xanthomonas campestris OleD (blue) positive control reveals NltD is active with 
both C20 (black) and C14 (orange) disubstituted b-hydroxy acids compared to a no 
substrate control with NltD (green). 
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Supplementary Figure S3.9. In vitro reconstitution of β-lactone biosynthesis pathway A) GC-
MS traces indicate di-alkyl β-lactone products (2) are formed from a combination of three 
pathway enzymes (OleA, NltD, and NltC/OleC), ATP-MgCl2, NADPH, and decanoyl-CoA. R1, R2 
= C9H19, C8H17. The addition of either NltC or OleC (β-lactone synthetases) are required to 
cyclize β-hydroxy acids (1) formed by OleA + NltD. B) Mirrored mass spectra of 9-nonadecene 
(3) resulting from thermal decarboxylation of synthetic 2 or enzymatically-formed 2. n=3 for each 
enzyme combination. *In the heat of the GC inlet, β-lactones thermally decarboxylate to olefins. 
We used a program with an elevated inlet temperature for quantitative total conversion of β-
lactones to olefins validated with a standard curve of synthetic β-lactones. 
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SUMMARY 

Enzymes in the thiolase superfamily catalyze carbon-carbon bond formation for 

the biosynthesis of polyhydroxyalkanoate storage molecules, membrane lipids, and 

bioactive secondary metabolites. Natural and engineered thiolases have applications in 

synthetic biology for the production of high-value compounds, including personal care 

products and therapeutics. A fundamental understanding of thiolase substrate specificity 

is lacking, particularly within the OleA protein family. The ability to predict substrates from 

sequence would advance (meta)genome mining efforts to identify active thiolases for the 

production of desired metabolites. To gain a deeper understanding of substrate scope 

within the OleA family, we measured the activity of 73 diverse bacterial thiolases with a 

library of 15 p-nitrophenyl ester substrates to build a training set of 1,095 unique enzyme-

substrate pairs. We then used machine learning to predict thiolase substrate specificity 

from physicochemical and structural features. The area under the receiver operating 

characteristic curve was 0.89 for random forest classification of enzyme activity and our 

regression model had a test set root mean square error of 0.22 (R2 = 0.75) to quantitatively 

predict enzyme activity levels. Substrate aromaticity, oxygen content, and molecular 

connectivity were the strongest predictors of enzyme-substrate pairing. Key amino acid 

residues A173, I284, V287, T292, and I316 in the X. campestris OleA crystal structure 

lining the substrate binding pockets were important for thiolase substrate specificity and 

are attractive targets for future protein engineering studies. The predictive framework 

described here is generalizable and demonstrates how machine learning can be used to 

quantitatively understand and predict enzyme substrate specificity. 
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INTRODUCTION 

Metabolic pathways for the β-oxidation of fatty acids and production of polyketides, 

surfactants, β-lactone natural products and hydrocarbons are initiated by enzymes in the 

thiolase superfamily.42,43,222,223 Carbon-carbon bond formation from the Claisen 

condensation of two activated fatty-acyl substrates by enzymes in the OleA family of 

thiolases43,47 represents the first committed step in production of the backbone of many 

value-added bacterial metabolites (Figure 4.1A). Previously, we demonstrated that 

swapping OleA from Shewanella oneidensis with Stenotrophomonas maltophilia OleA 

altered the chain length and profile of hydrocarbons produced downstream by OleBCD 

enzymes.43 Within the broader thiolase superfamily, Prather and colleagues used a 

rational design approach to alter thiolase substrate specificity for metabolic engineering of 

the reverse β-oxidation pathway.224 Thiolase substrate specificity is particularly critical for 

metabolic engineering applications since it often ‘sets’ the chemical composition of 

downstream products.  

Thiolases typically use a ping-pong mechanism whereby an activated substrate 

acylates the active site cysteine and remains tethered covalently until the second 

substrate binds and the acyl group is transferred, resulting in carbon-carbon bond 

formation. The majority of well-characterized thiolases are FabH-type enzymes with a 

single, deep hydrophobic substrate channel.54 FabH initiates the two-carbon elongation of 

fatty acids iteratively by condensing a malonyl unit onto a growing backbone with the 

concurrent release of CO2 during each catalytic cycle. In contrast, OleA-type thiolases 

have two hydrophobic substrate channels instead of one and catalyze the 

nondecarboxylative Claisen condensation of two long-chain fatty acids.45,46 At present the 

only biochemically and structurally-characterized OleA is from Xanthomonas campestris, 

a bacterial plant pathogen.45-47  
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OleA enzymes characterized to date accept fatty acid substrates activated with 

coenzyme A (CoA), which are costly feedstocks for biotechnological applications. During 

the first step of the OleA catalytic cycle, acyl-CoA substrates undergo transesterification 

to the active site cysteine (Figure 4.1B) prior to carbon-carbon bound formation. Recently 

we discovered that OleA family enzymes also hydrolyze p-nitrophenyl esters (pNPs) to 

release p-nitrophenolate as a rapid colorimetric readout for OleA activity (Figure 4.1C).56 

Figure 4.1. (A) Thiolase enzymes in the OleA family catalyze head-to-head Claisen condensation 
of two acyl-CoA substrates (maroon) as the first committed step in production of value-added 
metabolites such as surfactants, pharmaceuticals and hydrocarbons. R1, R2 in characterized 
OleABCD pathways (3): C8 – C16 (B) Acyl-CoAs as native substrates for OleA-type thiolases acylate 
the active site cysteine (Cys 143 in X. campestris) prior to carbon-carbon bond formation via a 
Claisen condensation and substrate release. (C) OleA reacts with various p-nitrophenyl esters as 
substrate mimics to produce a p-nitrophenolate chromophore that absorbs in the visible range at 
pH 8.0, providing a rapid readout for enzyme activity.  
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Here, we used this assay to screen 15 different pNP substrates against a library of 73 

OleA sequences from taxonomically-diverse bacteria sharing as low as 13.8% pairwise 

amino acid identity. We then trained machine learning models on our paired enzyme-

substrate dataset to quantitatively predict thiolase activity with different pNPs. 

Machine learning is gaining traction in chemical biology as a powerful technique 

for the prediction of enzyme substrate specificities.225 Support vector machines and 

ensemble learning methods achieved high accuracy for the prediction of amino acid 

substrates for nonribosomal peptide synthetase adenylation domains.96,97 Integration of 

these machine learning algorithms within a larger predictive pipeline known as antiSMASH 

has improved structural prediction of natural products from genomic information.201 

Machine learning-based methods have also been applied to predict substrate specificities 

of other protein families including glycosyltransferases,226 acyl-CoA ligases,191 and 

proteases.227-229  

While thiolases have many applications in synthetic biology, quantitative insights 

into how physicochemical properties of residues in the substrate binding pockets affect 

substrate specificities are lacking. Using thiolases as biological catalysts to produce 

desired compounds requires a deeper understanding of their natural substrate range. 

Accurate prediction of substrate specificity will aid in expanding the toolbox of 

standardized parts for carbon-carbon bond formation and enable enzymatic production of 

compounds with backbones of desired chain length and composition. The experimental 

and machine learning frameworks described here may also be generalized to learn the 

substrate specificity rules of different enzymes classes. This approach can be integrated 

into an automated workflow for machine learning-guided parts selection for custom 

metabolite production and other applications in synthetic biology.  
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RESULTS 

Selection and screening of chemically-diverse pNP substrates  

We aimed to construct the first quantitative map of natural variation in substrate 

specificity for OleA-type thiolases. Recently, we developed a whole-cell assay using pNPs 

to rapidly screen thiolase enzymes without time-consuming protein purification, 

quenching, and extraction steps.56 Here, we used this assay to screen a library of thiolase 

enzymes with 15 diverse pNP compounds. To select candidates for screening, we web 

scraped Sigma-Aldrich pages to identify commercially-available carboxylic acids (n = 

3,572). Based on clustering analysis using the Tanimoto coefficient (Supplementary 

Figure S4.5A), we selected 15 pNPs that spanned a wide range of chain lengths, 

heteroatomic composition, and functional groups (Supplementary Figure S4.5B). The final 

library of 15 pNPs were synthesized from their carboxylic acid precursors as described in 

Appendix IV or purchased directly as described above.  

We screened each of the 15 pNPs against a panel of 73 different synthetic genes 

encoding bacterial thiolases heterologously expressed in E. coli for a total of 1,095 

enzyme-substrate pairs (Figure 4.2). All enzymes were active with at least two pNP 

substrates and, with the exception of p- nitrophenyl benzoate, all substrates reacted with 

at least one enzyme. The most broadly reactive pNP was p-nitrophenyl 2-(2-

butoxyethoxyacetate) for which 71 out of 73 enzymes yielded product. The enzyme with 

the highest average activity was natively from Kytococcus sedentarius, a common 

constituent of the human skin microbiome. The K. sedentarius thiolase reacted with 14 

different pNPs and was among the top 3 most active enzymes for 10 of these substrates.  

Broad substrate specificity of Actinobacterial and Gammaproteobacterial OleAs 

 We first examined whether OleA thiolase substrate specificity had a phylogenetic 

signal. Our enzyme library included sequences from 7 different phyla and 68 different 
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Figure 4.2. Approximate maximum-likelihood phylogeny of 73 OleA protein sequences paired with 
heatmap of enzyme activities across 15 different pNP substrates. ☨Enzyme activities were measured 
as the log10 of nmol p-nitrophenolate produced over the course of one hour by an E. coli BL21 culture 
with an OD of 1.0 per 200 µL of cells heterologously expressing OleA. *Average enzyme activity is 
across three biological replicates for each substrate screened. Circle sizes are scaled to average 
activity for each enzyme across all substrates. Clade I (orange shading) represents the most active 
clade of Gammaproteobacterial enzymes including the X. campestris OleA designated with a gray 
square for which the crystal structure (PDB ID: 4KU5) has been solved. Clades II and III (blue shading) 
represent the most active clades of OleA enzymes found in Actinobacteria. 
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bacterial genera.56 We observed three monophyletic clades that exhibited a high level of 

activity across a wide range of pNP substrates (Figure 4.2). Clade I contained 

Gammaproteobacterial thiolases within the Xanthomonadaceae including 

Chromatocurvus, Luteimonas, Thermomonas, and the structurally-characterized 

Xanthomonas campestris OleA.45,46 The other two highly-active clades (II & III) consisted 

of thiolases from Actinobacteria including Kytococcus, Mobilicoccus, Dermatophilus, and 

Kocuria. Even within these clades, pNP substrate profiles were variable across enzymes 

from closely-related organisms and activity could not be predicted on the basis of 

phylogeny alone.  

Relationship between binding pocket volume and bulky substrate preferences  

 Actinoplanes atraurantiacus had the highest preference for p-nitrophenyl 

trimethylacetate across all enzymes in the library, even outperforming K. sedentarius and 

other highly-active thiolases. Brachybacterium paraconglomeratum and 

Halobacteriovorax marinus also had thiolases with ‘bulky’ substrate specificity, exhibiting 

higher activity with p-nitrophenyl 2,2-dimethylhexanoate than with the C6 – C7 length 

substrates preferred by the majority of enzymes screened. Since the tert-alkyl substituents 

of the trimethylacetate and 2,2-dimethylhexanoate compounds fill a larger volume near 

the α-carbon than most of the other pNPs tested, we hypothesized that the volume of the 

substrate binding pocket might affect enzyme activity. We constructed homology models 

for the 73 enzymes and used a computational geometry method (31) to calculate the 

solvent-accessible surface area and binding pocket volumes (Figure 4.3). We observed a 

weak positive association between solvent-accessible surface area and average enzyme 

activity (Pearson correlation = 0.27, p-value = 0.02). Three enzymes with unusually high 

preferences for bulky α-carbon substrates (Actinoplanes, Halobacteriovorax, and 

Brachybacterium) also had among the highest predicted solvent-accessible surface areas 

(Figure 4.3). However, we noted other enzymes with lower predicted solvent-accessible 
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surface areas also displayed comparable activity with bulky substrates while some 

enzymes with large predicted surface areas did not display a preference for bulky 

substrates (Figure 4.3). Although care was taken to thread all models to the same template 

to avoid template bias, results 

must be interpreted with caution 

since homology modeling does 

not recapitulate structural 

dynamics and variations in pocket 

volume during substrate binding.  

Statistical identification of 

specificity-determining 

residues T292 and L203 

Approximately one-third of 

the enzymes we tested were 

active with 10 or more pNP 

substrates, suggesting that a 

large number of OleA-type 

thiolases had a broad substrate 

range, including the highly-active 

enzyme from K. sedentarius. In 

contrast, enzymes that reacted 

with 5 substrates or fewer were 

defined to have narrow substrate 

specificity. We used a multivariate 

statistical method termed 

between-groups analysis 

Figure 4.3. (A) Predicted solvent-accessible cavity volumes 
of the 73 OleA enzymes analyzed in this study ranged from 
95.3 to 478.9 Å3. (B) Relationship between the solvent-
accessible surface area with the average enzymatic activity 
across all substrates (black) and ‘bulky’ substrates with tert-
alkyl-substituted α-carbons (teal, p-nitrophenyl 
trimethylacetate and p-nitrophenyl 2,2-dimethylhexanoate). 
Enzymes from Actinoplanes atraurantiacus, 
Brachybacterium paraconglomeratum, and 
Halobacteriovorax marinus have among the highest 
calculated cavity volumes and the highest preferences for 
substrates with tert-alkyl-substituted α-carbons. 
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(BGA)231 to detect residues that differed between broad- and narrow-specificity thiolases. 

BGA consistently identified two key residues lining substrate binding channels in the 

crystal structure that were conserved in more than 50% of enzymes in each group. The 

identification of these two residues was robust to different splits and group sizes for broad 

and narrow specificity enzymes. Residue 292 was located towards the end of the 

substrate channel A in the X. campestris crystal structure. It was a conserved Thr in broad 

specificity enzymes that was absent in enzymes with narrow specificity (p-value < 0.05, 

Fisher exact test). All but one of the top 30 most active enzymes in our dataset had a Thr 

aligning with position 292. Narrow specificity thiolases had variety of charged (Asp, Glu, 

Arg) or aliphatic (Ile, Leu, Val) residues aligning with position 292 instead. The second key 

residue aligned with residue 203 located at the end of substrate channel B in the X. 

campestris structure. This residue was a conserved Leu/Ile in the top 32 broad specificity 

enzymes and a Gly or Val among narrow specificity enzymes that accepted 4 or fewer 

substrates (p-value < 0.05, Fisher exact test).  

Machine learning prediction of paired enzyme-substrate activity relationships 

While BGA was useful to identify conserved amino acids between enzyme groups 

that may affect substrate specificity, it could not fully capture the complexity of enzyme-

substrate relationships; this task is better suited for machine learning. We next evaluated 

the performance of different machine learning algorithms to predict substrate specificity 

from a combination of physicochemical protein and substrate features.  

To construct a set of substrate features, we calculated 153 chemical descriptors 

and used principal component analysis to reduce these descriptors into linearly-

uncorrelated principal components (PCs, Supplementary Figure S4.1A). The first seven 

chemical PCs were able to explain 92% of the variance between substrates 

(Supplementary Figure S4.1B). We extracted the absolute values of the PC loadings to 

determine the overall contribution of different chemical descriptors to the PCs 
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(Supplementary Figure S4.1C). We observed that the top seven PCs corresponded 

broadly to the following chemical properties: molecular weight (PC1), molecular 

connectivity (PC2), aromaticity (PC3), solubility (PC4), oxygen content (PC5), nitrogen 

content (PC6), and chlorine content (PC7).  

A structure-based sequence alignment method was used to align each protein 

sequence in the training set with the crystal structure of an OleA-type thiolase with 

substrates bound (PDB ID: 4KU5). All residues that aligned within 12 Å of the active site 

cysteine (Cys143) were encoded into a numerical vector of physicochemical indices 

corresponding to polarity, molecular volume, secondary structure, and electrostatic 

charge. We found this method of amino acid featurization increased training set 

classification accuracy 2% over a one-hot encoding method which doesn’t capture 

information about the physicochemical properties of amino acids. We also calculated 

macromolecular protein properties based on the full-length input sequences including 

hydrophobicity, isoelectric point, molecular weight, and instability indices. See the online 

digital repository for a comprehensive dictionary of all properties included in analysis 

(10.5281/zenodo.3743415). All chemical and protein features were then concatenated 

into a single vector representing the unique physicochemical ‘signature’ of each enzyme-

substrate pair.  

 

Substrate aromaticity and connectivity influences enzyme-substrate specificity 

Of the 1,095 enzyme-substrate pairs tested experimentally, 550 were active and  

545 were inactive (Figure 4.4A). We first evaluated three different machine learning 

algorithms for binary classification of enzyme-substrate pairs as active or inactive. Of the 

Table 4.1. Machine learning classification results. See Supplementary Figure S4.2A for extended results. 
Machine learning algorithm Training classification accuracy Testing classification accuracy 

Random Forest 0.826 0.839 

Feedforward Neural Network 0.732 0.777 

Naïve Bayes 0.586 0.645 
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three algorithms tested (random forest, naïve Bayes, and feedforward neural networks), 

we observed the highest classification accuracy (area under the receiver operating 

characteristic curve = 0.89) with the random forest model (Table 4.1, Supplementary 

Figure S4.2A). From 1,000 random training-testing dataset splits we obtained an average 

Figure 4.4. (A) Machine learning workflow used in this study. AUC = area under the receiver operating 
characteristic curve. (B) Variable importance scores for classification and regression models (C) Important 
residues mapped onto the X. campestris structure (PDB ID: 4KU5) with fatty acid and acyl-CoA substrates 
bound. Residue colors correspond to variable importance in the classification model (blue), regression model 
(red), or both models (purple). 
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testing set classification accuracy of 81.9 ± 2.2% (Supplementary Figure S4.2A). Our 

model indicated that chemical features were universally more important than sequence 

features for classification of enzyme-substrate pairs as active or inactive (Figure 4.4B). In 

particular, the substrate aromaticity index (PC3) was the most important feature followed 

by the molecular connectivity index (PC2) including valence chi chain descriptors, Kier 

molecular shape indices, and number of rotatable bonds (Supplementary Figure S4.1). 

Activity increased with carbon chain length to a certain point (7-8 carbons) beyond which 

activity decreased, as observed with p-nitrophenyl decanoate and p-nitrophenyl 

dodecanoate. Overall, the majority of enzymes tested preferred substrates with a higher 

number of rotatable C-C or C-O bonds and a chain length of 6-7 carbons instead of longer 

or shorter chain lengths tested here. 

 Notably, our machine learning algorithm identified channel residue 292 to be an 

important sequence feature for classification accuracy (Figure 4.4C). This residue had 

also been identified previously by BGA, further supporting a Thr in position 292 is likely 

important for substrate specificity. Moreover, a number of hydrophobic residues lining both 

binding pockets were identified by our model to be important including V287 and A173. 

We postulate these may assist in maintaining a hydrophobic environment within the 

binding pockets as was suggested in earlier crystallographic studies.45,46 In X. campestris, 

an analysis of the residues lining substrate channels revealed the most common residues 

are Val, Leu, and Ile.46 These aliphatic side chains promote binding of long-chain fatty acid 

Table 4.2. Machine learning regression results. RMSE = Root mean square error. See Supplementary 
Figure S4.2B for extended results.  

Machine learning 
algorithm Training RMSE Training R2 Testing RMSE Testing R2 

Random Forest 0.254 0.625 0.219 0.745 

Multivariate adaptive 
regression splines 0.276 0.557 0.252 0.642 

Elastic Net 0.275 0.549 0.278 0.564 
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substrates and likely play a role in determining which pNP substrates will bind and react 

in the OleA binding pocket.  

Among the full-length protein indices included in our model, two protein indices for 

helix/turn propensity, FASGAI232 and Kidera,233 were also important for prediction 

accuracy. We observed a negative correlation between the Kidera factor for helix/turn 

propensity of an enzyme and its average activity across all substrates (Pearson correlation 

= -0.23, p-value = 0.05). Overall, enzymes with lower helix propensity tended to be more 

active across all substrates, suggesting secondary structure flexibility enhances broad 

substrate specificity. This is consistent with the importance of Val and Ile residues in our 

models since the flexibility of their aliphatic side chains likely allows a wider variety of 

substrates to bind. 

‘Pinch point’ residues and substrate oxygen content influence enzyme-substrate 

regression models 

We next examined whether we could quantitatively predict enzyme activity using 

regression models trained on the 550 active enzyme-substrate pairs. We evaluated three 

different machine learning algorithms (random forest, elastic net, and multivariate adaptive 

regression splines). Again, random forest outperformed other models with a testing set R2 

of 0.75 (Table 4.2) and a testing root-mean square error of 0.243 ± 0.016 estimated from 

1,000 training-testing dataset splits (Supplementary Figure S4.3B). 

Our regression models showed that PC5 (oxygen content) was the most important 

chemical feature for quantitative prediction of enzyme activity (Figure 4.4B). This is 

consistent with our findings that the p-nitrophenyl 2-(2-butoxyethoxy)acetate substrate 

had the highest average activity across all substrates and also has the highest number of 

oxygen atoms. PCs corresponding to molecular connectivity and solubility were the 

second and third most important features respectively. The molecular connectivity index 

(PC2) was positively correlated with average enzyme activity (Pearson correlation = 0.46, 
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p-value < 2.2e-16). An examination of the loadings of PC2 further revealed positive 

associations between the number of atoms in the largest chain, the number of rotatable 

bonds, and enzyme activity. These results further support the hypothesis for OleA-type 

thiolases preferring ‘spacer’ methylene carbons between the α-carbon and other 

functional groups such as phenyl, cyclic aliphatic, alkynyl, or azido groups. 

Residues 172, 173, 284, 287, and 316 were also identified as important by our 

regression algorithm and are known residues lining the substrate binding channels in the 

X. campestris structure (Figure 4.4C). Val 287 in the X. campestris structure plays a role 

in directing the path of the alkyl chain of the native substrate to curve around the 

hydrophobic Ile 345 side chain.46 Ile 284 is also in a critical position and likely interacts 

with Thr 292 based on the X. campestris crystal structure. A triad of residues (I284, A261, 

and T292) in channel A are predicted to form a ‘pinch point’ to mediate chain length 

specificity. Our results support this hypothesis and suggest these ‘pinch point’ residues 

are prime targets for rational design studies to alter thiolase substrate specificity. 

Leave-one-out validation 

To assess biases in our training set and determine how our models would perform 

with pNP substrates not included in model training, we performed leave-one-compound-

out validation. We trained 14 separate models by omitting one compound completely from 

each model during training and then evaluating prediction accuracy for the held-out 

compound. Results from leave-one-compound-out validation for both classification and 

regression algorithms revealed that our model performed best with long-chain alkyl 

substrates including p-nitrophenyl dodecanoate and p-nitrophenyl 7-phenylheptanoate 

(Supplementary Figure S4.4). Accuracy decreased for more chemically-distinct and polar 

substrates such as p-nitrophenyl azidohexanoate and p-nitrophenyl 2-(2-

butoxyethoxy)acetate. Overall, the leave-one-compound-out analysis indicated our 

models performed relatively well (>74% classification accuracy) for most alkyl pNP 
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substrates and underperformed with pNP compounds containing chemical moieties not 

included in the training set such as azides, ethers, and trimethyl groups. 

To test the phylogenetic bias of our model we performed leave-one-taxon-out 

validation. OleAs in the gene library had been sampled from organisms belonging to 10 

different taxonomic classes (Figure 4.2). We trained 10 separate models by withholding 

all sequences from organisms belonging to one taxonomic class and then testing 

prediction performance on the omitted class (Supplementary Figure S4.4). We found that 

both classification and regression models performed more robustly with higher accuracy 

and RMSE values with leave-one-taxon-out validation than the leave-one-compound-out 

performance. This reflects that there is much more variability in average activity across 

different pNP compounds than across thiolases from different taxonomic classes. The two 

taxonomic classes which most significantly decreased classification and regression model 

performance when omitted were Gammaproteobacteria and Actinobacteria. This is 

consistent with the largest proportion of OleAs in the training set belonging to organisms 

from these classes.  

Predictive web application 

To make our machine learning models accessible to users with all levels of 

computational expertise, we created an interactive web application available at 

z.umn.edu/thiolases (shortcut) or https://srobinson.shinyapps.io/thiolases/ (permanent 

URL) . This web interface allows users to upload protein or nucleotide FASTA files of 

OleA-type thiolase sequences and uses machine learning models trained on the entire 

dataset to make rapid predictions for pNP substrate specificity. It provides predictions for 

activity with each of the 15 pNP substrates tested in this study as well as probability scores 

ranging from 0.5 (low confidence) to 1 (high confidence). Chemical structures of predicted 

substrates are displayed through the web interface and results are downloadable in 

tabular format for further analysis. 
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DISCUSSION 

Over half of the thiolases tested were active with at least half of the pNPs tested. 

The remarkably broad substrate specificity in a large fraction of OleA-type enzymes in our 

library corresponds well with a previous study where hydrocarbons were extracted from 

twelve bacterial strains containing the complete oleABCD cluster.43 Many bacteria, 

including strains from the genera Xanthomonas (Clade I) and Kocuria (Clade III), had 

OleABCD pathways that produced up to 15 different hydrocarbons identifiable by GC-MS. 

In our study, enzymes from Xanthomonas and Kocuria genera reacted with 11-14 different 

pNP substrates out of 15 tested. Therefore, it is likely we have only sampled the ‘tip of the 

iceberg’ in terms of the number of potential substrates accepted by some highly-active 

enzymes in this study such as the OleA from Kytococcus sedentarius. 

In contrast, some enzymes tested such as the OleAs from Shewanella 

putrefaciens and Psychromonas aquimarina had narrow substrate specificity and weak 

activity. One explanation for the low activity of OleA enzymes from Shewanella and 

Psychromonas are their native preferences for a specific class of polyunsaturated fatty 

acid (Pfa) precursors that are produced by polyketide/fatty acid synthases encoded in a 

five-gene operon (pfaABCDE) upstream of the oleABCD cluster. Previously, Sukovich and 

colleagues extracted and verified a single 3,6,9,12,15,19,22,25,28-hentriacontanonaene 

product from the Shewanella oleABCD pathway.44 The authors postulated this product 

was derived from OleA-catalyzed condensation of two CoA-activated molecules of 

hexadeca-4,7,10,13-tetraenoic acid produced by the pfa operon. This was further 

supported by recent work in Shewanella pealeana demonstrating that OleA interacts with 

the Pfa synthase in vivo and mediates the transfer of Pfa precursors to the OleBCD 

complex to facilitate polyunsaturated hydrocarbon biosynthesis.51 We hypothesize here 

that the narrow substrate specificity observed in OleAs Shewanella and Psychromonas 

may be due to the co-evolution of pfa and ole sequences. To further investigate this, we 

Figure 3. (A) Predicted solvent-accessible cavity volumes of the 73 OleA enzymes analyzed in this study ranged from 95.3 to 478.9 Å
3  

(B) 
Relationship between the solvent-accessible surface area with the average enzymatic activity across all substrates (black) and ‘bulky’ substrates 
(teal) with tertiary α-carbons (pNP trimethylacetate and pNP dimethyl hexanoate). A. atraurantiacus, B. paraconglomeratum, and H. marinus 
enzymes have among the highest calculated cavity volumes and the highest preferences for substrates with tertiary α-carbons. 
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identified 92 new OleA sequences from organisms that also encode pfa genes 

(Supplementary Material S4.1). We used our machine learning models to make 

predictions for the reactivity of these enzymes with 15 pNP substrates. We found that the 

predicted number of substrates accepted by OleAs co-localized with pfa genes was 

between 2-4 (average of 3), compared to an average of 8 substrates accepted by OleAs 

from organisms without pfa genes. These predictions provide preliminary support for the 

hypothesis that pfa-associated OleA co-enzymes may have narrower substrate specificity 

than non-pfa associated OleAs. Further research is required into how thiolases may have 

co-evolved with precursor biosynthetic enzymes such as Pfa synthases to affect OleA 

substrate scope. 

The only substrate which was not active with any enzyme tested was p-nitrophenyl 

benzoate. The compound had been purchased and we verified its purity by 1H-NMR and 

mass spectrometry (Appendix V). We speculate the complete lack of activity with p-

nitrophenyl benzoate may be due to the phenyl ring, lacking intervening methylene 

carbons, being bound in an unproductive manner such that the substrate carbonyl carbon 

is not accessible to the active site cysteine. Alternatively, steric hindrance at the α-carbon 

due to the bulky phenyl group could prevent cysteine attack. Other aromatic compounds 

tested, including p-nitrophenyl 3-(4-chlorophenoxy)propanoate, p-nitrophenyl 3-(5-phenyl-

1,3,4-oxadiazol-2-yl)propanoate, and p-nitrophenyl 7-phenylheptanoate, were also 

relatively poor substrates compared to those with higher aliphalicity. In general, our data 

suggest that placement of aromatic groups further away from the α-carbon results in 

higher reactivity with OleA-family thiolases.  

Based on our results, we infer the ‘optimal’ pNP substrate for OleA enzymes has 

a side chain with at least 5-7 rotatable C-O or C-C bonds. Adequate ‘spacing’ of 5-7 

carbons between the α-carbon and other functional moieties such as alkynes, azides, or 

cyclic aliphatic groups correlated with higher activity levels. Increasing the number of 
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rotatable bonds was also positively associated with activity. Interestingly, the number of 

rotatable bonds in a molecule is considered to be a good descriptor of oral bioavailability 

of drugs.234 Overall, this work provides a foundation in the natural variation in OleA-family 

thiolase substrate specificity to support future applications in synthetic biology such as 

using enzyme cascades to produce drug-like molecules. Recent advances have been 

made using biocatalytic cascades for the total synthesis of therapeutics such as the HIV 

drug, islatravir.235 We envision an expansion of the experimental and machine learning 

frameworks described here to aid in the design of ‘optimal’ enzyme and substrate libraries 

and ultimately use engineered thiolases for the production of bioactive molecules. 

Substrates with terminal azide and alkyne moieties unexpectedly exhibited higher 

average reactivity with our enzyme library than the ‘unmodified’ alkyl p-nitrophenyl 

hexanoate and p-nitrophenyl heptanoate substrates. Substrates with azido- or alkynyl- 

groups were the second and third most reactive substrates screened, respectively. This 

represents the first experimental evidence of OleA-type thiolases reacting with substrates 

with ‘clickable’ functional groups. Copper(I)-catalyzed azide-alkyne cycloadditions, known 

as ‘click’ chemistry reactions, can be run under mild conditions that are particularly well-

suited for biological systems. Recently, a reliable method for the synthesis of azides from 

primary amines opened new chemical possibilities for screening large libraries of 

‘clickable’ substrates.236 The ability for OleA-family thiolases to accept these compounds 

expands their applications in biological imaging and drug design through attachment of 

fluorophores or pharmacophores.  

The overall goal of the assay was to provide a rapid screening method to identify 

thiolases with desired substrate specificity profiles that both express well and are active. 

One limitation of the whole cell pNP assay is that the colorimetric readout from whole cells 

necessarily conflates protein expression with measured enzyme activity level.56 All 

thiolases screened in this study were active with at least two pNPs (Figure 4.2) suggesting 
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all proteins were expressed. Since levels of protein expression can vary between 

experiments depending on exact induction time and cell density, we screened each of the 

active enzyme-substrate pairs in biological triplicates. However, we cannot rule out that 

the measured weak activity of some enzymes is a result of consistently poor protein 

expression levels across multiple experiments.  

 Another limitation of the pNP assay is that it that only measures the first step of 

the mechanism: transesterification. We are currently investigating Claisen condensation 

assay development since preferred substrates for the second step of the thiolase reaction 

(condensation) may be different than for transesterification. Previously, we purified several 

thiolases active with pNPs and measured their condensation activity with a variety of acyl-

CoA substrates by GC-MS.56 However, this approach is not feasible for screening large 

libraries of enzymes. The development of a rapid assay to directly measure condensation 

activity will expand the applications of thiolases in synthetic biology.  

In summary, we have quantitatively mapped the substrate specificity of thiolase 

enzymes through whole-cell assays, structural homology modeling, binding pocket 

analysis, and machine learning. We surveyed a library of thiolase variants from 

taxonomically-diverse organisms to assess natural variation in substrate scope and made 

predictions for new enzymes. This dataset will serve as a baseline for protein engineering 

studies to benchmark the performance of engineered enzymes against natural variants. 

Future experimental efforts will focus on altering key residues identified through our 

analysis to engineer thiolases to have high activity and desirable substrate specificity 

profiles. 

The application of machine learning to predict substrate selectivity is generalizable 

to other enzyme families beyond thiolases and may be further improved through the use 

of ensemble or deep learning methods. While the feedforward neural network algorithm 

tested here did not outperform random forest, this is likely a result of our modest dataset 
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size (1,095 data points). We anticipate with larger datasets (>10,000 data points) that 

deep learning will outperform shallow learning algorithms like random forest. Overall, this 

work is a stepping stone towards a new frontier in biology where the combination of 

terabytes of meta’omic data with artificial intelligence can be used to learn complex 

patterns undetectable to the human eye. Here we demonstrated a proof-of-principle for 

machine learning using physicochemical features to predict enzyme substrate specificity. 

Ultimately, we envision experimental and computational methods such as those described 

here can be combined to advance the design of novel biological parts for the biosynthesis 

of high-value metabolites. 

 

MATERIALS AND METHODS 

Chemicals and Reagents 

Chemical syntheses of nine pNPs from their corresponding carboxylic acid precursors was 

carried out using the method of Engström et al.237 Detailed synthetic procedures and 1H-

NMR spectra of all synthesized compounds are in Appendices IV and V, respectively. 

Purchased carboxylic acids from Sigma-Aldrich were 3-cyclopentylpropanoic acid, 7-

phenylheptanoic acid, 3-(4-chlorophenoxy)propanoic acid, 3-(5-phenyl-1,3,4-oxadiazol-2-

yl)propanoic acid, 2-(2-butoxyethoxy)acetic acid, and 6-heptynoic acid. 2,2-

Dimethylhexanoic acid and heptanoic acid were purchased from TCI-America, and 6-

azidohexanoic acid was purchased from Cayman Chemical Company. Additionally, 5 

commercially available pNPs were obtained from the companies indicated: p-nitrophenyl 

trimethylacetic acid, p-nitrophenyl decanoic acid, and p-nitrophenyl dodecanoic acid 

(Sigma-Aldrich), p-nitrophenyl biotin and p-nitrophenyl benzoic acid (Alfa Aesar), and p-

nitrophenyl hexanoic acid (TCI-America).  
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Strain and plasmid construction  

Synthetic DNA for a library of 73 OleA homologs were cloned with N-terminal 6x-His tags 

into pET28b+ vectors at NdeI and XhoI restriction sites and transformed into T7 Express 

Competent E. coli cells (NEB C2566I) by the U.S. Department of Energy Joint Genome 

Institute. Accession numbers and codon-optimized plasmid sequences are provided in 

Supplementary Material S4.2 and at 10.5281/zenodo.3743415. Bioinformatic methods for 

gene selection and construct design are described in detail by Smith et al.56 

Culture conditions and whole-cell assays  

Cells were grown at 37°C shaking at 250 rpm in 5 mL of lysogeny broth in test tubes to an 

optical density of 0.3 and induced with a final concentration of 1 mM isopropyl β-D-1-

thiogalactopyranoside (IPTG). Induced cultures were incubated for 40-43 hr at 16°C with 

agitation at 250 rpm. Substrate specificity screening was conducted using the whole cell 

thiolase assay protocol described by Smith et al.56 Briefly, cells were normalized to an 

optical density of 0.1 per 200 µL of cells in 50mM Tris-HCl (pH 8.0) buffer and incubated 

for two hours with 63 µM polymyxin B sulfate to render them porous to small molecules. 

Cells expressing each of the 73 enzymes were tested with 15 different pNP substrates 

added at a maximum final concentration of 200 µM. Poor solubilities of some substrates 

resulted in minor precipitation. In a previous study it was demonstrated that adding 

substrates above their limit of solubility did not significantly interfere with assay readout.56 

Absorbance was read in 96-well clear bottom plates (Genesee Scientific) every minute for 

60 minutes at 410 nm and 37°C using a SpectraMax Plus 384 microplate reader 

(Molecular Devices). All 73 enzymes were tested with 15 pNP substrates, first with 

technical duplicates from the same induction batch, and then in biological triplicates with 

3 independently grown cultures for all of the active enzyme-substrate pairs. 
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Data preprocessing  

Absorbance values were normalized by subtracting averaged values from triplicate empty 

pET-28b+ vector controls on each plate. Absorbance values for each plate were converted 

to nmol p-nitrophenolate using p-nitrophenolate standard curves run in parallel on the 

same plate. Activity was calculated using a ‘rolling window’ linear regression method by 

calculating slopes for all overlapping 15 minute intervals over the course of the first 45 

minutes of each reaction, with the exception of p-nitrophenyl 2-(2-butoxyethoxy)acetate 

which hydrolyzed rapidly in buffer such that catalyzed reaction rates above background 

could only be measured for 5 minutes before absorbance reached the maximum detection 

limit. The maximum slope with an R2 ≥ 0.9 was converted to enzyme activity (nmol p-

nitrophenolate / OD 1.0 / hour). Activities for each enzyme-substrate pair were averaged 

across biological triplicates and are reported in Table S4.1.  

Physicochemical feature engineering 

For each of the 15 pNP substrates, 153 chemical properties were calculated using the 

Rcpi and ChemmineR packages in R.238,239 Since many of the chemical properties were 

correlated, we performed dimensionality reduction using principal component analysis. 

Loadings of the first seven principal components included in analysis are detailed in 

Supplementary Figure S4.1. To extract protein sequence features, we used 

DECIPHER,184 a structure-based aligner that uses local sequence context to align each 

of the 73 OleA sequences with the crystal structure of X. campestris (PDB ID: 4KU5). We 

extracted all residues within 12 Å of the active site cysteine and encoded each amino acid 

as a vector of principal components of their physicochemical properties. The 

physicochemical properties of each amino acid corresponded to indices for polarity, 

molecular volume, secondary structure, and electrostatic charge as described by Atchley 

et al.240 Excluding the codon diversity index from analysis resulted in 4 numeric properties 

for each of the 84 amino acids within a 12 Å sphere. Global protein properties including 
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instability index, isoelectric point, molecular weight, and Kyte-Doolittle hydrophobicity 

index (see 10.5281/zenodo.3743415 for full set of indices) were calculated using the 

Peptides package in R.241 

Machine learning 

Protein and chemical features were concatenated into a single numeric vector describing 

each enzyme-substrate pair (n = 1,095). Features with near-zero variance were removed 

using the nearZeroVar function from the caret package in R.242 The data were split 

randomly with stratified sampling by activity to achieve roughly equal proportions of active 

and inactive enzymes in 75% training and 25% testing sets. R version 3.6.1 and caret 

were used to evaluate all models. Grid search was used to tune model hyperparameters 

by 10-fold cross validation repeated in triplicate. For the random forest algorithm, model 

hyperparameters that were tuned included the number of variables randomly sampled as 

candidates at each split, the minimum size of terminal nodes, and the splitting rule 

methods. All forests were grown to a size of 1,000 trees and the permutation method was 

used to compute relative feature importance as implemented in the ranger package in 

R.243 A description of hyperparameters tuned for other machine learning models tested 

were detailed in Supplementary Figure S4.2. The distribution of training and testing set 

prediction performances were examined by 1,000 independent, random training-test splits 

(Supplementary Figure S4.3). Three different machine learning algorithms were evaluated 

for classification of enzyme-substrate pairs: random forest, naïve Bayes, and feedforward 

neural networks. Receiver operating characteristic curves and confusion matrices were 

used to compare model performances. For the 550 enzymes classified as ‘active’ we 

further trained regression models to quantitatively predict enzyme activity. Enzyme activity 

values displayed a right-skewed distribution so a log10 transformation was applied, 

resulting in an approximately normal distribution. Three different machine learning 

algorithms were evaluated for regression: random forest, elastic net, and multivariate 
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adaptive regression splines. Root-mean square error and R2 values were used to assess 

performance. Models were further evaluated using leave-one-compound-out and leave-

one-taxon-out validation (Supplementary Figure S4.4).  

Homology modeling, phylogenetics, and bioinformatics 

An approximate maximum-likelihood phylogeny for the OleA amino acid sequences was 

estimated using FastTree version 2.1 using the Jones-Taylor-Thornton model with the 

CAT approximation.186 Between-groups analysis was used to detect differential residues 

between broad and narrow specificity enzymes using the bgafun package in R.231 

Homology models for each of the 73 OleA proteins were built using the Phyre2 server.189 

Solvent-accessible surface area and cavity volumes for each of the homology models 

were calculated using CastP version 3.0 with a 2.2 Å radius probe.230 

 

DATA AND CODE AVAILABILITY 

Raw data and scripts to reproduce analyses, figures, and tables are available at 

https://github.com/serina-robinson/thiolase-machine-learning/. An interactive web 

application with a searchable database and predictive models trained on the complete 

dataset are also available at z.umn.edu/thiolases (shortened URL) and 

srobinson.shinyapps.io/thiolases (permanent URL). The DNA constructs, provided in 

Supplementary Material S4.2, will be provided upon request. The DNA constructs were 

provided by the United States Department of Energy Joint Genome Institute, a DOE Office 

of Science User Facility, under Contract No. DE-AC02-05CH11231. DNA requests will be 

honored with the completion of a Materials Transfer Agreement as required by our 

contracts with the U.S. Department of Energy. 

 

SUPPLEMENTARY DATA  

Supplementary Data are available at 10.5281/zenodo.3743415. 
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Supplementary Figure S4.1. (A) Dimensionality reduction of molecular descriptors of 15 pNP substrates 
using principal component analysis. Substrates are plotted by their first two principal components that 
cumulatively explain up to 54.4% of the variance between compounds (B) Screeplot of principal 
components reveals ‘elbow’ after seventh principal component. (C) Absolute values of loadings of 149 
molecular descriptors into 7 principal components roughly corresponding to molecular weight, molecular 
connectivity, aromaticity, solubility, and O, N and Cl content. 
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Supplementary Figure S4.2. (A) Machine learning classification results and (B) regression results. 
The following hyperparameters were tuned for random forest models: num.trees = number of random 
trees grown, mtry = number of variables randomly sampled as candidates at each split, splitrule = 
splitting rule methods, min.node.size = minimum size of terminal nodes. For the feedforward neural 
network model: decay = parameter for weight decay. Size = number of units in the hidden layer. For 
the naïve Bayes model: fL = factor for Laplace correction, default factor is 0, i.e. no correction. 
useKernel = if TRUE a kernel density estimate (density) is used for density estimation. If FALSE a 
normal density is estimated. For multivariate adaptive regression splines: nprune = number of terms 
to retain, degree = degree of interactions. For elastic net: alpha = the elastic net mixing parameter, 
with 0≤α≤1. The penalty is defined as(1−α)/2||β||22+α||β||1. alpha=1 is the lasso penalty, 
and alpha=0 the ridge penalty. lambda = regularization parameter. 
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Supplementary Figure S4.3 Distribution and quartiles for training and test (A) classification 
accuracy scores and (B) root-mean square errors for 1,000 independent and random training-
testing splits. 
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Supplementary Figure S4.4. Leave-one-compound-out and leave-one-taxon-out validation for 
(A) classification and (B) regression machine learning models. RMSE = Root mean square error. 
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Supplementary Figure S4.5. (A) Chemical structures of pNP substrates synthesized or 
purchased for this study. (B) Tanimoto coefficients were calculated for commercially-
available carboxylic acids from Sigma-Aldrich (n = 3,572). Compounds at 90% chemical 
similarity were clustered to yield 1,129 cluster representatives plotted as gray dots and 
visualized by multidimensional scaling. The blue ellipse corresponds to aryl compounds 
which were largely avoided in this study after preliminary screening of our enzyme library 
with 10 indicated low activity of OleA-type thiolases with substrates containing aryl moieties 
near the α-carbon. 15 pNP substrates (red triangles) were selected from cluster 
representatives on the basis of chemical diversity. 
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Chapter 5 
 
 

Conclusions and future work 
 

With excerpts from the following articles: 

 

Robinson SL, Christenson JK, Wackett LP. Biosynthesis and chemical diversity of β-

lactone natural products. Natural Product Reports. 2019. 36(3), 458-475. 
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Copyright © 2019 Royal Society of Chemistry.2 

 

Robinson SL, Wackett LP. Rings of power: Enzymatic routes to β-lactones. Reference Module in 

Chemistry, Molecular Sciences and Chemical Engineering. 2019.  

Reprinted with permission from Elsevier. Copyright © 2019 Elsevier.1 
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CONCLUSIONS AND FUTURE WORK 

Overall, my thesis focused on biochemical and computational methods for the 

detection and characterization of β-lactone synthetases involved in natural product 

biosynthesis. By investigating the substrate specificity of several enzymes in the OleABCD 

biosynthetic pathway, this work advanced progress towards using enzymes as 

biocatalysts for the production of custom β-lactone compound libraries. 

Chapter 2 focused on the kinetics, mechanism, and substrate specificity of the 

standalone β-lactone synthetase, OleC, from X. campestris, a bacterial plant pathogen. 

We synthesized a panel of twelve substrate analogs including individual β-hydroxy acid 

diastereomers and found OleC preferentially converted (2R,3S) long-chain (C14 - C20) β-

hydroxy acids to cis-β-lactones. Hydroxylamine trapping was used to demonstrate that 

OleC formed a carboxy-adenylate intermediate similar to other adenylate-forming 

enzymes including NRPS A domains. Moreover, we developed a novel, continuous UV-

Vis assay using β-hydroxy acids with alkenyl and alkynyl moieties to rapidly screen for β-

lactone synthetase activity among homologs. Future research directions that could build 

on the findings of this chapter include scaling up the UV-Vis assay to rapidly screen more 

OleC homologs for β-lactone synthetase activity. More in-depth kinetic characterization of 

OleC and competitive binding studies could also yield clarity into the binding order of the 

substrates. Additionally, solving the crystal structure of an OleC-like β-lactone synthetase 

would provide structural insights into the unique properties of these enzymes. 

In Chapter 3, I developed computational methods to predict substrate specificity of 

β-lactone synthetases and other adenylate-forming enzymes in silico. Through literature 

mining, I constructed a training set of >1,700 experimentally characterized enzymes in the 

adenylate-forming enzyme superfamily. Physicochemical features of enzyme active site 

residues were used to train random forest models to predict adenylate-forming enzyme 
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substrate specificity and functional class. I then used these models to map the functional 

landscape of adenylate-forming enzymes in >50,000 candidate biosynthetic gene clusters 

(BGCs) from bacterial, plant, and fungal genomes. Through this global analysis of BGCs, 

I identified β-lactone synthetases conserved in >90 genomes from the pathogenic 

bacterial genus Nocardia. Genome mining for β-lactone synthetases and flanking 

biosynthetic enzymes in Nocardia led to my discovery and in vitro reconstitution of the 

biosynthetic pathway for the orphan β-lactone natural product, nocardiolactone. Through 

querying the genomes of clinical Nocardia isolates, we found a higher prevalence of the 

complete nocardiolactone cluster in genomes from human pathogens compared to 

genomes of environmental Nocardia strains. Although only correlative, this raised the 

intriguing question as to whether nocardiolactone might play a role in Nocardia 

pathogenicity in humans. In future studies, this hypothesis could be tested through genetic 

manipulation of Nocardia strains to knockout the nltABCD biosynthetic cluster. 

Comparison of the ΔnltABCD mutant with wild-type would enable both in vitro 

pathogenicity assays and in vivo studies in murine models. In addition to the 

nocardiolactone β-lactone synthetase, this analysis also provided a wealth of candidate 

β-lactone synthetases in uncharacterized BGCs for experimental investigation. 

In Chapter 4, I expanded on the computational methods developed in Chapter 3 

to predict the substrate specificity of OleA enzymes from the OleABCD biosynthetic 

pathway. We developed a rapid, whole-cell assay to screen a chemical library of 15 

different p-nitrophenyl esters against 73 different OleA enzymes. In total, we measured 

enzyme activity for 1,095 distinct enzyme-substrate combinations. I then trained machine 

learning models using concatenated vectors of physicochemical properties of protein 

active sites and chemical properties of substrates to quantitatively predict OleA substrate 

specificity. These models and datasets were made available to the scientific community 

as an interactive database and web application. However, a key limitation of this study is 
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that this work is based on an assay measuring only the first half of the OleA mechanism: 

thioesterification. Future research directions building on this chapter could include 

developing a rapid assay to measure the Claisen condensation activity by OleA. 

Ultimately, the long-term goal for this project is to use inexpensive esters as versatile 

substrate surrogates for the total biosynthesis of diverse β-lactone compounds using 

OleACD enzymes. However, total enzymatic biosynthesis of desired products is far from 

trivial and future protein engineering studies may be required to optimize product yields.  

This thesis has focused on just one of many biosynthetic pathways for β-lactone 

natural products. In this context, it is useful to ‘zoom out’ and examine the relatively narrow 

topic of this thesis within the broader field of natural products research. Advances in 

computational algorithms, mass spectrometry, and synthetic biology methods have greatly 

expanded capabilities for natural product prediction and validation. While significant 

progress has been made using these techniques to predict β-lactone BGCs 

computationally, there are still countless unanswered questions. Major bottlenecks still 

facing the natural products field include linking orphan gene clusters with natural products, 

identifying cellular targets of secondary metabolites, and understanding their biological 

function in the source organism and in microbial communities. In the next sections, I will 

address several key knowledge gaps specifically related to β-lactone biosynthesis. 

Computational methods for b-lactone prediction 

Improved biochemical knowledge about enzyme-catalyzed β-lactone ring 

formation enabled the development of genome mining techniques such as AdenylPred 

(Chapter 3) to identify adenylate-forming β-lactone synthetases in gene clusters. 

However, communication and dissemination within the natural products community is 

required for disparate bioinformatics tools to be fully integrated into research workflows. 

Among natural products researchers, the secondary metabolite gene cluster detection 

pipeline, antiSMASH,201 has become the gold standard for gene cluster mining. The latest 
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version, antiSMASH 5.0, implemented rules for detection of β-lactones in natural products 

produced from cystargolide or belactosin-type pathways.5 However, the current ‘β-lactone 

cluster detection rule’ is defined by on the co-occurrence of a pyruvate carboxylase 

(HMGL-like domain) and an AMP-binding domain which matches all ANL superfamily 

enzymes, not just β-lactone synthetases. Therefore, I believe these general cluster rules 

are likely returning many false positive hits for β-lactones in natural products. Moreover, 

there is a distinct lack of experimental evidence that these enzymes are necessary and 

sufficient for β-lactone formation in the cystargolide and belactosin pathways. Due to the 

implementation of this β-lactone detection rule in antiSMASH version 5.0, a sharp spike 

in the number of genomes with β-lactone BGCs from diverse bacteria and fungi have been 

reported,244-246 but experimental validation for the true products of these clusters are 

lacking. Moreover, cluster rules for detection of homologs of the β-lactone synthetase, 

OleC, the vibralactone cyclase, VibC, and the β-lactone-forming ObiF TE domain have 

not yet been implemented in antiSMASH or other software. Therefore, significant work 

remains to limit both false positives and false negatives in genome mining methods to 

more accurately predict β-lactone moieties in natural products. 

Elicitation of BGC expression 

Computational prediction is not the only hurdle in the discovery of new β-lactone 

compounds. BGC expression remains a major bottleneck since the majority of natural 

products gene clusters are not expressed under normal laboratory culture conditions. 

Thus, the ~30 β-lactone natural products isolated to date may only be the ‘tip of the 

iceberg’. High-throughput platforms developed for natural product elicitation247 and 

advanced genetic engineering tools, including developments in the use of site-specific 

recombinases,248 could aid in production of β-lactone compounds from their predicted 

gene clusters. A genome-mining based approach is also particularly useful in mining 
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BGCs from the ‘uncultivated majority’ of microbes for which BGCs can be cloned and 

expressed in heterologous hosts.  

As discussed in Chapter 1, another hurdle to β-lactone natural product discovery 

is the propensity for thermal decarboxylation of the β-lactone moiety when analyzed by 

gas chromatography. Additionally, β-lactones can be broken down under the ionization 

conditions typically used for liquid chromatography mass spectrometry. One technique to 

overcome the challenges of rapid screening and detection of β-lactones rings is the use 

of reactive thiol-based probes to prospect for these electrophilic rings in culture medium.23 

In 2019, Wencewicz and colleagues also validated a ‘thiol-trapping method’ using 

glutathione for quantitative conversion of β-lactones to the corresponding glutathione-

thioesters with increased stability and ioinization potential.61 Despite these advances, 

dereplication, isolation, and structure elucidation remain major bottlenecks in the natural 

product discovery pipeline.  

Enzymatic production of β-lactone libraries 

OleC enzymes can be reacted with β-hydroxy acid substrates directly or combined 

with OleA, OleD and activated precursors to make β-lactone libraries through one-pot 

enzymatic synthesis. In Chapter 2 of this thesis, we measured the substrate specificity of 

the X. campestris β-lactone synthetase with different β-hydroxy acids including alkyl, 

hydroxyalkyl, alkenyl, alkynyl, and phenyl tails. In Chapter 4, we then screened a library 

of OleA homologs with 15 different substrates to identify enzyme candidates with desired 

substrate specificities. The results of these studies could be built upon to identify enzyme 

combinations that produce β-lactones with desired stereochemistry and side chains. 

The ObiF TE domain also presents some fascinating opportunities for biosynthesis 

of non-natural product analogs. One approach could be the site-directed mutagenesis of 

classical type I TE domains to substitute the catalytic serine for a cysteine. In vivo or in 

vitro analysis of the resulting products could test whether the desired (A/G)xCxG motif that 
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is a hallmark of β-lactone and β-lactam biosynthesis in obafluorin and sulfazecin could 

catalyze strained ring formation in other biosynthetic pathways. As an alternative to site-

directed mutagenesis, the entire obafluorin and sulfazecin TE domains could be swapped 

with TE domains in other PKS/NRPS pathways to assess whether these domains act as 

stringent ‘logic gates’ or permissive ‘victims of fate’ to accept non-natural substrates.199 

In contrast to functioning in β-lactone or β-lactam formation, the majority of NRPS 

TE domains have been characterized for their role in macrocyclization reactions, namely 

to macrolactones, macrolactams, and macrodiolides.249-251 TE domains are unique, 

however, in that they do not cluster based on substrate specificity or reactivity. Hari et al. 

conducted a detailed phylogenetic analysis and concluded that the greatest determinant 

of TE clustering was the organism of origin and its pathway type (NRPS/PKS class) rather 

than offloading chemistry.252 The broad sequence diversity and lack of a detectable 

molecular signature for substrate specificity has likely hindered the development of 

prediction tools for TE domains. The inability to reliably predict TE offloading chemistry 

stands in contrast to numerous validated bioinformatic tools that have been developed 

based on the relatively strict substrate specificity of other types of NRPS/PKS domains 

including C, A, KS, acyltransferase and methyltransferase domains.201  

The relaxed substrate specificity led to TE domains receiving the title of ‘victims of 

fate’ of the metabolites they produce.64 The lack of substrate specificity during the TE-

loading stage has now been demonstrated by several in vitro and in vivo studies in both 

PKS and NRPS systems.253-255 Walsh and colleagues found the tyrocidine A TE domain 

accepted over 100 analogs of the decapeptide NRPS product, tyrocidine A. The authors 

determined that the tyrocidine TE domain cyclized substrate analogs with all combinations 

of internally mutagenized residues as long as two specific residue positions were 

conserved, one near the N-terminus and the other near the C-terminus.255 Some examples 

in other systems stand in contrast to the permissive tyrocidine TE domain such as the TE 
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domain involved in biosynthesis of the β-lactam antibiotic nocardicin. The nocardicin TE 

domain was found to have strict substrate specificity and would not load peptide 

substrates until a β-lactam ring was installed in the L-seryl position.256 This suggested the 

TE domain acted as a ‘logic gate’ to ensure the β-lactam pharmacophore was present 

prior to thioesterase cleavage. In this context, the substrate specificity of the ObiF TE 

domain and its potential function as a ‘logic gate’ or a ‘victim of fate’ enabling production 

of non-natural obafluorin analogs remains to be fully investigated. 

β-Lactone libraries produced through (chemo)enzymatic methods could be 

screened for inhibition of desired or new cellular targets. Results could then be used 

iteratively in the design of new substrate precursors to generate improved β-lactone drug 

candidates. Note that a major limitation here is the availability and expense of the 

precursors typically activated by CoA. As described in Chapter 4, acyl-transfer to the 

active cysteine in OleA is being explored using p-nitrophenyl esters and other activate 

ester substitutes. Hansen et al. has demonstrated a similar transfer from non-physiological 

esters in a polyketide biosynthetic pathway, suggesting this may also be a plausible 

strategy to generate OleABCD pathway precursors.257  

Concluding remarks 

β-Lactones are moieties that have been known since the late 1800’s but major 

breakthroughs in understanding their enzymatic synthesis were not made until 2017. In 

this context, enzymes catalyzing β-lactone ring formation are a rich source for new 

structural, catalytic, and biochemical discoveries. It is likely that our understanding of the 

biosynthetic routes to form strained heterocycles is only in its infancy. There are now at 

least six known mechanistic routes to β-lactam rings74,179 while only three enzymatic routes 

for β-lactones reported to date.2 As the frontiers of synthetic biology and protein 

engineering expand, enzymatic production of custom β-lactones as chemical probes or 

candidate drug libraries is a not-so-distant prospect. 
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Appendix I 

CHAPTER 2 SUPPLEMENTAL METHODS 

Analytical and synthetic methods 
All commercial reagents (Sigma-Aldrich, Acros, TCI) were used as provided unless 
otherwise indicated. An anhydrous solvent dispensing system (J.C. Meyer) using two 
packed columns of neutral alumina was used for drying THF and CH2Cl2, and the solvents 
were dispensed under argon. Flash chromatography was performed with an ISCO 
Combiflash Companion purification system with the prepacked silica gel cartridges with 
the indicated solvent system. All reactions were performed under an inert atmosphere of 
dry Ar or N2 in oven-dried (150 °C) glassware. 1H, 13C NMR spectra were recorded on 
either a Varian 600 MHz or 400 MHz spectrometer as specified below. Proton chemical 
data are reported as follows: chemical shift, multiplicity s ) singlet, d ) doublet, t ) triplet, q 
) quartet, p ) pentuplet, m ) multiplet, br ) broad), ovlp ) overlapping], coupling constants, 
integration. Exchangeable OH-protons for β-hydroxy acids appeared as very broad 
signals and are not reported. Mass spectra were obtained on either a Thermo Fisher 
Scientific LCQ MS with an ESI interface or an Agilent GC/MS (7890a & 5975c) equipped 
with an Agilent J&W bd-ms1 column (30m x 0.25 mm i.d., 0.25 μm film). 
 
General synthetic methods for 2-hexyl-3-hydroxyoctanoic acid diastereomers 
The two syn isomers, (2R,3S) and (2S,3R) were synthesized using the asymmetric aldol 
addition methods developed by Gage258 and Crimmins,259 using (R)- or (S)-4-
benzyloxazolidin-2-one, respectively, as chiral auxiliaries, titanium tetrachloride and (-)-
sparteine as base. The chiral auxiliaries were removed under standard conditions 
(hydrogen peroxide/lithium hydroxide), yielding the two desired syn forms of 2-hexyl-3-
hydroxyoctanoic acids. The synthesis of the anti-isomers (2S,3S) and (2R,3R)-2-hexyl-3-
hydroxyoctanoic acids was performed using the strategy developed by Abiko.260 In this 
case, N-benzyl-N-(1-hydroxy-1-phenylpropan-2-yl)-2,4,6-trimethylbenzenesulfonamide is 
used as a chiral auxiliary in the (1R,2S) or (1S,2R) forms, depending on the desired 
product. The aldol condensation is performed in presence of dicyclohexylboron triflate and 
triethylamine. Removal of the chiral auxiliary was in this case performed in presence of 
H2O2 and tetrabutylammonium hydroxide, adapting the method reported by Fürstner et 
al.261 Simple extraction was not successful in recovering the product from the aqueous 
layer, therefore the residue obtained following solvent removal from the reaction mixture 
was subjected to cation-exchange chromatography, in order to remove the 
tetrabutylammonium cation and isolate the product. The (2S,3S)-2-hexyl-3-
hydroxyoctanoic acid did not survive long-term storage therefore it was not used in any 
experiments. The detailed synthesis of each compound is described below: 
 
Synthesis of (R)-4-benzyl-3-octanoyloxazolidin-2-one 
To a solution of (R)-4-benzyl-2-oxazolidinone (0.89 g, 5.0 mmol) in anhydrous THF (15 
mL), cooled to -78° C, was slowly added 2.6 M n̲-butyllithium in toluene (2.2 mL, 5.5 mmol). 
Freshly distilled octanoyl chloride (0.94 mL, 5.5 mol) was added to the reaction mixture 
and stirring continued for 30 min at -78° C. The reaction mixture was allowed to warm to 
ambient temperature over a 30 min period, and excess octanoyl chloride was then 
quenched by the addition of saturated aqueous ammonium chloride (4 mL). The bulk of 
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the solvent was removed on a rotary evaporator, and the resulting slurry was extracted 
into DCM (3 x 25 mL). The combined organic extracts were washed with aqueous 1 M 
sodium hydroxide solution (10 mL) and brine (10 mL), dried over anhydrous sodium 
sulfate, filtered and the solvent removed under reduced pressure. Purification by flash 
chromatography (0 – 30% hexanes/EtOAc) afforded the title compound as a thick clear oil 
(1.25 g, 82%): Rf 0.51 (3:1 hexanes/EtOAc); 1H NMR (600 MHz, CDCl3) δ 0.89 (t, J = 6.6 
Hz, 3H), 1.25-1.40 (m, 8H), 1.65-1.73 (m, 2H), 2.77 (dd, J = 9.6, 13.2 Hz, 1H), 2.86-2.92 
(m, 1H), 2.94-2.99 (m, 1H), 3.29 (dd, J = 3.0, 13.8 Hz, 1H), 4.16 (dd, J = 3.0, 9.0 Hz, 1H), 
4.15-4.19 (m, 1H), 4.65-4.69 (m, 1H), 7.21 (d, J = 7.2 Hz, 2H), 7.27 (t, J = 7.2 Hz, 1H), 
7.33 (t, 7.2 Hz, 2H); 13C NMR (150 MHz, CDCl3) δ 14.3, 22.8, 24.5, 29.26, 29.30, 31.9, 
35.7, 38.1, 55.4, 66.4, 127.5, 129.1, 129.6, 135.6, 153.7, 173.6. 
 
Synthesis of (R)-4-benzyl-3-((2R,3S)-2-hexyl-3-hydroxyoctanoyl)oxazolidin-2-one 
To a solution of (R)-4-benzyl-3-octanoyloxazolidin-2-one (0.90 g, 2.97 mmol) in dry DCM 
(15 mL), under N2, at 0 °C, was added dropwise TiCl4 (0.36 mL, 3.27 mmol) and the 
solution was stirred for 5 min. To the yellow slurry that formed was slowly added (–)-
sparteine (1.71 mL, 7.43 mmol). The reaction mixture was stirred for 20 min at 0 °C. 
Freshly distilled n-hexanal (0.41 mL, 3.27 mL) was added dropwise to the dark red 
suspension, and stirring continued for 1 h at 0 °C. The reaction was quenched by the 
addition of half-saturated NH4Cl (16 mL). The layers were separated and the organic layer 
was dried over sodium sulfate and concentrated. Purification by flash chromatography (0 
– 30% hexanes/EtOAc) afforded the title compound as a clear oil (0.61 g, 51%): Rf 0.25 
(3:1 hexanes/EtOAc);  –58.2 (c 2.2, EtOAc); 1H NMR (600 MHz, CDCl3) δ 0.86-0.89 (m, 
6H), 1.23-1-35 (m, 13H), 1.48-1.53 (m, 3H), 1.60-1.64 (m, 1H), 1.83-1.88 (m, 1H), 2.52-
2.54 (m, 1H), 2.70 (dd, J = 10.2, 13.2 Hz, 1H), 3.33 (dd, J = 3.0, 13.2 Hz, 1H), 3.83-3.86 
(m, 1H), 4.06 (dt, J = 4.2, 10.2 Hz, 1H), 4.14 (dd, J = 3.0, 9.0 Hz, 1H), 4.15-4.19 (m, 1H), 
4.70-4.74 (m, 1H), 7.22 (d, J = 7.2 Hz, 2H), 7.27 (t, J = 7.2 Hz, 1H), 7.32 (t, 7.2 Hz, 2H); 
13C NMR (150 MHz, CDCl3) δ 14.21, 14.23, 22.77, 22.78, 26.0, 27.2, 27.7, 29.7, 31.8, 
31.9, 34.1, 38.2, 48.0, 55.7, 66.1, 72.8, 127.5, 129.1, 129.6, 135.5, 153.8, 176.3. 
 
Synthesis of (2R,3S)-2-hexyl-3-hydroxyoctanoic acid 
To a solution of (R)-4-benzyl-3-((2R,3S)-2-hexyl-3-hydroxyoctanoyl)oxazolidin-2-one 
(0.15 g, 0.37 mmol) in 4:1 THF/water (5 mL), at 0 ºC, was added 35% aqueous H2O2 (0.13 
mL, 1.5 mmol). The reaction mixture was stirred for 10 min at 0 ºC and a solution of LiOH 
(0.025 g, 0.59 mmol) in water (2 mL) was added. The reaction mixture was stirred for 1 h 
at room temperature. A solution of sodium sulfite (0.047 g, 0.37 mmol) in water (3 mL) 
was added and the bulk of THF was removed under reduced pressure. The resulting 
mixture was diluted with water (10 mL) and extracted with CH2Cl2 (3 ´ 10 mL). The 
aqueous layer was acidified with 6 M NaOH to pH ~1 and extracted with EtOAc (3 ´ 15 
mL). The combined EtOAc layers were evaporated and the residue dissolved in aqueous 
5% NaHCO3 solution (40 mL). The resulting solution was washed with CH2Cl2 (2 ´ 20 mL), 
acidified as before and extracted with EtOAc (4 ´ 20 mL). The combined EtOAc layers 
were evaporated, affording the title product as a thick oil (57 mg, 63%): 1H NMR (600 MHz, 
CDCl3) δ 0.88 (ovlp t, J = 7.2 Hz, 3H), 0.89 (ovlp t, J = 7.2 Hz, 3H), 1.23-1.43 (m, 13H), 
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1.44-1.53 (m, 3H), 1.54-1.62 (m, 1H), 1.67-1.76 (m, 1H), 2.48 (dt, J = 4.2, 10.0 Hz, 1H), 
3.83-3.87 (m, 1H); 13C NMR (150 MHz, CDCl3) δ 14.25, 14.29, 22.83, 22.84, 25.9, 26.9, 
28.0, 29.5, 31.87, 31.91, 34.3, 51.1, 72.4, 180.9.  
 

Synthesis of (1R,2S)-2-(N-Benzyl-2,4,6-trimethylphenylsulfonamido)-1-
phenylpropyl octanoate 
To a solution of N-benzyl-N-[(1R,2S)-1-hydroxy-1-phenylpropan-2-yl]-2,4,6-
trimethylbenzenesulfonamide (0.8 g, 1.9 mmol) in dry DCM (10 mL) at 0 ºC under N2, was 
added anhydrous pyridine (0.22 mL µL, 2.7 mmol) and octanoyl chloride (0.43 mL, 2.5 
mmol) with stirring. The reaction mixture was warmed up to room temperature and stirring 
continued for 16 h. The reaction mixture was diluted with Et2O (20 mL) and washed 
sequentially with water (10 mL), 1M HCl (10 mL), water (10 mL), sat. aq. NaHCO3 (10 mL) 
and brine (10 mL). The organic layer was dried with Na2SO4 and the solvent removed 
under reduced pressure. The residue obtained was recrystallised from hexanes, affording 
the title product as a white solid (0.79 g, 76%): Rf  0.74 (3:1 hexanes/EtOAc); 1H NMR 
(600 MHz, CDCl3) δ 0.87 (t, J = 7.2 Hz, 3H), 1.13 (d, J = 7.2 Hz, 3H), 1.19-1.29 (m, 8H), 
1.47-1.53 (m, 2H), 2.07-2.12 (m, 1H), 2.14-2.20 (m, 1H), 2.28 (s, 3H), 2.51 (s, 6H), 4.05 
(qd, J = 4.2, 7.2 Hz, 1H), 4.59 (d, J = 16.2 Hz, 1H), 4.74 (d, J = 16.2 Hz, 1H), 5.83 (d, J = 
3.6 Hz, 1H), 6.88 (s, 2H), 6.90 (d, J = 7.2 Hz, 2H), 7.17-7.21 (m, 4H), 7.25 (t, J = 7.2 Hz, 
2H), 7.33 d, J = 7.8 Hz, 2H); 13C NMR (150 MHz, CDCl3) δ 13.0, 14.2, 21.0, 22.7, 23.1, 
24.8, 29.0, 29.2, 31.8, 34.3, 48.3, 56.9, 78.1, 126.1, 127.2, 127.6, 128.0, 128.50, 128.53, 
132.3, 133.6, 138.8, 138.9, 140.4, 142.7, 172.2. 
 
Synthesis of (1R,2S)-2-(N-Benzyl-2,4,6-trimethylphenylsulfonamido)-1-
phenylpropyl (2R,3R)-2-hexyl-3-hydroxyoctanoate 
To a solution of (1R,2S)-2-(N-benzyl-2,4,6-trimethylphenylsulfonamido)-1-phenylpropyl 
octanoate (0.55g, 1.0 mmol) in dry DCM was added triethylamine (0.33 mL, 2.4 mmol), 
under N2. The resulting solution was cooled to -78 ºC and a 1M solution of 
dicyclohexylboron triflate in dry DCM (2.2 mL, 2.2 mmol) was added dropwise over 20 
min. To this solution was added freshly distilled n-hexanal (0.15 mL, 1.2 mmol) dropwise. 
Stirring continued for 30 min at -78 ºC, then the reaction mixture was allowed to warm up 
to room temperature for 1h. The reaction was quenched by the addition of 0.5 M pH 7 
phosphate buffer (6 mL) and diluted with MeOH (20 mL). A 30% H2O2 solution (3.6 mL) 
was then added slowly, followed by vigorous stirring for 16 h at room temperature. The 
solvent was removed under reduced pressure and the residue partitioned between DCM 
(20 mL) and water (10 mL). The aqueous layer was washed with DCM (2 x 20 mL) and 
the combined organic layer was washed with brine (10 mL) and dried with Na2SO4, 
followed by solvent removal under reduced pressure. Purification by flash chromatography 
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(0–20% hexanes/EtOAc) afforded the title compound as a clear oil (0.27 g, 42%): Rf 0.58 
(3:1 hexanes/EtOAc); +42.4 (c 1.8, EtOAc); 1H NMR (600 MHz, CDCl3) δ 0.83 (t, J = 7.2 
Hz, 3H), 0.88 (t, J = 7.2 Hz, 3H), 0.95-1.21 (m, 8H), 1.23 (d, J = 7.2 Hz, 3H), 1.25-1.58 (m, 
10H), 2.28 (s, 3H), 2.33 (d, J = 7.2, 1H), 2.40-2.44 (ovlp m, 1H), 2.43 (ovlp s, 6H), 3.62-
3.66 (m, 1H), 4.14-4.18 (m, 1H), 4.51 (d, J = 16.8 Hz, 1H), 4.77 (d, J = 16.8 Hz, 1H), 5.82 
(d, J = 5.4 Hz, 1H), 6.82 (d, J = 7.8 Hz, 2H), 6.85 (s, 2H), 7.13 (t, J = 7.8 Hz, 2H), 7.19-
7.25 (m, 4H), 7.30 (d, J = 7.2 Hz, 2H); 13C NMR (150 MHz, CDCl3) δ 14.26, 14.27, 14.7, 
21.1, 22.7, 22.8, 23.1, 25.5, 27.3, 29.4, 29.9, 31.8, 32.0, 35.6, 48.4, 51.4, 56.6, 72.5, 78.3, 
126.9, 127.5, 128.29, 128.30, 128.5, 128.6, 132.3, 133.4, 138.1, 138.6, 140.6, 142.7, 
174.9. 
 
Synthesis of (2R,3R)-2-hexyl-3-hydroxyoctanoic acid 
To a solution of (1R,2S)-2-(N-benzyl-2,4,6-trimethylphenylsulfonamido)-1-phenylpropyl 
(2R,3R)-2-hexyl-3-hydroxyoctanoate (80 mg, 0.123 mmol) in dimethoxyethane (0.4 mL) 
at 0 ºC, was added dropwise 35% aqueous H2O2 (21 µL, 0.246 mmol) followed by 
nBu4NOH (160 µL, 0.246 mmol). Stirring continued for 20 h at 23 °C. The solvent was 
removed under reduced pressure and the residue was dissolved in 1:1 H2O/EtOH (2 mL). 
This solution was added to a short column (10 mm × 50 mm, Dowex 50WX8-100-Na+) 
and incubated for 10 min before eluting with H2O/EtOH 1:1 (20 mL). The fractions 
containing the product were combined and the solvent removed under vacuum. The 
residue was suspended in H2O (20 mL) and the pH adjusted to ~11 with 1 M NaOH. The 
aqueous solution was washed with CH2Cl2 (10 mL), acidified to pH ~2 with 6 M HCl, and 
extracted with EtOAc (3 ´ 15 mL). The combined EtOAc layer was evaporated and the 
residue dissolved in aqueous 5% NaHCO3 solution (40 mL). The resulting solution was 
washed with CH2Cl2 (2 ´ 20 mL), acidified as before and extracted with EtOAc (4 ´ 20 
mL). The combined EtOAc layers were evaporated, affording the title product as a thick 
oil (16 mg, 42%): 1H NMR (600 MHz, CDCl3) δ 0.88 (ovlp t, J = 7.2 Hz, 3H), 0.89 (ovlp t, 
J = 7.2 Hz, 3H), 1.24-1.39 (m, 13H), 1.45-1.55 (m, 3H), 1.58-1.65 (m, 1H), 1.69-1.76 (m, 
1H), 2.46 (dt, J = 5.4, 9.0 Hz, 1H), 3.70-3.73 (m, 1H); 13C NMR (150 MHz, CDCl3) δ 14.26, 
14.29, 22.82, 22.83, 25.96, 27.5, 29.4, 29.7, 31.8, 31.9, 35.7, 51.2, 72.4, 180.2.  

 
Synthesis of racemic diastereomers of β-hydroxy-α-branched fatty acids 
Synthesis and purification of racemic 2-octyl-3-hydroxydodecanoic acids was performed 
via a-carbon deprotonation of decanoic acid by lithium diisopropylamide (LDA) followed 
by the addition of decanal to form 2-octyl-3-hydroxydodecanoic acids as detailed in the 
method of Mulzer et al.220 The 1H NMR spectra for the 2-octyl-3-hydroxydodecanoic acids 
are published in Christenson et al.42 An identical synthetic method was used to synthesize 
a racemic diastereomeric mix of 2-hexyl-3-hydroxyoctanoic acids from hexanal and 
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octanoic acid. See above for asymmetric synthesis. 1H NMR (400 MHz, CDCl3) δ 0.88 
(ovlp t, 3H), 0.89 (ovlp t, 3H), 1.24 – 1.77 (m, 18H), 2.42 – 2.50 (m, 1H), 3.71 and 3.85 (m, 
1H, anti:syn, 64%:46%). trans-3-Hydroxy-2-methyl-5-phenylpent-4-enoic acids were 
synthesized by coupling cinnamaldeyde and propionic acid via a-carbon deprotonation of 
propionic acid by LDA again by the method described by Mulzer et al.220 syn-trans-3-
Hydroxy-2-methyl-5-phenylpent-4-enoic acids: 1H NMR (400 MHz, CDCl3) δ 1.26 (d, J = 
7.2 Hz, 3H), 2.80 (dq, J = 4.0, 7.2 Hz, 1H), 4.64 (ddd, J = 1.4, 3.9, 6.4 Hz, 1H), 6.21 (dd, 
J = 6.8, 15.8 Hz, 1H)*, 6.68 (d, J = 16.0 Hz), 7.23 – 7.29 (m, 1H),+ 7.30 – 7.36 (m, 2H),+ 
7.37 – 7.41 (m, 2H);+ anti-trans-3-hydroxy-2-methyl-5-phenylpent-4-enoic acids: 1H NMR 
(400 MHz, CDCl3) δ 1.26 (d, J = 7.2 Hz, 3H), 2.71 (p, J = 7.5 Hz, 1H), 4.41 (dt, J = 0.8, 7.4 
Hz, 1H), 6.19 (dd, J = 7.4, 15.8 Hz, 1H)*, 6.66 (d, J = 15.8 Hz, 1H), 7.23 – 7.29 (m, 1H),+ 

7.30 – 7.36 (m, 2H),+ 7.37 – 7.41 (m, 2H).+  
*syn/anti Assignments are uncertain for these C-4 protons. 
 +syn/anti Assignments are not resolved for phenyl protons. 
 

Synthesis of 2-(1-octynyl)-3-hydroxy-4-decynoic acids 
3-Decynoic acid (99% pure, m.p. 38-39°C from pentane) was synthesized by the method 
of Holland and Gilman262 from 3-decyn-1-ol. The acid was coupled with 2-octynal using 
the method of Mulzer220 on 0.01 mole scale. The concentrated acid dianion solids were 
stirred as a thick slurry in 12 mL THF at -50 °C and thinned as the aldehyde in 5 mL THF 
was added. The resulting clear amber solution was stored at -18 °C. A sample (1%) of the 
reaction mixture was concentrated, washed with pentanes, then acidified (1N HCl) and 
extracted into dichloromethane which was concentrated to 18 mg (~50%) yield) of a crude 
mixture of diastereomers shown by 1H NMR as ~40% 𝛾-coupled and ~60% α-coupled 
(syn/anti C18H28O3 isomers). Two pairs of quartets for the allenyl CH and methine proton 
of the 𝛾-coupled isomers near 5.8 and 5.0 ppm are clearly separated from the two pairs of 
methine multiplets for α-coupled isomers at higher field.1H NMR shifts (400 MHz, CDCl3) 
for each α-coupled isomer are described as follows: anti-2-(1-octynyl)-3-hydroxy-4-
decynoic acids (65%), δ 0.89 (ovlp t, 6H), 1.24 – 1.44 (m, 10H), 1.52 (m, 4H), 2.18 – 2.28 
(m, 4H), 3.66 (dt, J = 7, 2 Hz, 1H), 4.72 (dt, J = 7, 2 Hz, 1H); syn-2-(1-octynyl)-3-hydroxy-
4-decynoate esters (35%), δ 0.89 (ovlp t, 6H), 1.24 – 1.44 (m, 10H), 1.52 (m, 4H), 2.18 – 
2.28 (m, 4H), 3.68 (dt, J = 4, 2 Hz, 1H), 4.75 (dt, J = 4, 2 Hz, 1H). Addition of diazomethane 
to prepare methyl 2-(1-octynyl)-3-hydroxy-4-decynoate esters from a sample enriched in 
α-coupled acids yielded a major product observable by GC-MS with a retention time of 
15.38 min and a weak parent ion of 306.5 m/z (C19H30O3) with a much stronger M-18+. 
Methylated 𝛾-coupled acids elute at a later retention time (15.66 min). 
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Synthesis of 2(1-hexenyl)-3-hydroxy-4-decenoic acids 
2-Octenoic acid (2.5 g), determined to be predominantly trans (85% pure, liquid), was 
crystallized from 10 g of nitromethane at -18°C and crushed and filtered cold. The moist 
cold crystals were vacuum dried, m.p. 5°C, and estimated by 1H NMR to be 98% pure 
trans-2-octenoic acid. Commercial 94% trans-2-octenal was shown to be 97-98% pure: 
several aldehyde impurities were seen in each at ≤0.5 mol% level. This aldehyde was 
used without further purification. The coupling reaction followed essentially the procedure 
of Mulzer et al.220 The initial charge of 25 mL of 1.0M LDA in THF/hexanes was cooled 
under N2 to approximately -30 and -40°C and 1.62 g (11.4 mmol) of trans-2-octenoic acid 
in 12 mL anhydrous THF was added over 15 min. The mixture was heated over 10 min to 
50°C and held for an hour. The solvent was removed at 20°C under vacuum and replaced 
with 12 mL of anhydrous THF under N2, then cooled (-50°C). trans-2-Octenal (1.57 g, 10% 
excess) in 12 mL THF was added over 15 min. After 30 min, the cold reaction mix was 
quenched by adding 1.27 g water, then warmed to 20°C and carefully neutralized with 1M 
aq. sulfuric acid. A sample, acidified, concentrated and extracted into CDCl3 for 1H NMR 
showed a complex mixture of products of which ~70-75 mol% were derived from α-
coupling [assigned as cis,trans- and trans,trans-2-(1-hexenyl)-3-hydroxy-4-decenoic 
acids] and another ~20% were products of γ-coupling, trans,trans-4-butyl-5-hydroxy-2,6-
dodecadienoic acid diastereomers which showed two highly characteristic overlapping dd 
patterns for each C-3 vinyl proton (J’s 15 and 9 Hz each) at 6.9 ppm. Excess 2-octenal 
was removed from this small sample by distillation (40°C/0.02 Torr). The main reaction 
mixture was worked up as follows: 80% of the crude reaction mix was acidified (aqueous 
H2SO4 to pH 3), concentrated to remove THF, extracted into CH2Cl2, dried and 
concentrated to 2.7 g of oily residue. Half of this was transferred to a large (5 cm ID) 
sublimer, stirred magnetically, and heated to 88°C/0.025 Torr to collect volatiles (mostly 
C-8 aldehydes and also some mostly α-coupled C16H28O3 products) on a dry ice-cooled 
condenser. The main cut of C16H28O3 distillate, collected with the bath further heated to 
100°C/0.02 Torr, weighed 0.51 g (45% isolated yield). 1H NMR of the final workup showed 
11% γ-coupled isomers and major (85%) α-coupled isomers. To better understand this 
complex mixture of products, a second synthesis producing only trans-2-(trans-1-
hexenyl)-3-hydroxy-4-decenoic acid diastereomers using trans-3-octenoic acid as the 
starting material was conducted with the same method to yield 20% γ-coupled product 
and a small fraction (5%) of the trans,trans-syn isomer with the major product being the 
trans,trans-anti (50% yield). We further distinguished the syn- and anti-diastereomers by 
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comparing 13C NMR relative peak areas in the racemic synthesis and the stereospecific 
synthesis of the trans,trans-compounds. 13C-NMR proved most useful for resolving the 4 
isomers of α-coupled products of the original synthesis. Indeed, for all 7 of the lower field 
carbons, the four isomers (not enantiomers) of 2-(cis/trans-1-hexenyl)-3-hydroxy-trans-4-
decenoic acids show 3:2:2:1 (approximate) ratios of peaks for the four isomers. 1H NMR 
(400 MHz, CDCl3) δ 0.89 ppm (ovlp t, 6H), 1.20 – 1.40 (m, 10H), 1.98 – 2.14 (m, 4H), 3.12 
and 3.50 (2m’s, 1H total), 4.30 – 4.38 (m, 1H), 5.30 – 5.80 (m, 4H). In the 13C NMR 
spectrum (100 MHz, CDCl3), characteristic peaks for each of the four stereoisomers were 
identified as follows: (trans,trans-syn diastereomer): δ 55.792, 73.312, 122.794, 129.494, 
134.755, 137.633, 178.583; (trans,trans-anti diastereomer): δ 56.121, 73.429, 123.479, 
129.386, 134.469, 136.183, 178.488. (cis, trans-syn diastereomer): δ 50.225, 73.722, 
122.069, 128.573, 134.784, 136.659, 178.832. (cis, trans-anti diastereomer): δ 51.112, 
73.839, 122.860, 129.254, 134.279, 135.480, 178.725. Other peaks that were not 
assigned appeared at: 14.029, 14.088, 14.175, 22.291, 22.342, 22.474, 22.503, 22.650, 
27.645, 27.703, 28.802, 28.868, 31.278, 31.336, 31.431, 31.475, 31.578, 31.680, 32.325, 
32.376, 32.449. Unfortunately, the stereochemically-pure trans,trans-compounds were 
less active in enzymatic assays with OleC. This is consistent with enzymatic 
stereopreference for cis-compounds. However, it is possible other BLS enzymes might 
prefer trans-substrates to make trans-β-lactones. Therefore, we chose to use the original 
mixture of 2-(1-hexenyl)-3-hydroxy-4-decenoic acids for all analysis reported in this paper. 
 

 
Synthesis of 2-hexyl-N-hydroxydecanamide. This synthesis was adapted from the 
method described by Ueoka et al.263 Thionyl chloride was added dropwise to 2-
hexyldecanoic acid (0.78g, 3 mmol) and refluxed for 4 h. Excess thionyl chloride was 
evaporated under nitrogen and the resulting 2-hexyldecanoyl chloride was added 
dropwise to a solution of hydroxylamine hydrochloride (1.1g, 15.8 mmol) neutralized with 
triethylamine (3.036g, 30 mmol) in DMF (4 mL). The product was extracted with methyl-
tert-butyl ether (10 mL), evaporated, and purified on a silica gel column. Crystals were 
obtained, m.p. 78.5 – 79.5°C from acetonitrile (lit. from ethyl acetate,263 68.5 – 69.5°C). 1H 
NMR (400 MHz, CDCl3) δ 0.87 ppm (ovlp t, 6H, J = 7 Hz), 1.2-1.3 ppm (m, 18H), 1.45 (m, 
2H), 1.60 (m, 2H), 1.83 (m, 1H), 8.1 (s), 8.6 (br s); 13C NMR (100 MHz, CDCl3) δ 14.04, 
14.08, 22.63, 22.65, 27.43, 27.49, 29.28, 29.32, 29.47, 29.65, 31.70, 31.85, 32.45, 44.20, 
174.70. 
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Synthesis of β-amino acids: 2-octyl-3-aminododecanoic acid hydrochlorides and 2-
nonyl-3-aminoundecanoic acid hydrochlorides 
Synthesis of long-chain N-chlorosulfonyl-β-lactam was modified from the method of 
Pinazzi et al.264 using excess chlorosulfonyl isocyanate (CSI) as solvent. The starting 
material was an asymmetric olefin C19H38 (cis-9-nonadecene) thus all intermediates and 
final products were mixtures of asymmetric products with C8H17 and C9H19 alkyl groups. 
Charge to a dry 5 mm NMR tube was 73.8 mg (0.277 mmol) of 92% cis-9-nonadecene 
(8% trans) and 841 mg (20 x excess) of chlorosulfonyl isocyanate. The capped tube 
(Teflon tape sealed) was warmed for 22 h at 37 °C. 1H NMR analysis by addition of 100 
µL C6D6 (to 5 cm depth) showed a 0.84:5.4:1.6 mol ratio of 9-nonadecene, cis-N-
chlorosulfonyl-β-lactams, and trans-N-chlorosulfonyl-β-lactams as determined by the 
integrated ratios of vinyl protons (5.2 ppm) to broad cis-3-methine proton signals (4.1 and 
3.2 ppm) and broad trans-3 methine protons (3.8 and 2.8 ppm). The reaction mixture was 
vacuum stripped to a cold trap, diluted with and stripped twice from CDCl3, and diluted 
with CDCl3 for 1H NMR. Integration of this spectrum showed an 84% conversion of cis-9-
nonadecene to a give a 60% yield of cis-N-chlorosulfonyl-β-lactams and a 15% yield of 
trans-N-chlorosulfonyl-β-lactams. Methine multiplets were at 4.33 (dt, J = 6, 7 Hz) and 
3.52 ppm (m) for cis-N-chlorosulfonyl-β-lactams and 3.98 (dt, J = 9, 5 Hz) and 3.11 ppm 
(m) for trans-N-chlorosulfonyl-β-lactams. The method of Szakonyi et al.265 was followed to 
remove the N-chlorosulfonyl groups. The crude reaction solution in CDCl3 was stirred 
under 1.9g of 18% Na2SO3 (0.345 g of Na2SO3) and sufficient 85% KOH (10%) in D2O to 
remain basic for 20h at 23 °C. 1H NMR analysis in CDCl3 showed no remaining cis- or 
trans-N-chlorosulfonyl-β-lactams and new methine multiplets corresponding to the cis-β-
lactams at δ 3.62 (p, J = 5 Hz) and 3.13 (4d’s, J = 6 – 9 Hz) and trans-β-lactams at δ 3.25 
(dt, J = 2, 7 Hz), 2.70 ppm (ddd, J = 2, 6, 9 Hz)) along with unreacted 9-nonadecenes. 
The method of Lee et al.266 was used to open the β-lactam products to β-amino acids. The 
CDCl3 solution (~1.3 mL) of the cis- and trans-β-lactam isomers was stirred for two days 
at 20 °C with 0.4 mL of 6M HCl prepared from conc. HCl and D2O. At this time, the initially 
cloudy mixture easily separated into two clear phases. 1H NMR showed no remaining 
starting material (β-lactams) and showed new broad methine signals at 3.5 and 2.85 ppm 
for major protonated syn-β-amino acid isomers and at 3.45 and 2.76 ppm for minor 
protonated anti-β-amino acid isomers. As expected, neutralization of the β-amino acids 

O
OH

S
O

Cl Cl

O
Cl O

NH
OH

H2N OH

reflux, 4h DMF

triethylamine

Scheme S6. Synthesis of 2-hexyl-N-hydroxydecanamide. 
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produced an insoluble zwitterionic form which re-dissolved at pH 12 to form the β-amino 
acid anions. 1H NMR analysis of the basic β-amino acid products showed that all four 
broad methine signals had moved upfield: the major syn- β-amino acids to 3.00 and 2.27 
ppm and the minor anti-β-amino acids to 2.79 and 1.96 ppm. For storage, the entire 
sample was converted back to the more stable acidified form (see 1H NMR shifts below). 
A low level of unreacted 9-nonadecenes remained in the sample, overall yield: 60% syn-
β-amino acids and 10% anti-β-amino acids. 1H NMR (400 MHz, CDCl3) δ 0.85 (ovlp t, 6H), 
1.21 - 1.55 (m, 26H), 1.55-1.85 (m, 3H), 1.9 – 2.1 (m, 1H), 6.4 (br s), 7.9 (br s). syn-β-
amino Acids: 2.83 (m, 1H), 3.51 (m, 1H). anti-β-Amino acids: 2.76 (m, 1H), 3.45 (m, 1H). 
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Scheme S7. Synthesis of β-amino acids: 2-octyl-3-aminododecanoic acid hydrochlorides and 2-
nonyl-3-aminoundecanoic acid hydrochlorides. 
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Appendix II  
H-NMR and 13C-NMR spectra for compounds described in Chapter 2.  
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2-hexyl-N-hydroxydecanamide
(1H NMR; CDCl3; 400 MHz)

O
H
N
OH

0.01.02.03.04.05.06.07.08.09.010.0
f1	(ppm)

6
0
.0
0

20
8
.0
4

22
.0
5

19
.9
7

9
.0
5

3.
0
0

1.
31

8
.4
5

7.
15

0
.8
3

0
.8
4

0
.8
5

0
.8
6

0
.8
7

0
.8
7

0
.8
8

0
.8
8

1.
24
1.
26
1.
27
1.
4
1

1.
4
4

1.
4
5

1.
56
	H
D
O

1.
58
1.
59
	H
D
O

1.
6
0

1.
6
1

1.
6
2

1.
9
5

1.
9
7

1.
9
9

2.
0
1

2.
9
9

5.
4
8

5.
4
9

5.
4
9

5.
50
5.
50
5.
51
5.
52
7.
26
	c
dc
l3

8
.9
7

9
.7
3

-101030507090110130150170190210
f1	(ppm)

14
.0
8

27
.4
3

27
.4
9

29
.2
9

29
.3
2

29
.4
7

29
.6
5

31
.6
8

31
.8
5

32
.4
6

4
4
.2
0

76
.6
8
	c
dc
l3

77
.0
0
	c
dc
l3

77
.3
2	
cd
cl
3

17
4
.7
0

2-hexyl-N-hydroxydecanamide
(13C NMR; CDCl3; 100 MHz)

O
H
N
OH



188 
 

Appendix III 
 
The following codon-optimized synthetic genes were cloned by Gibson assembly into 
standard pET28b+ vectors at NdeI/XhoI restriction sites and with N-terminal 6x-His tags. 
Red = homology arms 
Green = NdeI cut-site 
Orange = XhoI cut-site 
 
>WP_042260942.1 NltA [Nocardia brasiliensis] 
tgccgcgcggcagccatATGAGAGCGTGGACATACGGCCCACGTCGCTTGCTGTTGCCGT
CCGGCTCCGTCCGTCGGACAGAGGATCAGCGTCGGAGTCGCAATCGCATATTCTC
AACGATTTCGGGCGCGCGGGTCAGCCACAGTCGCTTTGAGTCGATTGGGGCCTAT
CTGCCTTCAAACGTAGTCACAACTCAAGAGCTGTTAGCGCGCCTGCAAGAGCCGC
CCTCGTTTGATTTAGAGAAAATTACTGGGGTGAAGGAACGCAGAGTGCACGATACG
AGACCTGAAAGCTACGAGGACAGCTTCGCTATTGCCATGAAGGCAGCACAGGATT
GTTTGTCGCGGAGTAGATACGAAGCTGCCGAGCTTGATGTAATAATAAGCACTTCA
ATAACCCGCAGTAACCACGCAACTCGGATGTACATGGAACCTTCTTTCGCCGGTTC
TATATCACGGCTTATAGGCGCCAAGAAGGCAATCACCTTCGATGTCAGTAACGCGT
GTGCCGGGATGCTGACCGGAACCTATATTTTAGATCGTATGATACGGTCGGGTGCC
GTGCGGAATGGTATGGTCGTGAGCGGAGAGGCTATCACGCCGATAGCTGACACTG
CCGTTGCGGAAATATCTGAAAAGTATGATTTGCAGTTTGCCAGTCTGAGTGTTGGT
GATTCGGGGGCGGCTGTTGTTTTAGACCAGGCTGTTGACGACGATGACAAGATACA
TTACATTGAGTTAATGACAGCATCTGAGTATTCGCACCTTTGCTTGGGCATGCCTTC
AGACAAGAGTCAAGGCGTTGCCTTGTATACAGATAACAGAAAAATGCATAATGAAG
ACCGGTTTTTGTTGGGCACCAACTCCCAGATCAACTATCTTGAAGCCCAGGGCCGC
ACCTTTGCAGACGAGAAGTTCGACTACGTTATTCATCACCAATTTGGTGCGGCAGC
TATTCCGTGGATGAATGCAATCTGCGAGCGGGAGTTTGGCACGCCCATGCCGCCT
GATTTGCGTGTAATAGAGAAGTACGGGAACACGTCAACAACTTCTCATTTTATTGTG
CTTCACGATCAGCTGAGCGAACAGAACATACCTGCGGGGTCGAAACTCTTAATGAT
TCCTGCCGCATCCGGCATCGTCACAGGTTTCTTATCGACGACGATCTCATCCCTTA
AGGTATAActcgagcaccaccacca 
 
>WP_042260944.1 NltB [Nocardia brasiliensis] 
ctggtgccgcgcggcagccatATGGGGGTTCGCATCAAGTCTACCGGCGTGTCTCGCGCCG
AAGATACGAATTCCTCCGTGGAGAATTCAGGGCGCGCAGCTAAACAGTCATTGGAG
CGCGCTGGGGTGCGCCCTGACCAGGTCGGCGTCCTTATCAACGCAGGGGTATTCC
GCGACTCTAATACGGTGGAACCAGCTGTATCTGCATTGATCCAGAAGGCCGCCGG
TATTGGTTTAGAATATGCAAAAGATGACCCGCGCACCTTCAGCTTCGATCTTATGAA
TGGTGCAACTGGTGTCTTGAATGCGGTCGGGGTCGCAACAAGCATCCTTGAAACA
GGATCGGCGGAACATGTATTGATCGTCTCCGGTGATGCGCACCCCTCTATGACTCG
CAAAGCAGCTACAGATGACTTTCCGTATGCCGCGTCGGGCGCCGCACTGCTTTTG
GAACGTACTGACGAACCCGAGGGATTTGGACGCGTACATACCGTGAATGGCGAAG
GGACGCCAGCGGTGGAGGCGTATGTCGACACGGCAACTATGGGCTCGGTTGGCC
GTGGTTTGATGACCGTAGAACGCGAACCAGATTTCGCCGCACGCTTGTTAAATGTA
GCGGTTGAGGCCGCACTGGCGGCCCTTAACGAGGCTGGACACGACGACCTTTCAG
GGACCGCACTTATCGCATCTACACCCACGGCAGAATTTCCCTTACAGTTAGCAGAC
GCTCTTGGAATTGACGAGGATGCCGTCCGTACCCCTGACTTAACCGATGGTGATCC
TCACACGGCTGCTCTGCCACAAGCCTATCACCGCGCCGTTGTTGATGAAACTTTAC
GCGAATTTGGACATGTGTTATTCGTGGCAGCTGGGGCAGGCCCCTCCGCTGCCGC
GGTGTTATATCGTCTGCCGGCATTAGCGGGAGCTACAGCCTAActcgagcaccaccaccac
caccact 
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>WP_067710538.1 NltA [Nocardia_yamanashiensis] 
ccgcgcggcagccatATGCCCCATAGCCGCTTTGAGAGCATTGGGGCCTATCTGCCGAC
GAAGCGTGTGACCACTCAAGAACTGATAGCTCAGTTGAAAGAGGCTCCAGGTTTTG
ACCTGGAGCGTATTACAGGCGTAAAAGAACGGCGGTTTAGAGACACAAGCCCAGA
TCACCATGAAGATAGTTTTACCCTGGCCATGAATGCGGTGGAAGATTGTTTGTCTC
GGAGCCAATACACTGCTGACGACATTGACGTGATTATATCCACCTCAATTACTCGCA
GTAAAGACGGGACAAAAATGTACATGGAACCTAGCTTCGCTGGTAGTATCGCCAAA
GCGATCGGAGCAAGAGCGGACGTTATCACATTTGATTTGTCAAACGCCTGTGCGG
GTATGCTTACAGGGACATATATATTAGACCGCATGATTAGAAGCGGTGCAGTACGT
CGTGGTATTGTGGTTTCGGGCGAAGCCATCACTCCGATCGCAGAGACAGCGGTGG
CCGAGATTTCCGAGAAATATGACCTTCAGTTCGCTTCGTTAACTGTGGGGGACTCG
GGTGCGGCCGTGGTACTGGATCAAGCCGTTGACGATAATGATAAGATACATTACAT
CGAACTGACCACAGCATCTGAGTATAGTCATTTATGTCTGGGTATGCCATCCGACA
AATCACAAGGAGTGGCTCTTTACACTGATAACCGCAAGATGCATAATGAGTCGAGA
TTTCTGCTGTGGACTGACACACAAGGTGGCTATTTGGAGAGAGAGGGGCGCTCCTT
TGCGGATGAGAATTTCGACTACATGATACACCACCAATTCGGAGCGGGCGCTATTC
CTTTTATAAATGCAATCGCGGAACGTGAGTTTGGGGCTCCCATGCCGCCTGACCTT
AATGTCTTAGAGAAGTACGGGAATACTAGTACAACCTCACACTTCATTGTCCTTCAT
GATCAGCTTAGCCAACAGGCTATTCCGACTGGTAGTAAACTGTTGATGGTGCCGGC
AGCCAGTGGTGTTGTAGCTGGATTCCTGTCCACCACGATTTCATCGTTAAAAGTGTA
Agcttgcggccgcactcga 
 
The following codon-optimized synthetic gene was cloned by Gibson assembly into a 
standard pET30b+ vector at NdeI/HindIII restriction sites and a C-terminal 6x-His tag. 
Red = homology arms 
Green = NdeI cut-site 
Purple = HindIII cut-site 
>WP_042260945.1 NltC Nocardia brasiliensis 
gtttaactttaagaaggagatatacatATGTCTTCGGCCACGTATTGGCAAGCTATTGATCGTTTT
CGTGCTTTTGCCCGCGCAGAGCCGGACCGCGAGGCCGTAATTTATCCTGTTGGCA
CTGATGCCGCGGGCTTGCCAGCTTATCGCCACATTTCTTATCGCGAGTTGGACGAT
TGGTCCGAAACAATCGCCGAACGTCTGACTGCGAGCGGCGTCGGCAGTGGCACAC
GTACAATCGTCTTAGTCCTGCCTTCACCAGAACTTTATGCAATCTTATTCGCGTTATT
GAAAATCGGGGCGGTCCCGGTAGTTATTGACCCAGGGATGGGACTTCGCAAAATG
GTTCACTGTTTACGCGCAGTTGAAGCAGAGGCATTCATCGGGATTCCACCAGCTCA
CGCAGTACGCGTCCTTTTTCGTCGCTCATTCCGCAAGGTTCGCACTACTGTAACAG
TAGGAAAACGTTGGTTCTGGCGTGGAGCAAAACTGGCAGCGTGGGGCACTACCCC
GTCCGGGGGTGCGGTTGACCGCGTGCCCGCGGACCCTGGTGATGTCTTGGTGAT
CGGCTTTACAACGGGCTCAACCGGACCAGCGAAAGCAGTTGAATTAACTCACGGC
AATTTAGCTTCTATGATTGATCAGGTACATACCGCACGTGGTGAGATTGCACCCGAA
ACTAGTCTTATCACTTTACCGCTTGTTGGGATTCTTGACCTGTTGCTGGGATCTCGC
TGCGTCCTTCCCCCACTTATTCCCTCGAAGGTCGGGTCTACTGATCCTGCCCACGT
TGCCCATGCGATTGAAACGTTTGGTGTCCGCACCATGTTTGCATCACCAGCATTGC
TTATTCCGCTGTTGCGTCATTTGGAACAACAGCCGAATGAATTAAAAACGCTTGCGA
GCATCTATTCGGGTGGGGCCCCGGTTCCAGATTGGTGCATCGCAGGATTACGCGC
GGCTTTAACGGATGATGTACAGATTTTTGCTGGCTACGGTAGTACTGAGGCATTAC
CGATGTCGCTGATCGAGAGCCGTGAACTTTTTGATGGACTGGTAGAACGTACTCAC
CGTGGGGAAGGCACGTGTATTGGCCGTCCCGCTGACCGCATCGATGCCCGTATCG
TCGCTATCACGGATGACCCTATCCCGACCTGGGCGCGCGCAGAGGAGCTGGCCG
GAGACCTTGCGCGCTCACGCGGCATTGGTGAATTAGTCGTCGCTGGACCTAATGTA
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TCGACTCACTACTACTGGCCTGATACGGCTAACCGTCAGGGAAAGATCGTGGACG
GTGACCGCATCTGGCATCGCACAGGAGATTTAGCGTGGATTGACGACGCTGGGCG
TATTTGGTTTTGTGGTCGTAAAAGCCAACGTGTAGTAACAGCTGACGGGCCTATGTT
TACGGTACAAGTCGAACAAATCTTTAACACAGTCGCAGGAGTAGCGCGCACTGCGT
TGGTAGGGGTAGGGGCGCCGGGGGCACAGCGCCCCGTTTTGTGCATCGAGCTTA
AACCAGATGCGGAGGGAGCGGCGGTGGGCGCGGCGCTTCGTGCTCGTGGGGCT
GAATTTGACTTAAGTCGCCCGATTGCTGATTTTCTGATTCATCCTGGCTTCCCGGTA
GATATTCGCCACAATGCGAAGATCGGACGTGAGCAGCTTGCACAGTGGGCGGGCG
AACAGCTTGGCGCCCGTGCTaagcttgcggccgcactc 
 
The following codon-optimized synthetic gene was cloned by Gibson assembly into a 
modified pMAL-c5x vector with a tobacco etch virus (TEV) protease cut site and a N-
terminal 6x-His tag. 
Blue = TEV protease cut site 
>WP_042260949.1 NltD Nocardia brasiliensis 
agggaaggatttcacatatggagaacctgtacttccaatcaATGTCGAAGGTCCTGGTGACCGGAGCA
AGCGGTTTCCTTGGAGGGGCGTTGGTACGCCGCTTGATCCGTGATGGAGCCCACG
ATGTGAGCATTTTGGTACGCCGTACGTCTAATTTGGCTGATCTTGGCCCTGACGTA
GACAAGGTTGAGCTGGTCTACGGCGATCTGACGGATGCTGCATCACTTGTTCAAGC
TACATCCGGTGTCGACATTGTATTTCATTCGGCAGCACGCGTTGACGAGCGTGGGA
CGCGTGAGCAATTCTGGCAAGAAAACGTACGTGCCACGGAATTGTTGCTGGACGC
CGCGCGTCGCGGTGGTGCATCCGCCTTTGTGTTCATTTCGTCTCCCAGCGCACTG
ATGGATTATGACGGAGGCGACCAACTTGATATTGATGAGTCAGTACCGTATCCGCG
CCGTTATCTGAATCTTTATTCCGAAACTAAGGCAGCCGCCGAGCGCGCGGTATTAG
CCGCCGATACGACAGGATTCCGCACCTGCGCACTGCGCCCGCGTGCTATTTGGGG
GGCCGGCGACCGTTCCGGTCCCATTGTCCGTTTACTGGGTCGCACAGGCACAGGC
AAATTACCAGACATCAGCTTTGGACGTGACGTTTATGCATCTTTATGCCATGTGGAC
AATATTGTGGACGCCTGCGTGAAGGCCGCGGCTAACCCGGCGACAGTAGGAGGTA
AAGCCTATTTTATTGCAGATGCTGAAAAAACTAATGTGTGGGAGTTTCTGGGGGCG
GTTGCGACTCGTCTGGGCTACGAGCCTCCTTCACGTAAGCCCAATCCCAAGGTTAT
CGACGCCGTCGTCGGGGTAATTGAGACAATTTGGCGTATCCCGGCAGTGGCGACA
CGTTGGTCCCCACCGCTTAGTCGTTACGCTGTAGCCTTGATGACACGCTCCGCTAC
TTACGACACAGGGGCAGCAGCCCGTGATTTTGGATATCAACCAGTGGTGGATCGT
GAAACGGGGCTTGCGACCTTCTTGGCATGGTTGGAGAAGCAGGGGGGAGCAGTG
GAGTTAACCCGCACACTTCGCaagcttcaaataaaacgaaa 
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Appendix IV 
 
CHAPTER 4. SUPPLEMENTARY METHODS 
 
General 
1H NMR spectra were acquired at 400 MHz on a Varian Inova 400 spectrometer. Gas 
chromatography/mass spectrometry data were acquired on Agilent Tech 7890a GC 
System with a 30 m x 0.25 mm i.d. x 0.25 µm DB1-MS capillary column with outflow split 
to flame ionization and MS detectors. The MS (Agilent Tech 5975c) normally operated at 
70ev, but also was operated with overloaded injections (up to 1% MTBE solutions) and at 
10ev to detect very weak molecular ions. Molecular ions, m/z, are denoted with 
boldface. Acylium ions, RCO+ are denoted with italics. Retention times (temperatures) 
are not absolute but are significant in relation to other retention times. For more polar, 
higher-boiling point 4-nitrophenyl esters, direct injection electrospray ionization MS 
(instrument) in methanol succeeded at detecting molecular ions as M + H+ or + Na+ 
cations. 
 
4-Nitrophenyl Esters of Carboxylic Acids 
The general procedure described by Engstrӧm et al. (1) was used on ≈ 0.6 mmol scale.  
Procedure A is an example of this general procedure, which is applied to the esterification 
of normal-chain carboxylic acids (unbranched at the α-carbon). Procedure B is a modified 
procedure applicable for the esterification of 2,2-dimethylhexanoic acid, that describes 
how mixed anhydrides of 4-nitrophenyl carbonic acid and carboxylic acids, which are often 
minor products in Procedure A, can be converted to 4-nitrophenyl esters of carboxylic 
acids. 
 
4-Nitrophenyl 6-Azidohexanoate (1, Procedure A) 
To a magnetically stirred dry 10mL 14/20 RB flask fitted with a 14/20 inlet and additional 
sidearm inlet to allow nitrogen flush of the reactor, was charged 89 mg (0.57 mmol) of 6-
azidohexanoic acid (Cayman Chem. Co., >98%), 1.5 mL of dry dichloromethane (DCM, 
mixture cooled to 0°C) and 114 mg (0.57 mmol) of 4-nitrophenyl chloroformate. After 10 
min, a solution of 7 mg of 4-dimethylaminopyridine (DMAP, ~10 mol%) and 63 mg (slight 
excess) of triethylamine in 1.5 mL DCM was added over 1 minute. This solution was stirred 
at 0°C for 2 h, then DCM was added to fill the reactor. The reaction mixture was stirred 
with 1 drop of 6N aq. HCl and the pH of the aqueous phase was raised to 6 with 1N aq. 
NaOH. The aqueous phase was discarded and the organic phase was concentrated, then 
washed (DCM) through a column of 2 g of silica gel/DCM. The UV active eluate was 
collected in 2 fractions, 20 mL each, which concentrated to 104 and 45 mg of thin colorless 
oils. 1H NMR and GC/MS analyses indicate that the first concentrated fraction of the UV-
active eluate (liquid) which was used in the enzyme activity screens, contains ~0.5 % DCM 
and is ≥98% pure 1. The second fraction is only slightly less pure. Yield ≈ 94%.  GC/MS: 
14.86 min (249°C, 70ev); overloaded and with 10ev ms: m/z 278 (0.04%), acylium 
(C6H10N3O+) 140 (50%), base fragment 69 (C2H3N3

+ or C5H9
+ or C4H5O+, 100%). 1H NMR 

(≥98%): 8.28 (m, 2H), 7.28 (m, 2H), 3.32 (t, 2H), 2.63 (t, 2H), 1.80 (m, 2H), 1.68 (m, 2H) 
and 1.56 – 1.48 ppm (m, 2H + H2O). 
 
4-Nitrophenyl 2,2-dimethylhexanoate (2, Procedure A) 
Mixed anhydrides of 4-nitrophenyl carbonic acid and carboxylic acids are sometimes 
minor products when Procedure A is being used to esterify linear carboxylic acids (acids 
that are unbranched at the α-carbon to the carboxyl carbon). Procedure A applied to the 
esterification of 2,2-dimethylhexanoic acid produces a considerable amount the mixed 
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anhydride of 4-nitrophenyl carbonic acid (16) and 2,2-dimethylhexanoic acid in addition to 
the normally expected 2 (Scheme S1). 
 
The starting acid, 2,2-dimethylhexanoic acid (TCI, >98%) analyzed by 1H NMR is 
consistent with ~98% purity. 2,2-Dimethylhexanoic acid (84.4 mg, 0.585 mmol) and 4-
nitrophenyl chloroformate (120 mg, 0.595 mmol) were added to 2.0 mL of dry DCM 
(mixture cooled to 0°C). After 5 min, a solution of 6.8 mg of DMAP and 90 μL (66 mg, 
excess) triethylamine in 1.5 mL dry DCM was added. After 2 h at 0°C, the yellow reaction 
mixture was worked up as described above. Two fractions of UV active DCM eluates off 
the column gave 90 mg of thick colorless oil and 48 mg of crystalline solids. 1H NMR on a 
sample of the second eluate solids show the closely related 2 and 16 in 1.0 : 0.6 mole 
ratio. For the first eluate this ratio is 1.0 : 0.26. Refluxing a concentrated solution (~1/2 mL 
of DCM) of 3.1 mg of DMAP and 42 mg of the second eluate solids and concentrating (N2) 
the warm liquid residue converted nearly all (2% remains) of 16 to 2. DMAP was removed 
by filtering this DCM solution plus DCM washes through 0.4 g of silica gel to recover ~90% 
yield of >98% pure liquid 2. 1H NMR of 16 is similar to that of 2: [16 vs 2] 8.35 vs 8.27 (m, 
2H), 7.505 vs 7.24 (m, 2H), 1.55 vs 1.685 (m, 2H), 1.4-1.24 vs 1.38-1.28 (m, 10H) and 
0.905 vs 0.935 ppm (t, 3H). GC/MS for 2: 11.74 min (217 °C), MS detector operating at 
70 ev: no molecular ion, acylium (C8H15O+) 127 (10%), C7H15

+ 99 (70%) and base 
fragment m/z 57(C4H9

+, 100%). Re-acquired with MS at 10 ev, with overloaded GC shows 
only a very weak molecular ion at m/z 265.  
 

4-Nitrophenyl 2,2-dimethylhexanoate (2, Procedure B) 
Modifying Procedure A by omitting DMAP in this reaction, the mixed anhydride 16 is 
produced in high yield. As above, clean decarboxylation of 16 is catalyzed by DMAP. To 
the reactor described in Procedure A was charged 82 mg of 2,2-dimethylhexanoic acid, 
2.0 mL of dry DCM, 117.8 mg of 4-nitrophenyl chloroformate (mixture cooled to 0°C) and 
90 μL of triethylamine. The reaction mixture stirred 30 min at 0°C, then was stored under 
N2 at -18°C overnight. Work-up as described in Procedure A produced three DCM 
fractions (10, 10 and 5 mL) which gave residues of 76, 82 and 6 mg respectively. All three 
residues are crystalline solids, 1 and 2 melt 128.5-133°C and 128-133°C. 1H NMR shows 
that fraction 3 is much less pure and that fraction 1 is 98% pure for 16 (and 2% of 2), cf. 
above: 8.355 (m, 2H), 7.51 (m, 2H), 1.5 (t, 2H), 1.30-1.28 (m, 4H), 1.23 (s, 6H) and 0.89 
ppm (t, 3H). Decarboxylation of this product is described above (Procedure A). 1H NMR, 
GC/MS and m.p. data on other 4-nitrophenyl esters of carboxylic acids not commercially-
available or previously reported in the open literature are described below: 
 
 
 

Scheme S1. Synthesis of 2 and 16 
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4-Nitrophenyl 2-(2-butoxyethoxy)acetate (3) 
Liquid at room temperature. MS (direct injection electrospray ionization: m/z 320 (M + 
Na+), little or no m/z 298 (M + H+). 1H NMR (~97% pure, ~3 mol % 4-nitrophenol): 8.29 (m, 
2H), 7.33 (m, 2H), 4.47 (s, 2H), 3.83 (m, 2H), 3.67 (m, 2H), 3.49 (t, 2H), 1.58 (m, 2H + 
H2O), 1.37 (m, 2H) and 0.92 ppm (t, 3H).  
 
4-Nitrophenyl 7-phenylheptanoate (4) 
m.p. 56.0 – 57.0°C. GC/MS: 18.43 min (284°C), overloaded, 10ev: m/z 327 (0.2%), 
acylium (C13H17O+) 189 (40%), base 91 (C7H7

+, 100%). 1H NMR (≥98%): 8.27 (m, 2H), 
7.265 (m, 2H), 7.30-7.24 (m, 2H), 7.20-7.16 (m, 3H), 2.64-2.57 (m, 4H overlapping t), 1.76 
(m, 2H), 1.66 (m, 2H) and 1.5-1.36 ppm (m, 4H). 
 
4-Nitrophenyl 6-heptynoate (5) 
m.p. 54.5 – 55.5°C. GC/MS: 12.31 min (223°C), overloaded, 10ev: m/z 247 (0.05%), 
acylium (C7H9O+) 109 (75%), base 81 (C6H9

+, 100%). 1H NMR (≥98%): 8.27 (m, 2H), 7.2x 
(m, 2H), 2.65 (t, 2H), 2.28 (dt, J=2.6, 7.0 Hz, 2H), 1.99 (7, J=2.6 Hz, 1H), 1.90 (m, 2H) and 
1.67 ppm (m, 2H). 
 
4-Nitrophenyl 3-cyclopentylpropanoate (6) 
m.p. 50.0 – 51.0°C. GC/MS: 13.88 min (239°C), overloaded, 10ev: m/z 263 (0.3%), 
acylium (C8H13O+) 125 (100%). 1H NMR (≥98%): 8.27 (m, 2H), 7.28 (m, 2H), 2.62 
(distorted t, 2H), 1.9-1.75 (m, 5H), 1.7-1.5 (m, 4H) and 1.2-1.1 ppm (m, 2H). 
 
4-Nitrophenyl 3-(4-chlorophenoxy)propanoate (7) 
m.p. 98 – 99°C. GC/MS: 17.70 min (277°C) – mostly decomposed, small peak survives 
GC – overloaded, 10ev, m/z 321 and 323 (20%), acylium (C9H9ClO2

+) 183 and 185 (80%), 
base (C7H6ClO+, 100%) 141 and 143. 1H NMR (≥95%): 8.28 (m, 2H), 7.35-7.22 (m, 4H), 
6.87 (m, 2H), 4.34 (t, 2H) and 3.09 ppm (t, 2H). 
 
4-Nitrophenyl 3-(5-phenyl-1,3,4-oxadiazol-2-yl)propanoate (8) 
m.p. 162.0 – 164.2°C. GC/MS: 14.1 min (241°C, overloaded GC/MS at 10ev): no 
molecular ion, but 72% match with MS database file spectrum. MS (direct spray 
injection/ionization: m/z 340 (M + H+), 362 (M + Na+). 1H NMR (≥98%): 8.28 (m, 2H), 8.04 
(d, 2H), 7.58-7.48 (m, 3H), 7.33 (m, 2H), 3.38 (t, 2H) and 3.26 ppm (t, 2H). 
 
4-Nitrophenylheptanoate (9) 
Liquid at room temperature. 1H NMR (≥95%) 8.27 (m, 2H), 7.275 (m, 2H), 2.60 (t, 2H), 
1.76 (m, 2H), 1.42 (m, 2H), 1.34 (m, 4H) and 0.91 ppm (t, 3H). GC/MS: 12.17 min (222°C, 
70 ev), m/z 251 (0.2%), acylium (C7H13O+) 113 (100%). 
 
4-Nitrophenylbenzoate (10) 
m.p. (lit.) 139 – 142°C. 1H NMR (Commercial, Alfa Aesar), 8.34 (m, 2H), 8.21 (m, 2H), 
7.69 (m, 1H), 7.55 (m, 2H), and 7.43 ppm (m, 2H).  
 
Appendix IV. Reference 
Supporting Information (p S2, Sec IV) for: Engstrӧm, K., Nyhlém, J., Sandstrӧm, A. G., 
and. Bӓckvall, J. E (2010). Directed Evolution of an Enantioselective Lipase with Broad 
Substrate Scope for Hydrolysis of α-Substituted Esters. J. Am. Chem. Soc. 132 (20) 7038-
42. 
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Appendix V 
1H-NMR spectra for compounds described in Chapter 4.  
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