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ABSTRACT 

Natural products (NP) present themselves as complex molecules with useful and potent biological 

activities. Notably, macrocyclic NP have garnered significant attention for defying the prototypical “rule 

of 5” yet retaining optimal pharmacological properties, and the ability to bind to targets with high affinity 

and specificity. While synthetic macrocyclization poses considerable challenges, nature effortlessly 

generates these complex molecules using thioesterase (TE) domains positioned at the C-terminus of 

modular biosynthetic machinery. This has spurred researchers to explore the use of TEs as in vitro 

macrocyclization biocatalysts, enabling the chemoenzymatic synthesis of numerous macrocycles. In the 

context of the existing literature on TEs, we proposed two models to provide a rational framework for 

understanding TE-mediated macrocyclization. The research presented here describes the characterization 

of two non-ribosomal peptide synthetase (NRPS) TE domains and their use as biocatalysts for the 

chemoenzymatic synthesis of two cyclic depsipeptide NP. Unlike other characterized NRPS TEs, these two 

demonstrated the ability to catalyze macrolactonization with minimal competing hydrolysis reactivity, 

making them promising biocatalysts. An uncommon tandem TE domain was also characterized, revealing 

its tolerance for N-terminal peptide modification, peptide sequence composition and stereochemical 

configuration of the nucleophile used for ring closure. These attributes make it a compelling candidate for 

the development of a general peptide macrocyclization biocatalyst. Finally, the first extensive engineering 

of a polyketide synthase (PKS) TE was undertaken via a rational protein design approach and an LCMS-

based screening method. Four variants were identified with improved macrocyclization activity over wild-

type (WT), highlighting the utility and success of TE protein engineering. This pioneering engineering 

project serves as a foundation for future TE engineering projects that will generate useful enzymes with 

optimized activities. Overall, the research presented further develops the field of macrocyclization 

biocatalysis by showcasing the utility and engineering of TE domains.  
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CHAPTER 1:  Thioesterases as biocatalysts to access macrocycles  

 

 

 

1.1  Preface 

The literature review presented in this chapter will summarize macrocyclic natural products, their 

biosynthesis, and how they are accessed by chemists using synthetic and biocatalytic methodologies. 

Special focus is directed towards thioesterase (TE) domains, detailing their structure, mechanism and 

utility as macrocyclization biocatalysts. The discussion extends to the optimization of these powerful 

biocatalysts through protein engineering. A manuscript based on this chapter is currently being drafted 

for submission as a review article by myself and Dr. Christopher N. Boddy.  
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1.2  Literature review 

1.2.1 Macrocycles are bioactive but synthetically challenging targets 

Natural products (NP) have played a significant role in drug development with many possessing 

potent and useful biological activities.1,2 In fact, 33% of all drugs approved between 1981 and 2014 are NP 

or NP-derived.3 They have such useful activities due to their complex and diverse structures. In particular, 

macrocyclic NP have significant potential as drug leads owing to their biologics-like selectivity, potency 

and their small molecule-like pharmacokinetics. Typically, macrocyclic NP contain ring structures ranging 

from 12-40 atoms,4 but can contain more as seen with the stambomycins.5,6 The macrocyclic nature of 

these systems contributes to their advantageous pharmacokinetic and drug-like properties. The 

constrained flexibility of macrocycles allows for the adoption of conformations where hydrophobic and 

hydrophilic groups are either buried or exposed for optimal solubility and membrane penetration.7–9 

Moreover, this constrained conformation maximizes enthalpic contributions of binding, leading to 

compounds that are highly active and selective against previously “undruggable” targets.10–12 While there 

is much interest in generating these complex molecules,7,13–17 macrocyclization is inherently challenging, 

even with the use of good internal nucleophiles such as amines (macrolactamization). This difficulty arises 

from the high entropic cost of end-to-end contact and is often outcompeted by formation of smaller rings 

and oligomers.18,19 The challenge is further intensified for macrolactonization, as these reactions require 

activation of an internal alcohol group to be sufficiently nucleophilic for ring closure. 

The challenging nature of macrocyclization has prompted the development of many different and 

robust methodologies for macrocycle synthesis.19,20 Despite these efforts, the late-stage macrocyclization 

step in the total synthesis of an NP or NP-derived linear precursor still remains difficult, highlighting 

limitations in even the most robust of methods. For example, in the 1981 total synthesis of erythromycin, 

the final macrocyclization step required screening of different linear precursor molecules with varied 
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protecting groups before it was successfully cyclized by the Corey-Nicolaou macrolactonization.21 

Currently, the Yamaguchi mixed anhydride macrolactonization and the Yonemitsu variant are the most 

widely used and consistent macrolactonization methods.19,20,22,23 Unfortunately, these reactions can still 

fall short in producing the desired macrocycle (Figure 1.1). This is exemplified in depsipeptide 

macrolactonization, where stereogenic carbons alpha to the activated ester are prone to epimerization, 

producing a mixture of diastereomeric products.24 Due to the synthetic challenges in constructing 

macrolactones, researchers construct macrocyclic depsipeptides, which are easily accessed through solid 

phase peptide synthesis (SPPS) via amide bond forming macrolactamization chemistries.25 Thus, there is 

clearly a pressing need for new approaches to access complex, structurally diverse macrolactones. 

 

Figure 1.1. Final macrolactonization step in example total syntheses of natural products. Examples of problematic 

and failed macrolactonization in the total syntheses of iejimalide B,26 LI-F04a27 and seongsanamide E.28 Note the LI-

F04a macrolactonization did not fail but produced a diastereomeric mixture of products due to epimerization at the 

α-position (shown as red dot). The macrolactone linkage formed is shown in bold and green. 
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1.2.2 Nature’s macrocycle assembly lines: PKS and NRPS machinery  

Nature is a rich source of macrocyclic molecules, and many organisms biosynthesize them. 

Although they are not required for the organism’s survival under normal conditions, they improve its 

survival fitness by providing for example, interspecies defence or the ability to compete with other 

organisms when resources are limited.29,30 Two of the most well studied biosynthetic machineries that 

generate macrocyclic NP are the polyketide synthases (PKS) and non-ribosomal peptide synthetases 

(NRPS). Both are exceptional sources of macrolactones of varying ring sizes and biological activities (Figure 

1.2).  

 

Figure 1.2. Example of PKS and NRPS macrolactone natural products. 
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PKS are large multienzyme complexes that build a linear polyketide precursor by adding two 

carbons each extension cycle. These pathways are analogous to fatty acid synthases (FAS),31,32 however, 

they can vary the oxidation state of the final molecule to yield ketones, alcohols, olefins or fully saturated 

chains. PKS are categorized into multiple types; type I modular (bacterial),31 type I iterative (fungal),32 type 

II,33 and type III.34 However, this chapter will focus exclusively on type I modular PKS, as they generate 

majority of the macrocyclic polyketides. Type I modular PKS are commonly found in bacteria and consist 

of multiple catalytic domains organized in modules that work cooperatively and non-iteratively for 

polyketide extension (Figure 1.3A). Polyketide biosynthesis initiates with the loading of an acyl-CoA 

starter unit onto the acyl carrier protein (ACP) of the first module, typically referred to as the loading 

module. Subsequently, the loaded acyl-chain is transferred to the active site Cys of the downstream 

ketosynthase (KS) domain. An acyltransferase (AT) domain then selects the appropriate malonyl-CoA 

extender unit, which is loaded onto the phosphopantetheine arm (PPT) prosthetic group of the 

downstream ACP. Once acyl and malonyl units are loaded onto the ACP and the upstream KS domain 

respectively, a decarboxylative Claisen-like condensation reaction catalysed by the KS domain extends the 

linear precursor by two carbons (i.e. 1 ketide unit). This extended product can then be transferred to the 

next downstream KS domain for further extension. Modules also frequently include reducing domains for 

sequential tailoring at the β-position, such as a ketoreductase (KR) to generate a β-hydroxyl, a dehydratase 

(DH) to eliminate the alcohol and create an olefin, and finally an enoylreductase (ER) to reduce the olefin 

into a saturated system (Figure 1.3B).35 This tailoring occurs after decarboxylative condensation and prior 

to transfer to the downstream KS. Once the final extension and reductive tailoring cycle is complete, the 

product is transferred to a dedicated terminal release domain, forming an acyl-enzyme intermediate that 

is then released from the biosynthetic machinery. Typically, a thioesterase (TE) domain is responsible for 

this function36 and will be discussed in detail in this review.  
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Figure 1.3. Example of polyketide biosynthesis. (A) Shown is the 6-deoxyerythronolide B (DEBS) PKS pathway with 

ACP thioester intermediates and the product formed after all extension and tailoring cycles. (B) The decarboxylative 

Claisen-like condensation of polyketide intermediate in DEBS module 4 for extension followed by sequential 

reductive tailoring at the β-position.  
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NRPS are conceptually analogous to PKS as they contain a modular architecture; however, they 

generate peptide-based products. In this process, the NRPS extend the growing peptide natural product 

by one amino acid for each module without using the ribosomal machinery. This allows them to 

incorporate non-proteogenic and D-configured amino acids, leading to peptide products with immense 

structural diversity. Building of the peptide core starts with the selection of an amino acid that is activated 

as an AMP-ester by an adenylation (A) domain and loaded onto the PPT prosthetic group of the peptidyl 

carrier protein or thiolation (PCP or T) domain. At times, the first module can contain a starter 

condensation domain (CS) for condensation of an acyl-CoA ester onto the N-terminus of the starting amino 

acid unit. This is typically seen in the biosynthesis of macrocyclic lipopeptides where lipid chains such as 

S-β-hydroxydecanoic acid (β-HDA) are incorporated.37,38 An A domain then loads an amino acid onto the 

downstream T domain and a condensation (C) domain catalyzes condensation of the amino acid onto the 

upstream T domain’s peptidyl chain, thereby extending the peptide (Figure 1.4A). While the A domain 

ensures amino acid loading selectivity, the C domain exhibits stereoselectivity for amide bond formation 

between the two amino acids. For instance, certain C domains specifically catalyze amide bonds between 

two L- or D-configured amino acids (LCL, Figure 1.4B or DCD) or between an L- and D-configured amino acid 

(DCL).39 Extra tailoring domains can be found within modules to modify the nascent peptide. Such domains 

can include N-methyl transferases (MT) for methylation of the backbone amides, X domains that act as a 

P450 anchor for amino acid oxidation,40 cyclization (Cy) domains that form thiazoline and oxazoline 5-

membered ring systems from Cys, Thr and Ser sidechains, and epimerization (E) domains to switch the 

amino acid configuration at the α-carbon (Figure 1.4C). Alternatively, a specialized C domain with dual 

condensation and epimerization (C/E) activity can epimerize the amino acid before catalyzing the 

condensation reaction.41 The extension and tailoring cycles continue until the peptide chain is released by 

a dedicated release domain, typically catalyzed by a TE domain.36  
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Figure 1.4. Example of non-ribosomal peptide biosynthesis and specialized domains. (A) Shown is the 

seongsanamide (Sgd) NRPS pathway with T domain thioester intermediates and the product formed after all 

extension and tailoring cycles. (B) Example of LCL catalyzed condensation between two L-configured amino acids in 

the gacamide A (Gac A) NRPS. (C) Epimerization in Sgd module 2 prior to condensation for peptide extention. Other 

tailoring domains are not shown but are described in Walsh et al. review.41  
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PKS and NRPS are two different strategies nature employs to build complex and biologically active 

macrocyclic compounds. While these megaenzymes are responsible for the construction and 

modifications of the linear precursors, the terminal TE domain is typically responsible for the 

macrocyclization reaction often required to generate a bioactive metabolite. These TE domains are 

nature’s macrocyclization biocatalyst and are the focus for the research presented in this thesis.  

1.2.3 TE domains classification, structure and mechanism  

At the terminus of most PKS and NRPS pathways lies a TE (type I) domain responsible for the 

macrocyclic release of their cognate NP.42 These domains adopt an alternating β/α/β topology 

characteristic of the α/β-hydrolase fold (Figure 1.5A). They contain a highly twisted β-sheet forming a half 

barrel core with α-helices positioned around the sheet. Additional loop insertions fold into mobile sub-

domains called lids, which play a crucial role in shaping the active site and in regulating substrate 

accessibility (Figure 1.5B).36,43 Like other proteins in the α/β-hydrolase superfamily, they house a Ser-His-

Asp catalytic triad required for enzyme activity.44 In certain cases, the catalytic Ser is replaced with Cys, as 

observed in the polymyxin B and obafluorin forming TEs.45–48 While most TEs are found at the C-terminus 

of the biosynthetic machinery, separate standalone TE domains (type II) can also be found and are thought 

to prevent pathway stalling by hydrolyzing misprimed carrier protein (CP) domains.49–51 These type II TEs 

lie outside the scope of this review, but readers can find an in-depth discussion in Kotowska and Pawlik’s 

review.50  
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Figure 1.5. Representation of a type I TE structure (valinomycin). (A) Topology cartoon highlighting the catalytic 

residues (yellow dots), the lid domain and the β/α/β repeating core motif. Topology cartoon was adapted from 

Huguenin-Dezot et al.52 (B) Crystal structure of the WT valinomycin (Vlm) TE domain (PDB: 6ECB, 1.7 Å resolution) 

highlighting the highly twisted β-sheet core, the catalytic triad (yellow sticks) and the mobile lid domain.  

TE catalysis occurs through a two-step mechanism commonly seen in serine hydrolases,36,53,54 

beginning with loading (step 1, Figure 1.6). In this step, the upstream ACP or T domain docks onto the TE, 

enabling the substrate tethered to the CP’s PPT (substrate-PPT) to enter the TE active site.42,55–58 The 

catalytic Ser then attacks the electrophilic carbonyl of the substrate-PPT thioester, forming a charged 

tetrahedral intermediate stabilized by an oxyanion hole through H-bonding interactions with two 

backbone NH groups.59 Concomitant to the nucleophilic attack, the catalytic Ser is deprotonated by His, 

acting as a general base, while Asp serves as an H-bonding partner to ensure the correct positioning of 
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the appropriate His tautomer. Departure of the PPT thiolate generates the acyl/peptidyl-TE intermediate, 

which undergoes the second step of the mechanism, release or off-loading (step 2, Figure 1.6). During this 

step, a nucleophile attacks the acyl/peptidyl-TE intermediate, releasing it from the TE domain. This step 

requires the catalytic His to be deprotonated to participate in nucleophile activation.59–62 Release of the 

acyl/peptidyl-TE intermediate is facilitated by either an intramolecular or intermolecular nucleophile. A 

charged tetrahedral intermediate forms following nucleophilic attack, collapsing to release the product 

and priming the TE for another catalytic cycle.42,63 The TE domain can either select for an intramolecular 

O- or N-nucleophile to release a macrocyclic product (macrocyclization) or water as an intermolecular 

nucleophile to release a linear free acid (hydrolysis). Furthermore, TEs can select for an endogenous O-, 

N-nucleophile from an upstream substrate-PPT to generate higher order oligomers (transesterification), 

which can then be released by hydrolysis or macrocyclization.36 Some TEs can select for S- or C-

nucleophiles for product release;64 however, these will not be covered in this review.  

Figure 1.6. Canonical TE simplified catalytic mechanism. The catalytic triad of the TE is shown as Ser-His-Asp with 

the PPT shown as ~S and the oxyanion hole shown as -NH-. Dashed lines indicate H-bonds. Loading (1) of the 

substrate occurs via nucleophilic attack by the catalytic Ser. A conserved His-Asp dyad abstracts a proton from Ser 

for nucleophile activation. After loading, the TE can select for an intermolecular nucleophile like water (shown in 

blue) or an intramolecular nucleophile such as an alcohol or primary amine (depicted as X, shown in green) for 

hydrolytic or macrocyclic release (2) respectively.  
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1.2.4 Phylogenetic and structural determinants for TE off-loading  

Many of the catalytic domains involved in PKS and NRPS biosynthesis such as KS, C, A and KR (to 

name a few) contain conserved sequence motifs that can enable predictions of substrate and or 

stereoselectivity using hidden Markov models.39,65–71 However, TE domains lack sequence motifs for 

predicting off-loading selectivity. Notably, phylogenetic analysis of TE sequences shows no clustering 

based on off-loading chemistry42,72 but rather cluster according to the biosynthetic machinery type and 

the producing organism’s phylum. For example, TEs from bacterial type I PKS cluster separately from those 

found in NRPS. In addition, fungal PKS and transAT-PKS TEs form their own sub-clusters separate from the 

bacterial type I PKS TEs (Figure 1.7), all of which is consistent with previous phylogenetic analysis.42 This 

suggests the absence of a single ancestral macrocyclization TE. As such, multiple different mechanisms 

controlling macrocyclization have likely evolved. These observations are in stark contrast to the more 

conserved hydrolyzing TEs found in FAS,73–75 which cluster based on substrate specificity such as alkyl 

chain length.76  

While phylogenetic analyses of TE sequences do not generally predict off-loading chemistry 

selectivity, analysis of highly similar TEs can provide some insight into the product formed. For instance, 

a very focused phylogenetic analysis of product release enzymes (PRE) in fungal PKS and non-ribosomal-

polyketide (NR-PKS) hybrid pathways reveal well defined sub-clusters among TEs based on f-type or s-

type cyclization chemistry.77,78 This clustering is evident in Figure 1.7, where Rdc (f-type) and Dhc (s-type) 

form their own small clusters. Similarly in bacterial type I PKS TEs, homologous sequences that cluster 

with strong branch support and short branch lengths often generate macrocycles of identical size as seen 

for the related 6-deoxyerythronolide B (DEBS) and pikromycin (PIK) TEs, which both produce 14-member 

macrolactones (Figure 1.8).79,80 However, this is not always the case, as seen with the nystatin (NysK) and 
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natamycin (SncS4) forming TEs. This further highlights the complex phylogenetic relationship of TEs and 

is consistent with previous studies.42,77,81 

Figure 1.7. Protein sequence diversity dendrogram of macrocyclizing TE domains. 106 TE sequences were 

phylogenetically analyzed to construct the above dendrogram. Phylogenetic root used is the human fatty acid amide 

hydrolase (FAAH, red square). Branch strengths, TE abbreviations as well as the internal nucleophile are shown (O 

for alcohol, N for amine and C for carbon) while H denotes hydrolysis by water. The shapes display the producing 

organisms’ phylum and the colour the type of pathway. 
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Figure 1.8. Dendrogram zoom-in of bacterial type I PKS clade. Shown is a small dendrogram comprising 13 TE 

sequences, representing a zoom-in of the dendrogram shown in Figure 1.7. Shown boxed are the macrocycle 

structures generated by the TEs with the bonds formed shown in green. Phylogenetic root used is the human fatty 

acid amide hydrolase (FAAH, red square). Branch strengths, TE abbreviations as well as the internal nucleophile are 

shown (O for alcohol or N for amine) while H denotes hydrolysis by water.  

Phylogeny struggles to predict TE substrate selectivity and off-loading chemistry. While highly 

similar TE sequences likely mediate similar off-loading chemistries, effective methods to predict this are 

lacking and relies on experimental characterization.42,72 Some studies have explored active site structural 

features to predict off-loading chemistry, such as the active site volumes of hydrolyzing and 

macrocyclizing TEs.82 However, there was no observable correlation with active site volume and off-

loading mechanism.42 As the lid has been implicated in controlling catalysis in serine hydrolases via 

significant conformational changes,52,83–86 it has also been investigated. Many TE crystal structures show 
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the lid in a distinct “open” conformation, suggesting a possible “closed” conformation to regulate active 

site access.52,87–89 Compelling evidence supporting this comes from trapped peptidyl-TE intermediate 

crystal structures of the bifunctional valinomycin (Vlm) TE,52 which catalyzes transesterification and 

macrocyclization. During peptidyl growth, the lid remains in a dynamic open conformation, allowing active 

site access to upstream peptidyl monomers for transesterification. It is only in the trimerized peptidyl-TE 

crystal structure where the lid is observed in a closed conformation, blocking outside access to the active 

site and ensuring the correct oligomer is generated. In addition, the lid was shown to “curl” the peptidyl 

intermediate into a product-like conformation for macrocyclization.52 While the lid’s function in Vlm and 

other bifunctional TEs seems clear,90–93 its role in monofunctional TEs like DEBS has yet to be elucidated.  

At present, TE off-loading selectivity cannot be predicted based on structure, sequence, or from 

the context of its associated pathway.94 There have been several attempts to experimentally determine 

the specific binding interactions that drive off-loading selectivity in TEs, such as those from the PIK and 

DEBS biosynthetic pathways. Crystal structures of both TEs in complex with phosphonate inhibitors 

suggests that hydrophobic packing interactions drives substrate binding and thus off-loading.95–97 This is 

consistent with a previous mutagenesis study on the DEBS-TE active site,98 molecular dynamic simulations 

(MDS) and quantum mechanic/molecular mechanic (QM/MM) calculations of the PIK, DEBS and pimaricin 

(Pima) TEs, which suggest that hydrophobic interactions sequester the substrate away from bulk solvent, 

preventing hydrolysis, as the acyl-TE intermediate adopts a macrocyclic reactive conformation for 

macrocyclization.62,99,100 Unfortunately, the discrete substrate-TE interactions that drive off-loading 

remain elusive, presenting a valuable opportunity for future research to enhance our understanding in TE 

off-loading selectivity.  
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1.2.5 A rational framework for TE off-loading selectivity  

The need for end-to-end contact in macrocyclization contributes to its high barrier, thus the 

conformation of the linear acyl-TE intermediate likely dictates the off-loading chemistry performed by the 

TE. MDS and QM/MM studies have illustrated this in the PIK-, DEBS- and Pima-TE, where non-productive 

substrate conformations favour hydrolysis.62,99,100 With this biochemistry in mind and the phylogenetic 

analysis suggesting repeated evolution of macrocyclizing TEs and thus multiple potential mechanisms 

controlling macrocyclization, we propose two archetypal models to rationalize TE off-loading selectivity 

(Figure 1.9). In the first model, an acyl-TE intermediate is formed after binding of a conformationally 

disordered substrate. This acylation step induces structural changes in the TE, akin to the induced fit 

mechanism,101,102 that restricts the substrate’s conformational landscape until a product-like 

conformation is adopted for macrocyclization (Figure 1.9, blue rectangle). Vlm-TE exemplifies this model, 

where the lid undergoes a conformational shift in the trimerized peptidyl-TE crystal structure. The lid seals 

the active site and forms hydrophobic interactions with the peptidyl intermediate that limit the adoption 

of non-productive conformations, reduces water’s access to the peptidyl-TE intermediate, and enables 

the substrate to “curl” into a macrocyclization competent conformation for catalysis.52 In this model 

hydrolysis occurs when water accesses the active site prior to the substrate obtaining a macrocyclization 

competent conformation. This model, termed intermediate conformational sampling (ICS), can thus 

rationalize the significant formation of hydrolysis product often reported for PKS TEs in vitro.95,97,100,103,104  

In the second model, the TE binds a pre-organized conformation of the substrate, requiring 

minimal structural rearrangement for macrocyclization (Figure 1.9, orange rectangle). This model is akin 

to the established conformational selection (CS) mechanism,105 though with the substrate rather than the 

enzyme undergoing the conformational changes. Pre-organization has been observed for the tyrocidine 

(Tyc) and gramicidin (Grs) substrates, where a macrocyclization competent conformation is adopted in 
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solution prior to substrate loading.91,93,106–109 For instance, the Tyc-TE substrate pre-organization is 

facilitated by an L-Pro, which initiates a turn in the peptide substrate, and a discrete H-bond between the 

C-terminal L-Orn sidechain and the backbone carbonyl of an N-terminal aromatic residue (D-Phe in Tyc), 

93 thus rationalizing the reported spontaneity in Tyc macrocyclization.108 Because minimal structural 

rearrangement is needed for catalysis, this limits the opportunity for bulk solvent to hydrolyze the acyl-

TE intermediate. Thus, these TEs are water insensitive, which is consistent with the low levels of hydrolysis 

seen for Tyc, Grs and other NRPS TEs in vitro.28,89,91,93,110–114  

Figure 1.9. Models for TE-mediated macrocyclization. N-acetylcysteamine (SNAC) thioester TE substrates 

dynamically sample conformations in solution (grey rectangle). Binding of other conformer(s) leads to a dynamic 

acyl-TE intermediate that sample conformations. This sampling eventually leads to the macrocyclization competent 

conformer for macrocyclization to occur in the ICS model (blue rectangle). Alternatively, binding of a pre-organized 

conformer leads to rapid macrocyclization in the CS model common to NRPS TEs (orange rectangle) with minimal 

competing hydrolysis reactivity. Note the “nuc” abbreviation found in all substrates denotes the internal nucleophile 

for macrocyclization and the term “other conformer(s)” refers to any non-cyclic conformation.  
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These two models differ in the timing of the substrate adopting a macrocyclization competent 

conformation. In the ICS model, this occurs as the acyl-TE interemdiate undergoes conformational 

sampling. In the CS model, the substrate conformation is in equilibrium prior to binding and the enzyme 

selectively binds the macrocyclization competent conformation. We propose that TEs that suffer from 

significant hydrolytic activity, which are mostly PKS in origin such as in DEBS and PIK, likely follow this ICS 

model. The CS model is significantly less likely to suffer from hydrolysis, which is consistent with the low 

levels of observed hydrolysis in the Tyc-, Grs-TE, and other NRPS TEs. Thus, we propose that many NRPS 

TEs utilise this CS mechanism. Exceptions to these patterns exist, as demonstrated by the Vlm-TE52 that 

originates from an NRPS pathway yet aligns with our ICS model. Potentially the need to switch between 

transesterification chemistry for generation of the trimer followed by macrocyclization chemistry plays a 

role in the atypical reactivtiy of this TE.  

1.2.6 Enzymes are useful biocatalytic tools for the synthesis of pharmaceuticals  

Enzymes are becoming increasingly important in both industrial and academic organic syntheses. 

This is mainly due to their exquisite chemo-, regio-, stereo-selectivity and high reaction rates under mild 

conditions (ex: room temperature, neutral pH, atmospheric pressure).115,116 To showcase this, the 

following section of the review will cover two examples where enzymes have been used in the synthesis 

of important pharmaceuticals.  

 Sitagliptin is an important pharmaceutical for the treatment of type 2 diabetes and is sold by 

Merck as Januvia.117 Currently, over 240 million individuals worldwide are affected by this disease, and 

this number is expected to rise in the coming years. The first synthetic route to sitagliptin involved an 

asymmetric hydrogenation of an enamine precursor using a Rh-based chiral catalyst under high 

pressure.118 However, this step suffered from inadequate stereoselectivity and Rh contamination, 

necessitating additional purification steps that negatively impacted the overall yield. Following a few 
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iterations of enzyme engineering, a variant of an R-selective transaminase of a well characterized enzyme 

from Arthrobacter sp. was generated and able to convert 200 g/L of a diketone precursor into sitagliptin 

in 92% yield with over 99.95% enantiomeric excess (ee, Figure 1.10).119 Merck and Codexis jointly received 

the 2010 EPA Presidential Green Chemistry Challenge Award for development of this much greener and 

more efficient route to sitagliptin.  

 

Figure 1.10. Biocatalytic versus original asymmetric hydrogenation process in sitagliptin synthesis. Shown in blue 

is the biocatalytic process created by Merck and Codexis compared to the original asymmetric hydrogenation 

process shown in red. Percentages below arrows indicate the yield. Figure was adapted from Savile et al.119  

 In 2017, Genentech and Roche collaborated in developing a ketoreductase (KRED) biocatalytic 

step for the synthesis of the Akt inhibitor ipatasertib, currently in phase 3 clinical trials for treatment of 

prostate cancer.120 The process involved a highly diastereoselective reduction of a ketone to access a key 

chiral alcohol intermediate. Utilizing a commercially available and engineered KRED enzyme from Codexis, 

a one enzyme biocatalytic system using isopropyl alcohol as a terminal reductant for NADPH cofactor 

recycling proved instrumental in achieving this transformation (Figure 1.11).121 This biocatalytic approach 
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replaced a Ru-catalyzed asymmetric hydrogenation step, resulting in an improved yield, ee and 

eliminating the need for a challenging purification step to remove residual Ru.  

 

Figure 1.11. Biocatalytic versus Ru-catalyzed asymmetric hydrogenation in ipatasertib synthesis. Shown in blue is 

the use of a Codexis engineered KRED enzyme for production of a chiral alcohol intermediate. Shown in red is the 

alternative Ru-catalyzed asymmetric hydrogenation to reach the same chiral intermediate. Percentages below the 

arrows indicate the yield. 

 These examples clearly demonstrate that enzymes are powerful biocatalytic tools, that enable 

highly selective transformations under inert reaction conditions. Protein engineering techniques, such as 

directed evolution, have played a pivotal role by optimizing enzymes for better activity against non-

natural substrates at high concentrations, for higher stability in reaction conditions and eliminating 

substrate or product inhibition.122–127 Enzymes across various classes have been fine-tuned for industrial 

applications128 and their continued effectiveness is expected to persist for many years. 

1.2.7 TE biocatalysts: a solution to the challenges faced in macrocycle synthesis  

 Generating macrocycles remains a synthetic challenge, even with the use of robust synthetic 

macrocyclization strategies.18,19 As shown in the previous section, enzymes can complement traditional 

synthetic methods to construct complex molecules in a chemo-, regio- and stereoselective way. PKS and 

NRPS biosynthetic machineries effectively generate macrocycles from linear intermediates that are 

densely functionalized with multiple nucleophiles, providing excellent chemo- and regioselectivity while 
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overcoming the challenges encountered in synthetic macrocyclization. Thus, PKS and NRPS provide an 

exceptional source for macrocyclization biocatalysts. In particular, the terminal TE domains in these 

pathways are typically responsible for catalyzing macrocyclization concomitant to product release from 

the modular biosynthetic machinery.42 While TEs are typically part of a megaenzyme complex, they can 

be excised and used as a stand-alone enzyme in vitro to convert linear thioester substrates into 

macrocycles. The first instance of a macrocyclizing TE used in this way was in the 1999 study of the DEBS-

TE.129 DEBS-TE remains one of the best studied TEs to date,72,97,103,129–136 displaying exceptional substrate 

tolerance for formation of the acyl-TE intermediate (i.e. loading).42,98,129,137 Subsequent biochemical 

studies on various TEs also demonstrated similar tolerance, suggesting substrate loading is promiscuous 

across TEs.72,91,98,111,112,129,137–140 While there are clear exceptions to this (ex: f-type forming Rdc-TE),141–143 

increased substrate loading tolerance makes them promising macrocyclization biocatalysts. Herein we 

present two examples of the application of TEs to the synthesis of macrocycles, showcasing their utility as 

macrocyclization biocatalysts.  

 Non-ribosomal peptides typically adopt macrocyclic structures for increased binding affinity to 

their targets, decreased protease cleavage and increased membrane permeability.7–9,144 The use of non-

ribosomal machinery also allows these peptides to incorporate non-proteogenic amino acids, expanding 

their structural diversity and leading to the generation of diverse macrocycles. A powerful use of a TE 

domain as a macrocyclization biocatalyst was reported by Trauger et al. in their study of the Tyc-TE. The 

authors were able to demonstrate the stand-alone Tyc-TE’s ability to macrocyclize tyrocidine, the related 

non-ribosomal peptide gramicidin, and certain analogues.111 A follow-up study further demonstrated its 

power as a biocatalyst, where it was shown to be immensely flexible at macrocyclizing a comprehensive 

library of tyrocidine analogues.110 This macrocyclization flexibility was due the peptide’s ability to pre-

organize into a cyclic conformation, so long as an aromatic residue, L-Pro and L-Orn were present at the 
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first, second and penultimate position of the peptide respectively (Figure 1.12).111 Other analogues 

containing ester linkages, polyketide-like insertions and PEGA-linked peptides were all macrocyclized by 

the Tyc-TE,110,145 showcasing its power as a general peptide macrocyclization biocatalyst.  

 

Figure 1.12. Macrocyclization of peptides catalyzed by the Tyc-TE. Simple scheme showcasing the broad substrate 

tolerance for Tyc-TE macrocyclization. Critical residues required for substrate pre-organization and macrocyclization 

are shown in pink and labelled. Note D-Phe can be replaced by any aromatic residue. All other residues not labelled 

can be modified to generate macrocyclic analogues. The dashed black line represents an H-bond. Figure was adapted 

from Trauger et al.93  

 Studies on type I PKS TEs have shown they are substrate tolerant for loading.72,98,129,137,138 In 

particular, the DEBS-TE has shown the ability to load truncated analogues and form 6-, 8-, 12-, 14- and 16-

membered macrolactones in vivo through domain swapping.130,134–136,146 Although intriguing, in vivo 

macrocyclization will not be discussed further as the focus of this thesis is on utilizing TEs as stand-alone 

in vitro biocatalysts. When taken out of its native context, the DEBS-TE still retains high loading tolerance 

towards synthetic substrates;42,98,129,137 however, it is highly regio- and stereoselective for off-loading in 

vitro. For instance, in the first example of the DEBS-TE macrocyclizing a synthetic non-native substrate, 

only the 14-membered macrolactone with an R-configured alcohol is formed (Figure 1.13A). Furthermore, 
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the TE is stereoselective even for elements distal to the nucleophile, exclusively producing the seco acid 

for a substrate bearing a distal S-configured alcohol (C11) even when the nucleophilic C13 alcohol is R-

configured (Figure 1.13B).133 As the syn and anti substrates undergo comparable chemical 

macrocyclization, their different TE-catalyzed chemistry is unlikely to be mediated by substrate pre-

organization and is consistent with our proposed ICS model for macrocyclization. Additionally, when a 

related synthetic substrate was used to probe DEBS-TE off-loading selectivity, it was revealed that a 

significantly greater diversity of chemistry than expected could be accessed.72 The TE effectively catalyzed 

transesterification of the R-configured substrate, yielding linear and cyclic dimers, in addition to the 

expected hydrolysis and macrocyclization reactions (Figure 1.13C). This suggests PKS TEs can catalyze 

other reactions to access unique compounds; however, this has yet to be seen in other TEs. A critical 

concern affecting PKS TEs is the competing hydrolysis reactivity observed in vitro,95,97,100,103,104 restricting 

their use as macrocyclization biocatalysts.  

TEs have proven themselves to be useful macrocyclization biocatalysts, playing a pivotal role in 

the total syntheses of various macrocyclic NP. The current repertoire of macrocyclization biocatalysts 

continues to expand with the characterization of new TEs, allowing chemists to access new macrocycles. 

While progress has been made in understanding TE off-loading selectivity, it still remains elusive. 

42,52,62,87,95–98,100 In addition, the competing hydrolysis reactivity observed in PKS TEs presents an issue that 

limits their use as macrocyclization biocatalysts. Protein engineering could prove useful in optimizing TEs 

to be selective for macrocyclization while increasing activity. This remains unaddressed in the literature 

and is discussed further in this review. 
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Figure 1.13. DEBS-TE acting on non-native substrates. (A) DEBS-TE producing both seco acid and 14-membered 

macrolactone with a syn-R diol substrate (B) compared to seco acid only with diastereomers of the syn-R diol 

substrate. (C) Diverse products formed by the DEBS-TE on an olefin substrate. 

1.2.8 Protein engineering: a brief overview  

 Protein engineering has important implications for the development of biocatalysts to access 

complex and important pharmaceuticals. Protein engineering is typically performed either through 

rational protein design or by mimicking the natural process of evolution to “find” a protein with the 

desired function (i.e. directed evolution). Both methods have been thoroughly reviewed in the 

literature,147–150 and will briefly be addressed in this section. In rational protein design, researchers try to 
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predict sequences that will generate protein structures with the desired function.148 This can be done in 

silico to yield non-natural sequences with unique structures (de novo protein design), by mutating a 

known protein sequence (protein redesign) or via both.148,151 Through this method, proteins from nature 

can be optimized or new proteins designed from “scratch” to meet a user defined function; however, it 

often necessitates an understanding of the protein subject’s structure-function relationship. Alternatively, 

directed evolution mimics the process of natural evolution152 through iterative cycling of two main steps: 

(1) diversification of a gene pool, typically performed by random mutagenesis and or gene shuffling,153–160 

(2) followed by screening or selecting for mutants with the desired phenotype. This provides the distinct 

advantage of “finding” combinatorial mutations in a protein sequence that provide the desired 

phenotype, a feat not yet achievable through rational protein design. While both methods are different, 

they aren’t mutually exclusive and have been concurrently employed to produce enhanced biocatalysts 

in both industrial and academic settings. Consequently, protein engineering holds the potential to 

optimize TEs for their use as macrocyclization biocatalysts.  

1.2.9 Towards engineering TEs, current work and limitations 

To reach the same level of efficiency we expect in a biocatalyst, TEs would need to be engineered 

for optimal performance. However, this remains largely unaddressed in the literature. The most extensive 

efforts towards “engineering” TEs have involved mutagenesis studies on the structural determinants for 

loading or off-loading in DEBS,98 PIK,100,138 enterobactin,161 surfactin,112 zearalenone,143 mycrocystin 

synthetase C,162 polymyxin B,45 oocydin163 and pimaricin TEs.164 A noteworthy study by Koch et al. marked 

the first successful engineering of a TE. In this study, the stereoselective PIK-TE gained the ability to 

macrocyclize an epimerized non-native pentaketide substrate with improved kinetics over wild-type (WT) 

by substituting its catalytic Ser for a Cys (S→C).100 While this is certainly promising, the S→C substitution 
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has yet to demonstrate the same effect in other PKS TEs and is consistent with the notion that TE-substrate 

interactions that drive off-loading are unique for each pair.  

The limited understanding of discrete TE-substrate interactions that drive off-loading complicates 

TE rational protein design. Because of this, sites for mutagenesis are often chosen without clear guidance 

within the active site, potentially constraining the effectiveness of these studies in identifying a TE variant 

with the desired optimized function. More comprehensive mutagenesis and structural studies on TEs 

would be a welcome addition as these would better aid the selection of sites for mutagenesis in rational 

design and increase the prospects of finding optimized TE variants. On the other hand, directed evolution 

could provide an avenue to engineer TEs while bypassing the need for a detailed understanding of the 

discrete TE-substrate interactions that drive off-loading. Yet no directed evolution studies have been 

performed, presumably due to the challenge associated in developing a suitable selection method.150,152 

This technique would thus rely on a screening method, such as LCMS based screens commonly seen in the 

pharmaceutical industry. This still poses a technical challenge, as LCMS based methods require a 

chromatographic separation step, increasing the time it takes to screen even the smallest of TE libraries. 

Despite this, LCMS based screens provide the advantage of utilizing automation for both library processing 

and data analysis. As the interest in using TEs as macrocyclization biocatalysts grows, we anticipate the 

emergence of TE engineering studies from both industrial and academic settings. These studies will play 

a crucial role in refining our current TE macrocyclization biocatalyst toolbox.  
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1.3  Summary and conclusions 

The challenges associated with macrocyclization has plagued chemists for decades, driving the 

development of various synthetic methodologies to surmount them. It is only recently that researchers 

have explored the use of enzymes as macrocyclization biocatalysts, particularly focusing on the TEs from 

NRPS and PKS biosynthetic machineries. However, the mechanism by which TEs select for 

macrocyclization over other reactivities remains elusive. Two models were proposed to rationalize TE-

mediated macrocyclization: the ICS and CS models. Common to PKS TEs is the water sensitive ICS model, 

where the TE constrains the conformational landscape of the acyl-TE intermediate until a reactive 

conformation conducive to macrocyclization is adopted. Conversely, the water inconsequential CS model, 

prevalent in NRPS TEs, involves substrate pre-organization to drive TE-mediated macrocyclization. 

Additional studies on TEs would be valuable in supporting and improving the proposed ICS and CS models. 

While TEs demonstrate remarkable substrate tolerance for loading, they are typically more stringent in 

macrocyclization. The NRPS Tyc-TE stands out as a highly tolerant macrocyclization biocatalyst, yet its 

substrate scope is restricted due to the stringent positional requirements for substrate pre-organization. 

PKS TEs like DEBS tend to be regio- and stereoselective and are often plagued with competing hydrolysis 

reactivity. Biochemical characterization of new macrocyclizing TEs can provide access to new macrocycles 

while engineering of pre-existing TEs can optimize our current repertoire. Both methods, while different, 

offer the ability to improve and expand the chemist’s toolbox for macrocyclization.  

In this thesis, the characterization and engineering of TEs is investigated for their use as 

macrocyclization biocatalysts. Chapter 2 focuses on the in vitro biochemical characterization of two NRPS 

TEs, showcasing their utility as biocatalysts in the chemoenzymatic synthesis of two macrocyclic 

depsipeptides. Chapter 3 focuses on the biochemical characterization of an unusual tandem NRPS TE 

domain to probe its function and substrate tolerance as a potential macrocyclization biocatalyst. Chapter 
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4 explores the engineering of a PKS TE for improved macrocyclization activity, employing a rational protein 

design approach and an LCMS based screen. These contributions expand the repertoire of TE 

macrocyclization biocatalysts and demonstrates their utility in macrocycle synthesis. Furthermore, this 

work marks a milestone in engineering a TE domain for improved activity and contributing to a deeper 

understanding in TE-mediated macrocyclization. Overall, the findings provide support for the proposed 

ICS and CS models, offering a rational framework for understanding TE-mediated macrocyclization. 
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1.4  Supplementary information  

Construction of TE dendrograms. A total of 106 TE protein sequences were taken from the NCBI or PDB 

database, aligned by MUSCLE and trimmed using the MEGA7 software package.165 Alignment was then 

phylogenetically analyzed by PhyML (v3.0)166 using the BLOSUM 62 substitution matrix and assessed for 

branch support using the approximate likelihood ratio test (aLRT, SH-like).166,167 A second dendrogram was 

built identically as described above, except with 13 type I PKS TE protein sequences instead. Both trees 

used the human fatty acid amide hydrolase (FAAH) as phylogenetic root. See Table S1 for a full list of the 

TE protein sequences used.  

Table S1. Full list of TE protein sequences used for phylogenetic analyses. Protein sequences for macrocyclization 

TEs were downloaded from the NCBI or PDB databases for phylogenetic analysis. Sequences were selected if (1) the 

structure of the product is known and (2) the product is a macrocycle. A few hydrolyzing and tetramate forming TEs 

were selected to showcase how phylogeny can’t predict off-loading selectivity. Shown in the table are the 

abbreviated names for each TE, the produced natural product, the accession or PDB code, the sequence range, the 

producing organism and its phylum. The nucleophile used for release is also shown, denoted either as H for 

hydrolysis by water, N, O or C for amine, alcohol or carbon nucleophiles respectively. TEs are coloured according to 

the pathway; blue for NRPS, yellow for PKS and green for transAT-PKS. Red was used to denote the phylogenetic 

root. Note, the Sgd-TE sequence was taken from the genome of the producing organism and reverse-translated into 

a peptide sequence for the analysis (shown in bold). 

Name Natural Product Nucleophile Accession or PDB code Sequence range Organism Phylum 

FAAH N/A  H NP_001432.2  Full Homo sapiens   Chordata 

EntF Enterobactin  O CAD6014470 1066-1289 Escherichia coli Proteobacteria 

Sky Skyllamycin A N AEA30274.1 3657-3909 
Streptomyces sp. Acta 

2897 
 Actinobacteria 

Vlm Valinomycin O 6ECC Full 
Streptomyces 
tsusomaensis 

 Actinobacteria 

McyC Mycrocystin N ACA83983.1 Full 
Planktothrix rubescens 

No21- 
Cyanobacteria 

PpsE Plipastatin O ASB65587.1 312-534 Bacillus velezensis Firmicutes 

Ces Cereulide O ABD14712.1 2431-2681 Bacillus cereus Firmicutes 

Fen Fengycin O 2CGB Full  Bacillus subtilis Firmicutes 
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Srf Surfactin O 1JMK Full Bacillus subtilis Firmicutes 

Tyc Tyrocidine N AAC45930.1 6254-6475 Brevibacillus brevis Firmicutes 

BKH Burkholdac A N ABC38000.1 517-738 
Burkholderia 

thailandensis E264 
Proteobacteria 

AcmC Actinomycin D  O ADG27359.1 3994-4244 Streptomyces anulatus  Actinobacteria 

AptD Anabaenopeptin  N ACZ55946.1 1137-1391 Anabaena sp. 90 Cyanobacteria 

ArfC Arthrofactin A  N BAC67536.1 5657-5909 Pseudomonas sp. MIS38 Proteobacteria 

Ary Arylomycin  N EWS95124.1 4062-4279 
Streptomyces 

filamentosus NRRL 11379 
 Actinobacteria 

BpsC Balhimycin  O CAC48362.1 1622-1849 
Amycolatopsis 

balhimycina DSM 5908 
 Actinobacteria 

CrpC Corpeptin  O AHY86403.1 1892-2139 Pseudomonas corrugata Proteobacteria 

ComD Isocomplestatin  H AAK81827.1 1916-2164 Streptomyces lavendula  Actinobacteria 

McnE Cyanopeptolin  O AAZ03554.1 1148-1412 
Microcystis sp. NIVA-CYA 

172/5 
Cyanobacteria 

CycD Cyclomarin D  N ABW00331.1 7525-7774 
Salinispora arenicola CNS-

205 
 Actinobacteria 

DptD Daptomycin  O AAX31559.1 2130-2377 
Streptomyces 

filamentosus NRRL 11379 
 Actinobacteria 

Ecm7 Echinomycin  O BAE98156.1 2905-2997 Streptomyces lasalocidi  Actinobacteria 

PstD Friulimicin  N CAM56771.1 2116-2367 Actinoplanes friuliensis  Actinobacteria 

GriE Streptobactin  O  CBA63680.1 2218-2463 
Streptomyces sp. ATCC 

700974 
 Actinobacteria 

HrmP Hormaomycin  O AEH41794.1 3213-3464 Streptomyces griseoflavus  Actinobacteria 

LydB Lysobactin  O AEH59100.1 7971-8206 
Lysobacter sp. ATCC 

53042 
Proteobacteria 

MasC Massetolide A  O ABH06369.2 3513-3757 
Pseudomonas fluorescens 

SS101 
Proteobacteria 

OfaC Orfamide B  O AFH75330.1 4628-4881 
Pseudomonas sp. 

CMR12a 
Proteobacteria 

PbtC Paenibacterin  O AGM16414.1 2939-3157 Paenibacillus sp. OSY-SE Firmicutes 

PmxB Polymyxin  N ACA97577.1 871-1091 Paenibacillus polymyxa Firmicutes 

Qui6 Quinomycin  O AET98905.1 2915-3145f 
Streptomyces 

griseovariabilis subsp. 
bandungensis 

 Actinobacteria 
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Psyr Syringomycin  O AAY37655.1 13279-13530 
Pseudomonas syringae 

pv. syringae B728a 
Proteobacteria 

Tar10 Taromycin  O  AHH53508.1 2134-2378 
Saccharomonospora sp. 

CNQ490 
 Actinobacteria 

Tlo22 Telomycin  O ALV86868.1 2145-2399 Streptomyces canus  Actinobacteria 

MlcM Malacidin  N  ARU08075.1 2028-2280 Unknown bacteria   

MarA Marthiapeptide A  N RAT94090.1 5696-5805 Brevibacillus sp. Leaf182 Firmicutes 

Ecu11 Ecumicin  O AIW58892.1 14997-15251 
Nonomuraea sp. 

MJM5123 
 Actinobacteria 

HasY Hassallidin E  O CZT62794.1 2563-2825 
Planktothrix serta PCC 

8927 
Cyanobacteria 

VioD Vioprolide A  N AWI62629.1 1524-1775 Cystobacter sp. Proteobacteria 

Xen Xenematide  O WP_013184596.1 4706-4807 
Xenorhabdus 
nematophila 

Proteobacteria 

IcoS Icosalide  O AYA44686.1 4750-4996 Burkholderia gladioli Proteobacteria 

Gac1 Gacamide A  O ABA73956.1 4615-4867 
Pseudomonas fluorescens 

Pf0-1 
Proteobacteria 

Pys Pyreudiones C WP_064118616.1 1043-1274 Pseudomonas fluorescens Proteobacteria 

Rzm Rhizomide O WP_013428324 7387-end 
Paraburkholderia 

rhizoxinica str. HKI 454 
Pseudomonadota 

Sgd Seongsanamide E O CP018197.1  
2629387 - 
2630191 

Bacillus safensis KCTC 
12796BP 

Firmicutes 

SpiE2 Spiruchostatin A O AFR69337.1 517-739 Pseudomonas sp. Q71576 Proteobacteria 

NycF Nannocystin A O ALD82526.1 2638-2895 Nannocystis sp. MB1016 Proteobacteria 

CmdD Chondramide A N CAJ46692.1 3087-3344 Chondromyces crocatus Proteobacteria 

SgvE5 Griseoviridin N AGN74896.1 1690-1948 Streptomyces griseoviridis  Actinobacteria 

IKA Ikarugamycin C AJD77023.1 2910-3117 Streptomyces sp. ZJ306  Actinobacteria 

MtaG Myxothiazol O or N AAF19815.1 1482-1730 
Stigmatella aurantiaca 

DW4/3-1 
Proteobacteria 

HSAF Dihydromaltophilin C ABL86391.1 2907-3116 Lysobacter enzymogenes Proteobacteria 

Cla3 Cladosporin O A0A125R003.1 1805-1950 
Cladosporium 

cladosporioides 
Ascomycota 

RADS2 Radicicol O KAF2180792.1 1786-2049 
Zopfia rhizophila 

CBS207.26 
Ascomycota 

CURS2 Dehydrocurvularin O L7XAV2.1 1811-2058 Aspergillus terreus Ascomycota 

Dhc Dehydrocurvularin O A0A0N7D745.1 1812-2057 Alternaria cinerariae Ascomycota 

HPM3 Hypothemycin O B3FWS8.1 1761-1951 Hypomyces subiculous Ascomycota 
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ZEA Zeralenone O A0A098D6U0.1 1770-1932 
Fusarium graminearum 

PH-1 
Ascomycota 

Rdc Radicicol O C5H882.1 1854-2123 Floropilus chiversii Ascomycota 

DcsB Decarestrictine C1 O 7D78  Full 
Beaveria bassiana 

ARSEF2860 
Ascomycota 

CurM Curacin H 3QIT_A  Full (chain A) Moorea producens 19L Cyanobacteria 

Epo Epothilone O AAF62885.1 2197-2423 Sorangium cellulosum Proteobacteria 

Plu Luminmycin A N CAE14173.1 3888-4149 
Photorhabdus laumondii 

subsp. TTO1 
Proteobacteria 

TgaC Thuggacin A O ADH04641.1 6445-6656 Sorangium cellulosum Proteobacteria 

HapE Hapalosin O WP_035122279 1545-1810 Fischerella sp. PCC 9431 Cyanobacteria 

SAL1 Salinilactam N ABP55220.1 3501-3709 
Salinispora tropica CNB-

440 
 Actinobacteria 

BorA6 Borrelidin O CAE45672.1 1524-1730 Streptomyces parvulus  Actinobacteria 

GphJ Gephyronic acid H AHA38203.1 1560-1808 
Archangium violaceum Cb 

vi76 
Proteobacteria 

GulF Gulmirecin A O AIT55263.1 2169-2403 Pyxidicoccus fallax Proteobacteria 

HlsG 
Halstoctacosanolide 

A 
O BAF02927.1 1889-2098 Streptomyces halstedii  Actinobacteria 

LkmAIII Lankamycin O BAC76491.1 3084-3290 Streptomyces rochei  Actinobacteria 

MlaG ML-449 N ACO94498.1 1774-1988 
Streptomyces sp. MP39-

85 
 Actinobacteria 

ScnS4 Natamycin O ADX66459.1 1802-2015 
Streptomyces 

chattanoogensis 
 Actinobacteria 

NysK Nystatin A1 O AAF71768.1 1850-2058 
Streptomyces noursei 

ATCC 11455 
 Actinobacteria 

PldAIV Pladienolide B O BAH02271.1 1592-1804 Streptomyces platensis  Actinobacteria 

SorB Soraphem A O AAA79984.2 8598-8807 Sorangium cellulosum Proteobacteria 

TTC Tautomycetin H ABW96540.1 5548-5766 
Streptomyces     

spiroverticillatus 
 Actinobacteria 

TylG Tylactone O  AAB66508.1 1607-1819 Streptomyces fradiae  Actinobacteria 

CylH Cylindrocyclophane C AFV96142.1 1990-2205 
Cylindrospermum 

licheniforme UTEX B 2014 
Cyanobacteria 

Kmy Kendomycin C CAQ52624.1 3204-3419 
Streptomyces 
violaceoruber 

 Actinobacteria 

CabH 
Carbamidocyclophan

e 
C AMB48441.1 1843-2055 Nostoc sp. CAVN2 Cyanobacteria 
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AlmHV Aldgamycin O ANC94962.1 1142-1354 
Streptomyces sp. 

A1(2016) 
 Actinobacteria 

AalA3 Actinoallolide A O  BBA66513.1 4074-4283 Actinoallomurus fulvus  Actinobacteria 

VinP4 Vicenistatin N BAD08360.1 3579-3804 Streptomyces halstedii  Actinobacteria 

BecG BE-14106 N ACO94470.1 1768-1982 
Streptomyces sp. DSM 

21069 
 Actinobacteria 

MscI 
Microsclerodermin 

M 
N AHB82059.1 2634-2899 Sorangium cellulosum Proteobacteria 

BafAV Bafilomycin A O ADC79620.1 1883-2093 Streptomyces lohii  Actinobacteria 

ConA Concanamycin A O AAZ94391.1 1834-2045 
Streptomyces 

neyagawaensis 
 Actinobacteria 

NidA5 Niddamycin O AAC46028.1 1641-1856 Streptomyces caeestis  Actinobacteria 

AurC Aureothin H CAE02606.1 1986-2197 Streptomyces thioluteus  Actinobacteria 

OlmA7 Oligomycin O BAB69196.1 3408-3608 Streptomyces avermitilis  Actinobacteria 

Tia Tiacumicin B O ADU86004.1 3242-3457 
Dactylosporangium 
aurantiacum subsp. 

Hamdenensis 
 Actinobacteria 

Ela Elaiophylin O ATL87338.1 1872-2085 
Streptomyces 
malaysiensis 

 Actinobacteria 

PIK Pikromycin O 2HFK   Streptomyces venezuelae  Actinobacteria 

DEBS 
6-

deoxyerythronolide 
B 

O 1MO2   
Saccharopolyspora 

erythrea 
 Actinobacteria 

Psy1 Psymberin H ADA82585.1 12379-12644 Unknown bacteria   

OocA Oocydin A O AFX60300.1   Serratia marcescens Proteobacteria 

Tap Myxovirescin A1 N ABF88102.1 2756-3035 
Myxococcus xanthus DK 

1622 
Proteobacteria 

DifL Difficidin O CAG23983.1 1755-1959 Bacillus velezensis Firmicutes 

Mgs Migrastatin O ACY01392.1 1646-1923 
Streptomyces platensis 

subsp. rosaceus 
 Actinobacteria 

Sce Etnangien O CAN93352.1 5663-5939 
Sorangium cellulosum So 

ce56 
Proteobacteria 

AtcF Anthracimycin O ALD83688.1 3167-3440 Streptomyces sp. CNH365  Actinobacteria 

SwiF Swinholide A O ATX68127.1 7702-7872 Nostoc sp. UHCC 0450 Cyanobacteria 

LTM Lactimidomycin  O ACY01402.1 1796-2089 
Streptomyces 

amphibiosporus 
 Actinobacteria 

MGT Migrostatin  O ACY01392.1 1646-1923 
Streptomyces platensis 

subsp. rosaceus 
 Actinobacteria 

MCB Macrobrevin  O RAT98517.1 4474-4740 Brevibacillus sp. Leaf182 Firmicutes 

PelD Peluroside A  O DAC82022.1 4412-4691 Unknown bacteria   
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CHAPTER 2 : Chemoenzymatic synthesis of depsipeptides using NRPS TEs 
 

 

 

2.1 Preface 

The work presented in this chapter is a combination of two related published studies, “Total and 

Chemoenzymatic Synthesis of Seongsanamide E” Org. Lett. 2022, 24 (35), 6369-6373 and “Total and 

Chemoenzymatic Synthesis of the Lipodepsipeptide Rhizomide A” Bioorganic Med. Chem. Lett. 2023, 96, 

#129506. Both are reprinted with permission, see Appendix I.  
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2.2 Introduction 

Non-ribosomal peptides represent a rich and important source of macrocyclic natural products 

with potent and useful biological activities. For example, tyrocidine (Tyc) and gramicidin (Grs) are both 

used to treat superficial skin and throat infections caused by pathogenic bacteriums belonging to the 

staphylococci and enterococci genuses.1 Over the past three decades, macrocyclic lipodepsipeptides 

(mLPD), N-acylated peptides known to contain one or more ester linkages in addition to the amide 

linkages,2,3 have gained traction. Of the many known mLPD, two caught our interest and initiated the 

research presented in this chapter. We envision that characterizing the TE domains responsible for their 

macrolactonization would provide insight into the TE biochemistry and depsipeptide biosynthesis as well 

as generating a concise total synthesis of these natural products while highlighting the power of these 

enzymes as biocatalysts. 

The seongsanamides (Sgds) are a family of mLPD with 6 members, A-F, isolated from the marine 

sponge associated bacterium Bacillus safensis KCTC 12796BP.4 Sgds A-E are N-acylated octapeptides with 

an L-Leu-D-Ala-D-Tyr-L-Thr-D-Leu-L-Leu-L-Ile-L-Tyr sequence and a macrolactone linkage between the 

terminal carboxylate of L-Tyr8 and the sidechain hydroxyl of L-Thr4. Sgds A-D show a dose-dependent 

response for inhibition of β-hexosaminidase while Sgd A displays antiallergenic activities in a mouse 

model.5 Sequencing of the B. safensis genome identified an NRPS gene cluster4,6 that encoded two NRPS 

genes possessing adenylation (A) domain selectivity7–10 consistent with these amino acids and 

epimerization (E) domains appropriately placed to generate the three D-configured residues (Figure 

S2.20). Based on this putative gene cluster, it is proposed that Sgd E is generated first with the 

condensation of an acyl-CoA (or other CoA derivatives) onto the first residue L-Leu bound to a thiolation 

(T) domain by a starter condensation (CS) domain.4 After generation of a linear lipooctapeptide, it is 

released concomitant with macrolactonisation4 by the C-terminal TE domain forming Sgd E (Figure 2.1A 
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and S2.20).11 Ultimately Sgd E is proposed to be further cyclized by a P450 (SgdC),12 forming a biaryl ether 

linkage between D-Tyr3 and L-Tyr8 via oxidative phenol-coupling, generating Sgd B (Figure S2.20).  

Figure 2.1. TE-mediated release of Sgd E and Rzm A. Release of Sgd E (A) and Rzm A (B) from their respective NRPS 

complexes via TE-mediated macrolactonization. 

The rhizomides (Rzms) are a family of mLPD encoded in the genome of the β-proteobacterium 

Paraburkholderia rhizoxinica str. HKI 454.13,14 The strain-specific megaplasmid pBRH01 contains the NRPS 

gene cluster responsible for the biosynthesis of the Rzms;13–15 however, under typical cultivation 

conditions this gene cluster is silent.13 Installing the constitutive apr promoter along with the apramycin 

resistance gene directly upstream of the gene cluster in the native host provided a 70-fold increase in Rzm 

A production, enabling its isolation and structure determination.13 The Rzms show weak anticancer, 

antifungal, and antibacterial activity, suggesting they may have a highly strain specific growth inhibitory 

activity or play a role in intra- or inter-species communication similar to other cyclic depsipeptides.16 The 

Rzms are biosynthesized by a single NRPS complex (RzmA) that contains 7 modules. It begins with a CS 
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domain responsible for the condensation of acetyl-CoA to a T domain bound L-Leu, yielding the peptidyl-

enzyme intermediate N-acetyl-L-Leu-T.17–19 Chain extension then proceeds with the incorporation of L-Thr, 

D-Tyr, D-Ala, L-Ala, D-Ala and L-Val giving the linear Rzm A precursor (Figure S2.21). Based on the structures 

of Rzms A-C, the A domains of modules 5 and 6 are likely promiscuous and can activate the non-native 

substrates L-Ser, to yield the minor products Rzms B and C (Figure S2.21).13 The linear peptide chain is 

then passed to a terminal TE domain,11 which is believed to be responsible for the cyclization and release 

of Rzms A-C through macrolactonization of the L-Thr2 side-chain alcohol with the backbone carboxylate of 

L-Val7 (Figure 2.1B and S2.21). 

With the diverse and potent biological activities displayed by depsipeptides and mLPD, synthesis 

of these molecules is of great interest but also challenging.20–22 While synthesis of the linear peptidyl chain 

is typically straight forward, macrolactonization has been a longstanding synthetic challenge. Effective 

macrolactonization reactions, such as the Corey-Nicolaou and Yamaguchi esterifications routinely struggle 

to generate cyclic depsipeptides5,23,24 or lead to epimerization of the C-terminal α-carbon, generating 

diastereomeric products.25–27 To address this problem, alternative sites of ring closure via 

macrolactamization can be used; however, this requires more elaborate branched precursor synthesis.28–

30 The TEs responsible for macrolactonizing natural products during their biosynthesis circumvent these 

synthetic challenges. Harnessing TEs as biocatalysts for the chemoenzymatic synthesis of natural products 

and new to nature compounds has been successfully done,30–33 highlighting the power of these enzymes 

as macrocyclization biocatalysts.  

To further expand the current repertoire of TE macrocyclization biocatalysts and complete the 

total chemoenzymatic syntheses of Sgd E and Rzm A, the TE domains for both Sgd (Sgd-TE) and Rzm (Rzm-

TE) are characterized as standalone enzymes in vitro. Access to an appropriate substrate, authentic 

standard of the natural products and recombinantly purified TE domains are required.34 Using a 
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combination of solid phase peptide synthesis (SPPS) and solution phase chemistry, we were able to 

synthesize the linear N-acetylcysteamine (SNAC) activated substrates 2.1 (Sgd) and 2.9 (Rzm), as well as 

authentic natural product standards Sgd E 2.3 and Rzm A 2.11. Both Sgd and Rzm TEs were recombinantly 

expressed and purified. In vitro assays with the SNAC substrates were performed and analyzed by LCMS 

for unambiguous detection of products. We show that both TEs are active as macrocyclization catalysts 

for their respective substrates with little competing hydrolysis reactivity, demonstrating the 

macrolactonizing power of these enzymes and experimentally confirming the gene cluster identified by 

Kim et al.4 as responsible for the biosynthesis of Sgds. We also show Sgd-TE is able to catalyze ring opening 

of Sgd E 2.3 forming seco acid 2.2, a rare activity only seen for the epothilone (Epo) and surfactin (Srf) 

TEs.35,36  
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2.3 Results and discussion 

Synthesis of Sgd and Rzm substrates and macrocyclic authentic standards 

C-terminal thioester peptides like 2.1 and 2.9 are synthetically challenging.37 While linear peptides 

with C-terminal carboxylates or carboxamides can be routinely synthesized with automated Fmoc solid 

phase peptide synthesis (SPPS), C-terminal thioesters typically require specialized strategies38–40 or 

synthetic modifications.41,42 In our hands, the most effective approach for accessing the peptidyl-SNAC 

thioesters 2.1 and 2.9 (Scheme 2.1A and 2.1B), is to install the thioester using solution phase chemistry 

on a protected linear free acid peptide.31,32 Thus, we generated the on resin linear protected peptides 

from hyper-sensitive 2-Cl-Trt Chloride resin43 loaded with either C-terminal Fmoc-L-Tyr(OtBu)-OH 2.4, for 

Sgd, and C-terminal Fmoc-L-Val-OH 2.12, for Rzm. Both were subjected to SPPS under HBTU/DIEA 

conditions, subsequent N-terminal Fmoc-deprotection, and acetylation to generate full length protected 

Sgd and Rzm peptides. Cleavage from the resin under mild acidic conditions30 yielded free acids 2.5, for 

Sgd, and 2.13, for Rzm, which were activated as the SNAC thioesters. The sidechain tBu protecting groups 

of 2.5 were removed with TFA and the substrate for Sgd, 2.1, was purified to >95 % purity using RP-HPLC 

(65% yield from 2.5, Figure S2.2). Similarly, 2.13 deprotection with TFA and RP-HPLC purification afforded 

the Rzm substrate, 2.9, to >95 % purity (5% yield from 2.13, Figure S2.10). 
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Scheme 2.1. SPPS of linear SNAC substrates Sgd 2.1 (A) and Rzm 2.9 (B). 

 

Synthesis of authentic Sgd E 2.3 was not possible via a macrolactonization strategy. All attempts 

to generate macrocycle from linear free acid with unmasked L-Thr β-hydroxyl group failed.44 We thus 

turned our attention to the common alternative approach of macrolactamization45–47 via the amide bond 

of L-Ile7 and L-Tyr8 (Scheme 2.2A). Wang resin was loaded with Fmoc-L-Ile-OH 2.6 and underwent SPPS 

with DIC/Oxyma Pure conditions to extend the linear peptide sequence, incorporating Fmoc-L-Thr-OH 2.7 

with an unprotected β-alcohol. The on-resin peptide ester 2.8 was formed through standard esterification 

conditions with Boc-L-Tyr(OtBu)-OH, followed by N-terminal deprotection and acetylation to complete the 

linear sequence. The peptide was fully deprotected and cleaved from the resin using TFA to afford the 

linear peptide ester. Macrolactamization under dilute HATU/HOAt coupling conditions successfully 

generated 2.3.5,21 Upon LCMS analysis, two peaks with the same mass were observed eluting close 
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together. The isomers were separated by RP-HPLC and 1H-NMR confirmed the first eluting isomer was the 

natural product Sgd E, 2.3 (Figure S2.4 and S2.5). Coupling conditions known to reduce epimerization at 

the Ile α-carbon were screened, though no difference in product distribution was observed.21 Regardless 

authentic 2.3 could be isolated in >95% purity by RP-HPLC (32% yield from seco acid, Figure S2.4) and was 

indistinguishable from the isolated material (Figure S2.6). 

In a similar fashion, authentic Rzm A 2.11 was synthesized via macrolactamization between the L-

Val7 and D-Ala6 amide bond (Scheme 2.2B). Branched peptide 2.15 was synthesized using SPPS on Wang 

resin, incorporating unprotected sidechain Fmoc-L-Thr-OH. On-resin esterification of L-Thr with Boc-L-Val-

OH under standard DIC/DMAP conditions afforded the ester in quantitative conversion based on LCMS 

analysis of microcleavages. Subsequent N-terminus Fmoc deprotection and acetylation afforded peptide 

2.16, which was then cleaved off resin and fully deprotected. The crude peptide ester underwent 

macrolactamization under high dilution with HATU/HOAt coupling conditions to afford 2.11 following RP-

HPLC purification to >95% purity (30% yield from 2.16). Comparison of the NMR spectra recorded for our 

synthetic material with the NMR spectra reported for the isolated material confirmed that our product 

was indistinguishable from Rzm A (Figure S2.16 and Table S2.3), providing a total synthesis of Rzm A and 

unambiguous confirmation of its chemical structure. 
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Scheme 2.2. SPPS of macrocyclic authentic standards Sgd E 2.3 (A) and Rzm A 2.11 (B). 
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Sgd- and Rzm-TE are active macrolactonization specific catalysts 

To biochemically characterize the Sgd- and Rzm-TE, both were expressed and purified as stand-

alone proteins. For both, codon optimized synthetic gene constructs encoding their respective C-terminal 

TE domains were cloned into a pET-28a(+) expression vector under the control of an inducible T7 

promoter and fused to an N-terminal hexa-His (6xHis) tag. TEs were overexpressed in Escherichia coli 

BL21(DE3) and purified by metal affinity chromatography to high purity (> 95% for both, Figure S2.17). To 

assay for macrocyclization activity, Sgd-TE (5 μM) was incubated with 2.1 (1 mM) whilst Rzm-TE (25 μM) 

was incubated with 2.9 (1 mM) in 50 mM of potassium phosphate buffer (pH 7.4) at room temperature. 

Aliquots were taken at varying time points and analyzed by LCMS to evaluate product formation (Figure 

2.6). Both Sgd- and Rzm-TE were shown to be catalytically active, as formation of macrocycles Sgd E 2.3 

and Rzm A 2.9 were readily detected. Compared to the substrate only and boiled enzyme controls, no 

formation of 2.3 and 2.9 were detected within 24 hours of incubation (Figure S2.23 and S2.35). 2.3 was 

readily detected at the 30-minute time point (Figure 2.2A and S2.24), with significant production observed 

after 20 hours of incubation with Sgd-TE (Figure 2.2C and S2.29). Furthermore, the macrocyclizing tolerant 

DEBS-TE48–54 was unable to macrocyclize 2.1 (Figure S2.29). Rzm-TE could convert 4.7% of 2.9 to 2.11 after 

3 hours of incubation (Figure 2.3A and S2.36) and by 24 hours, 15% to 2.11 (Figure 2.3B and S2.37). These 

data are consistent with a TE-dependent rate enhancement in macrocyclization, albeit a modest 

enhancement for the Rzm-TE compared to other NRPS TEs such as for Tyc and Sgd.30,55 Because the SNAC 

analogue of the Sgd E precursor 2.1 was only converted into the natural product Sgd E 2.3 by Sgd-TE, it 

experimentally confirms that the gene cluster identified through bioinformatic analysis by Kim et al.4 is 

responsible for the biosynthesis of the Sgd family of natural products. In addition, the successful use of 

these TEs completes two total chemoenzymatic syntheses for Sgd E and Rzm A.  
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Figure 2.2. LCMS chromatograms for Sgd-TE assays. Sgd-TE (5 µM) assays with 1 mM of substrate 2.1 after 0.5 (A), 

3 (B), and 20 (C) hours of incubation. (D) Sgd-TE 3-hour assay co-injected with authentic 2.3. All assays were 

performed in 50 mM of potassium phosphate buffer (pH 7.4) at room temperature. Traces are an ion extractions for 

[M + H]+ ions with m/z = 994 (2.3), 1012 (2.2) and 1113 (2.1). 
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Figure 2.3. LCMS chromatograms for Rzm-TE assays. Rzm-TE assays with 1mM of substrate 2.9 after 3 (A) and 24 

(B) hours of incubation. All assays were performed in 50 mM of potassium phosphate buffer (pH 7.4) at room 

temperature. Traces are ion extractions for [M + H]+ ions with m/z = 994 (2.11) and 852 (2.9). 

Kinetic characterization of the Sgd-TE was also performed. Sgd-TE (5 µM) was incubated for 1 hour 

at 25 °C with varying concentrations of substrate 2.1 (0-750 µM) in 50 mM of potassium phosphate buffer 

(pH 7.4). Ellman’s reagent (DTNB), which tracks the release of free thiol during substrate loading onto the 

catalytic Ser, was included in each incubation to enable spectrophotometric and continuous quantification 

of Sgd-TE loading kinetics at 412 nm.34,53,54,56 Initial velocities were all linear over the time course of the 

incubations and less than 10% of 2.1 was consumed. Fitting these data to the Michaelis-Menten model 

showed Sgd-TE to be able to turn over 2.1 in the presence of DTNB with a kcat = (4 ± 0.5) × 10-3 s-1 and a 

KM = 326 ± 100 µM (kcat/KM = 13 ± 4 M-1s-1, Figure 2.4). These parameters are similar, albeit slightly lower, 

to those obtained from other previously characterized macrolactonizing NRPS TEs, where second order 

rate constants (kcat/KM) are typically 17-83 M-1s-1.30,32,36,57–60 In addition, in comparison to the 

macrolactamizing NRPS TEs Tyc and Grs, the specificity constant is ~70×103-fold and ~4.7-fold lower 

respectively.61–63 Numerous factors can affect TE rates such as the need for a PCP-TE fusion to stabilize TE 
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fold or the TE needs to be in their native multienzyme complexes for activity as seen in the enterobactin 

TE.64 

Figure 2.4. Michaelis-Menten kinetics of Sgd-TE. Sgd-TE (5 µM) was incubated with varying concentrations of 

substrate 2.1 (0-750 µM) and initial velocities measured for 1 hour at 25 °C in a microplate reader at 412 nm in 

triplicate (mean ± s.d., n = 3 technical replicates). Initial velocities were plotted against substrate concentration and 

data fitted a modified Michaelis-Menten model that considers the rate of Sgd-TE background adduct formation with 

DTNB (dashed curve, see Equation [2.1]). Parameters of the fit are displayed in the table.  

Kinetic characterization of the Rzm-TE with substrate 2.9 was also attempted using similar 

conditions for the Sgd-TE kinetics. Unfortunately, addition of DTNB into reaction mixtures led to rapid and 

irreversible RzmA-TE inactivation. As DTNB reacts with free thiols and RzmA-TE has four solvent accessible 

Cys residues (Figure S2.18 and S2.19A), we hypothesize that the DTNB forms adducts with one or more 

of these residues and inactivates the TE. As such, kinetic characterization could not be performed; 

however, qualitative assessment of the extent of product formation in the product distribution assays 

point towards RzmA-TE being kinetically slow compared to other characterized macrolactonizing NRPS 

TEs (typical kcat/KM = 17-83 M-1s-1).30,36,57 This is not uncommon, as the calcium dependent antibiotic (CDA) 

and the cereulide (Ces) forming TEs are both substantially slower, with kcat/KM ~1.6 M-1s-1 and ~0.3 M-1s-1, 

respectively.32,65  
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Sgd-TE can effect ring-opening of authentic 2.3 

Further examination of Sgd-TE assays revealed the formation of the seco acid 2.2 could be 

detected above background after 1.5 hours of incubation (Figure S2.25), but not in the control incubations 

(Figure 2.5A and S2.30). After 20 hours of incubation, significantly more seco acid 2.2 was detected (Figure 

2.2C and S2.27). Since both 2.3 and 2.2 are generated from the same peptidyl-TE intermediate, the 

relative product ratios for macrocyclization and seco acid should not change over the course of the 

reaction. The observation that seco acid increases with prolonged incubation (Table S2.4) thus suggested 

additional reactivity was occurring. As the Epo- and Srf-TE have been shown to effect ring opening of 

epothilone C (Epo C)35 and surfactin (Srf),36 we hypothesized that Sgd-TE could be affecting ring opening 

of 2.3, ultimately leading to additional seco acid 2.2. To test this 0.5 mM of 2.3 was incubated with Sgd-

TE (5 µM) in 50 mM of potassium phosphate buffer (pH 7.4) at room temperature. LCMS analysis showed 

formation of 2.2, confirming that Sgd-TE can hydrolyze 2.3 (Figure 2.5B and S2.31-34). Compared to Srf 

and Sgd E, the Epo C ester bond is sterically very accessible and is known to be highly sensitive to 

hydrolysis, a problem that limits its serum half life in clinical settings.66,67 The Sgd E ester is far more 

hindered and thus more stable, which suggests discrete binding of 2.3 by the Sgd-TE consistent with 

enzyme-substrate interactions specifically stabilizing a late transition state for macrocyclization, thus 

binding the product in a conformation that enables attack of the active site Ser on the lactone carbonyl. 

This is supported by the low Michaelis constant (KM = 326 ± 100 µM), which is atypical of macrocyclizing 

PKS TEs and more similar to macrocyclizing NRPS TEs55,62,68,69 which, at least in the case of the Tyc-TE, bind 

its substrate in a product like conformation.55,70,71 This is consistent with our proposed CS model for TE-

mediated macrocyclization. Interestingly, product inhibition of macrocyclization might be anticipated 

from this model; however, our kinetic characterization fits a Michaelis-Menten model without recourse 

to including a product inhibition step. 
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Figure 2.5. Ring opening assays with Sgd-TE and macrocycle 2.3. (A) Sgd-TE (5 µM) assay with 0.5 mM of macrocycle 

2.3 after 0 hours of incubation. Thermally denatured Sgd-TE and macrocycle only controls all showed similar results 

for all time points. (B) After 20 hours of incubation. All assays were performed in 50 mM of potassium phosphate 

buffer (pH 7.4). Traces are ion extractions for [M + H]+ ions with m/z = 994 (2.3) and 1012 (2.2). 

Figure 2.6. TE reactions with SNAC activated substrates. (A) Macrolactonization of SNAC substrate 2.1 catalyzed by 

the Sgd-TE, producing Sgd E 2.3. Kinetic parameters kcat and KM are also reported. Sgd-TE also catalyzes ring opening 

of 2.3 forming the seco acid 2.2. (B) Macrolactonization of SNAC substrate 2.9 catalyzed by the Rzm-TE, producing 

Rzm A 2.11. 
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NRPS TEs as macrolactonization biocatalysts in depsipeptide synthesis 

Macrocyclization is a demanding type of reactivity, due to the large entropic barrier associated 

with end-to-end contact.72,73 In addition, this is made more difficult with alcohol nucleophiles, as these 

require activation to become sufficiently nucleophilic for macrolactonization, particularly in aqueous 

environments where they must outcompete water. Because of this, macrolactonization to generate the 

correct natural products was not possible under non-enzymatic conditions, a problem common in 

depsipeptide total syntheses.5,74–76 Ultimately we relied on macrolactamization to access authentic 2.3 

and 2.11. However, the macrocyclization to produce 2.3 suffered from unwanted isomerization, 

presumably due to epimerization of the activated ester.21 Sgd- and Rzm-TE on the other hand readily 

generated the depsipeptide products through macrolactonization and did not suffer from epimerization 

issues. In addition, the correct macrocycle is formed as the main product, which demonstrates the 

selectivity of these TEs in macrocyclization and thus proving themselves as powerful biocatalysts for 

depsipeptide synthesis. 

Aside from the recently characterized Sgd and Rzm TEs, seven other macrolactonizing TEs have 

been used in chemoenzymatic synthesis of depsipeptides. These TEs are from the teixobactin (Txo),77 

streptogramin (SnbDE),57 Srf,36 lysobactin (LybB),78 CDA,65 valinomycin,31 and Ces32 biosynthetic pathways. 

Like both Sgd- and Rzm-TE, most TEs can accept SNAC substrates, though the LybB-TE required the more 

reactive thiophenol thioester.78 Interestingly some are also able to process ester substrates such as the 

Txo77 and Srf TEs.36 These nine TEs generate 4-,77 5- (Sgd-TE),30 6-,57,79 8-,36 9-,78 10-,65 and 12-residue31,32 

depsipeptide products. While both the SnbDE- and Rzm-TE generate 6-residue macrolactones, only the 

Rzm-TE catalyzes macrocyclization without substantial hydrolysis of the substrate. Despite Sgd-TE 

affecting ring opening of the macrocycle 2.3, it is the only TE to date that is shown to effectively catalyze 
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ring closure of a 5-residue depsipeptide macrolactone. This highlights the benefit of characterizing 

multiple TE homologs for macrolactonization as their inherent reactivity’s differ.  

 
 

2.4 Conclusions 

To conclude, the work presented in this chapter provided two total syntheses for the Sgd E 2.3 

and Rzm A 2.11 natural products and chemoenzymatic total syntheses using the TE domains from their 

cognate gene clusters. First, the total synthesis of both 2.3 and 2.11 were successfully completed through 

a macrolactamization strategy from branched SPPS derived peptides. Consistent with the challenges of 

macrocyclization, the macrolactamization generating 2.3 suffered from unwanted isomerization, 

presumably due to epimerization of the activated ester.21  

Synthesis of thioester substrates 2.1 and 2.9 was also successful with SPPS using hyper-sensitive 

2-Cl-Trt Chloride resin to generate the linear protected peptides that underwent thioesterification off 

resin. While all attempts to chemically macrolactonize Sgd failed, the recombinantly expressed and 

purified Sgd-TE could form 2.3 through macrolactonization. This result confirmed the previously identified 

gene cluster as responsible for the biosynthesis of the Sgds family of NP. In addition, Rzm-TE was also 

successful in generating 2.11 through macrolactonization. This successfully completes two 

chemoenzymatic syntheses without any isomerization issues common in cyclic depsipeptide syntheses, 

highlighting the power of using TEs as macrocyclization biocatalysts. Finally, we also show that Sgd-TE can 

effect ring opening of 2.3 to form the seco acid 2.2, a rare activity only seen for the Epo and Srf TEs,35,36 

and suggests discrete binding of 2.3 with interactions specifically stabilizing a late transition state for 

macrocyclization. This result is well in agreement with our proposed CS model.  
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2.5 Materials and methods 

Synthetic protocols 

All solvents were purchased from Fisher Scientific. All reagents were purchased at the highest 

available purity and used without further purification. EDC, HCl, HATU, DIEA and Boc-L-Tyr(OtBu)-OH were 

purchased from Oakwood Chemical (Estill, SC, USA), all Fmoc protected amino acids and HOBt were 

purchased from GL Biochem (Shanghai, PRC), and all other chemicals were purchased from Sigma-Aldrich 

(Oakville, ON, Canada or Milwaukee, WI, USA). All reactions were carried out using dry solvents under a 

nitrogen atmosphere unless otherwise noted. Automated peptide synthesis was performed at a 0.1 mmol 

scale on a CEM Liberty Blue peptide synthesizer using microwave (MW) irradiation for all steps involving 

heating above ambient. NMR spectroscopy was performed with either a Bruker Avance II operating at 400 

MHz for 1H and 100 MHz for 13C spectra or a Bruker Avance III with a cryoprobe operating at 600 MHz for 

1H and 150 MHz for 13C spectra. LCMS analysis was carried out using a Shimadzu LC20A HPLC coupled with 

a Shimadzu LCMS2020 single quad mass spectrometer with an ESI source. Reverse-phase purification was 

carried out using an Agilent 1260 infinity and a Phenomenex Kinetex 5 µm XB-O18 100Å, 150 x 10.0 mm 

Semi-Preparative column. High-resolution mass spectroscopy (HRMS) was conducted on a Micromass Q-

TOF I (John L. Holmes Mass Spectroscopy Facility, Ottawa, ON, Canada).  

Sgd linear thioester 2.1 

 



 

64 

 

Fmoc-L-Tyr(tBu)-2-TrtCl resin (2.4). 2-Chlorotrityl chloride resin (300 mg, 200-400 mesh, 0.6 mmol/g) in a 

fritted peptide vessel was added DCM (5 mL), allowing the resin to swell at room temperature for 30 

minutes. Fmoc-L-Tyr(tBu)-OH (230 mg, 0.5 mmol, 1 eq.) and DIEA (350 µL, 2 mmol, 4 eq.) were added to 

the solution and the vessel was agitated uncapped for 20 seconds and the vessel was capped and agitated 

for 1.5 hours. The solution was flushed and washed with DCM (10 mL x 4). The resin was added 10 mL 

capping solution, DCM:MeOH:DIEA (17 mL: 2 mL: 1 mL), and agitated for 30 minutes. The solution was 

flushed, washed with DCM (10 mL x 4) and transferred to a round bottom flask to be dried under reduced 

pressure. The loading rate was determined with 2% DBU solution and spectrometric analysis (Sigma-

Aldrich, Fmoc Loading Test) to afford compound 2.4 (350 mg, 0.45 mmol/g). 

 

Protected linear Sgd E. Automated peptide synthesis was performed on a CEM Liberty Blue peptide 

synthesizer at a 0.1 mmol scale. Dried Fmoc-L-Tyr(tBu)-2-TrtCl resin (220 mg) was placed in the reaction 

vessel followed by a 5-minute swell in DMF. Couplings were performed with Fmoc-amino acid (0.2 M in 

DMF), HBTU (0.2 M in DMF) and DIEA (1 M in NMP) at 50 °C for 10 minutes and Fmoc deprotection were 

performed with 20% piperidine solution in DMF at 95 °C for 2 minutes. N-terminal acetylation was done 

with 10% acetic anhydride in DMF at 50 °C for 1 hour. Once complete, the resin was transferred to a fritted 

vessel and flushed with DCM (5 mL x 3) and dried under reduced pressure to afford crude linear peptide 

loaded resin. The substrate was confirmed by LCMS and used without further characterization. 
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Protected linear Sgd E acid (2.5). To protected linear Sgd E peptide loaded resin (100 mg) was added 5 

mL cleavage solution (20% HFIP in DCM) and agitated for 30 minutes. The solution was flushed into a 

round bottom flask and this was repeated twice. The organic solvents were removed under reduced 

pressure to afford a white solid and compound 2.5 (59 mg, 74% yield) was confirmed by LCMS and 1H 

NMR. 1H NMR (400 MHz, CDCl3) δ 8.92 (d, J = 7.6 Hz, 1H), 8.68 (d, J = 7.8 Hz, 1H), 8.59 (d, J = 9.6 Hz, 1H), 

8.19 (d, J = 5.4 Hz, 1H), 7.94 (d, J = 6.2 Hz, 1H), 7.88 (d, J = 8.9 Hz, 1H), 7.05 (dd, J = 9.0, 2.6 Hz, 3H), 6.98 

(d, J = 8.3 Hz, 2H), 6.86 (s, 1H), 6.58 (d, J = 8.4 Hz, 2H), 6.50 (d, J = 10.1 Hz, 1H), 5.72 (t, J = 11.7 Hz, 1H), 

5.06 (t, J = 9.6 Hz, 2H), 4.95 (t, J = 6.6 Hz, 1H), 4.87 (q, J = 6.1 Hz, 1H), 4.54 (q, J = 7.6 Hz, 1H), 4.25 (t, J = 

10.9 Hz, 1H), 4.12 (t, J = 4.9 Hz, 1H), 3.62 (q, J = 5.1 Hz, 1H), 3.18 – 2.91 (m, 3H), 2.52 (t, J = 12.4 Hz, 1H), 

1.73 (d, J = 7.9 Hz, 1H), 1.56 (t, J = 10.3 Hz, 5H), 1.38 (td, J = 12.2, 4.5 Hz, 2H), 1.32 – 1.25 (m, 2H), 1.23 (s, 

9H), 1.20 (s, 9H), 1.15 (s, 9H), 0.84 (ddt, J = 12.2, 6.3, 3.9 Hz, 27H), 0.64 (t, J = 7.3 Hz, 3H), 0.29 (d, J = 6.3 

Hz, 3H).  

 

Sgd E N-acetylcysteamine thioester (2.1). Compound 2.5 (42 mg, 0.0365 mmol, 1 eq.) and HOBt (5.2 mg, 

0.0383 mmol, 1.05 eq.) were dissolved in DCM (0.1 M) and stirred at 0 °C for 10 minutes. EDC·HCl (6 mg, 
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0.0383 mmol, 1.05 eq.) was added to the stirring solution and maintained at 0 °C for 30 minutes. The 

solution was added N-acetylcysteamine (5.2 mg, 0.0438 mmol, 1.2 eq.) and was stirred at room 

temperature overnight. The solution was diluted with DCM (5 mL) and quenched with NaHCO3 (aq.) (5 

mL). The aqueous phase was extracted with DCM (3x 5 mL) and the organic phase was separated, washed 

with brine (5 mL), dried over MgSO4 and removed under reduced pressure. The thioester protected 

peptide was purified by column chromatography (2.5-5% MeOH in DCM, 12 mg, 26%). Rf (5% MeOH in 

DCM) = 0.55. The substrate was confirmed by LCMS and used without further characterization. 

The purified protected thioester peptide was dissolved in 1 mL TFA:H2O (19:1) and the solution 

was stirred at room temperature for 2 hours or until the reaction was judged to be complete by TLC. The 

solution was precipitated out of cold ether and left in the -20 °C freezer overnight. The solution was 

centrifuged and the supernatant was decanted and the residue was further dried by N2 stream. The 

residue was purified by RP-HPLC to afford compound 2.1 (4.5 mg, 42%). 1H NMR (600 MHz, MeOD) δ 7.08 

(d, J = 8.5 Hz, 2H), 7.02 (d, J = 8.5 Hz, 2H), 6.73 – 6.67 (m, 4H), 4.70 (dd, J = 9.2, 5.4 Hz, 1H), 4.47 (ddd, J = 

17.1, 9.3, 5.8 Hz, 2H), 4.39 (dd, J = 9.7, 4.9 Hz, 1H), 4.34 (dd, J = 8.5, 6.6 Hz, 1H), 4.25 (t, J = 7.2 Hz, 3H), 

4.19 (dd, J = 6.5, 4.3 Hz, 1H), 4.01 (d, J = 4.3 Hz, 1H), 3.10 (dd, J = 14.4, 5.5 Hz, 1H), 3.07 – 3.01 (m, 1H), 

3.02 – 2.98 (m, 4H), 2.85 (dd, J = 14.2, 9.2 Hz, 2H), 2.04 (s, 4H), 1.91 (s, 3H), 1.74 – 1.47 (m, 13H), 1.33 – 

1.22 (m, 9H), 1.17 – 1.09 (m, 2H), 1.01 – 0.83 (m, 27H). HRMS (ESI+) exact mass calculated for 

C55H85N9O13SNa 1134.5895, found 1134.5885. 

Sgd E macrocycle 2.3 
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Fmoc-L-Ile-Wang resin (2.6). Wang resin (200 mg, 100-200 mesh, 1.2 mmol/g) in a fritted peptide vessel 

was added DMF (5 mL), allowing the resin to swell at room temperature for 30 minutes. Fmoc-L-Ile-OH 

(848 mg, 2.4 mmol, 10 eq.) and DIC (188 µL, 1.2 mmol, 5 eq.) were dissolved in DCM (5 mL) in a round 

bottom flask and stirred at 0 °C for 20 minutes. The solvents were removed under reduced pressure and 

DMF (0.5 mL) and DMAP (3 mg, 0.024 mmol, 0.1 eq.) were added to the amino acid anhydride mixture 

which was then transferred to the swelled resin. The solution was agitated for 1 hour at room temperate 

then flushed, washed with DCM (10 mL x 2), DMF (10 mL x 2) and DCM (10 mL x 2) and transferred to a 

round bottom flask to be dried under reduced pressure. The loading rate was determined with 2% DBU 

solution and spectrometric analysis (Sigma-Aldrich, Fmoc Loading Test) to afford compound 2.6 (250 mg, 

0.49 mmol/g). 

 

Linear Sgd E precursor. Automated peptide synthesis was performed on a CEM Liberty Blue peptide 

synthesizer at a 0.1 mmol scale. Dried Fmoc-L-Ile-Wang resin (200 mg) was placed in the reaction vessel 

followed by a 5-minute swell in DMF. Couplings were performed with Fmoc-amino acids (0.2 M in DMF), 

DIC (0.2 M in DMF) and Oxyma Pure (1 M in DMF) at 95 °C for 1.5 minutes and Fmoc deprotection were 

performed with 20% piperidine in DMF solution at 95 °C for 2 minutes. The synthesis was paused directly 

following last Fmoc-L-Leu-OH and the resin was transferred to a fritted vessel and flushed with DCM (5 mL 

x 1).  
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Esterification (2.8). Boc-L-Tyr(tBu)-OH (mg, 4.08 mmol, 10 eq.) was dissolved in DCM (5 mL) and cooled 

to 0 °C. DIC (mg, mmol, 10 eq.) was added and the solution was stirred at room temperature for 30 

minutes. Half the DCM was removed under N2 stream and DMF (2.5 mL) was added and the solution was 

added to the resin in the fritted vessel followed by HOBt (mg, mmol, 0.2 eq.) and the vessel was agitated 

at room temperature for 3 hours. The solution was flushed and washed with DCM (5 mL x 3). The substrate 

was confirmed by LCMS and used without further characterization. 

Linear Sgd E (2.7). The resin was transferred to the automated peptide synthesis reaction vessel and 

synthesis was resumed. N-terminal Fmoc deprotection was performed with 20% piperidine in DMF at 95 

°C for 2 minutes and acetylation was done with 10% acetic anhydride at 95 °C for 1 hour. The resin was 

removed from the instrument and placed in a fritted peptide vessel. The substrate was confirmed by LCMS 

and used without further characterization. 

Peptide deprotection and resin cleavage. The peptide bound resin was added 1 mL TFA:H2O (19:1) and 

the solution was stirred at room temperature for 2 hours. The solution was precipitated out of cold ether 

and left in the -20 °C freezer overnight. The solution was centrifuged, and the supernatant was decanted 
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and the residue was further dried by N2 stream. Compound 2.8 (63 mg, 65%) was confirmed by LCMS and 

used without further purification. 

 

Sgd E (2.3). Linear Sgd E ester 2.8 (10.5 mg, 0.010 mmol, 1 eq.) and DIEA (2 µL, 0.011 mmol, 1.1 eq.) were 

dissolved in DMF (1 mL). HATU (4 mg, 0.0105 mmol, 1.05 eq.) and HOAt (7 µL, 1.6 M in DMF) were 

dissolved in DMF (100 µL) and added to the stirring solution dropwise via syringe pump over 4 hours at 

room temperature. The solution was quenched with NH4Cl and extracted with EtOAc (3x 10 mL). The 

combined organic fractions were dried over MgSO4 and removed under reduced pressure. The residue 

was purified by RP-HPLC to afford compound 2.3 (3.1 mg, 32%). 1H NMR (600 MHz, DMSO) δ 9.20 (d, J = 

3.8 Hz, 2H), 8.39 (d, J = 7.1 Hz, 1H), 8.14 (d, J = 8.9 Hz, 1H), 8.09 (d, J = 7.6 Hz, 1H), 8.06 – 8.00 (m, 2H), 

7.95 (d, J = 5.3 Hz, 1H), 7.73 (d, J = 9.3 Hz, 1H), 7.25 (d, J = 7.2 Hz, 1H), 7.03 (d, J = 8.3 Hz, 3H), 6.91 (d, J = 

8.2 Hz, 2H), 6.64 (dd, J = 13.8, 8.3 Hz, 4H), 5.02 (s, 1H), 4.48 – 4.37 (m, 2H), 4.26 (p, J = 7.6 Hz, 3H), 4.19 

(dd, J = 8.7, 2.7 Hz, 1H), 4.01 (d, J = 15.6 Hz, 1H), 3.88 (t, J = 9.5 Hz, 1H), 2.96 (dd, J = 13.8, 4.9 Hz, 1H), 2.89 

– 2.83 (m, 1H), 2.79 (d, J = 7.6 Hz, 2H), 1.75 (s, 4H), 1.64 – 1.51 (m, 2H), 1.50 – 1.43 (m, 1H), 1.41 (t, J = 7.1 

Hz, 4H), 1.37 (s, 0H), 1.23 (s, 6H), 1.14 (d, J = 7.0 Hz, 4H), 1.02 (dd, J = 14.3, 7.2 Hz, 1H), 0.89 (d, J = 6.5 Hz, 

3H), 0.87 (d, J = 6.6 Hz, 2H), 0.86 – 0.83 (m, 3H), 0.83 (d, J = 3.8 Hz, 7H), 0.80 (d, J = 6.8 Hz, 6H). HRMS 

(ESI+) exact mass calculated for C51H76N8O12Na 1015.5301, found 1015.5301. 
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Rzm linear thioester 2.9 

 

Fmoc-L-Val-2-Cl-Trt resin (2.12). 2-Chlorotrityl chloride resin (500 mg, 200-400 mesh, 1.1 mmol/g) in a 

fritted peptide vessel was added DCM (5 mL), allowing the resin to swell at room temperature for 30 

minutes. Fmoc-L-Val-OH (224 mg, 0.66 mmol, 1.2 eq.) and DIPEA (380 μL, 2.2 mmol, 4 eq.) were added to 

the solution and the vessel was agitated uncapped for 20 seconds, then the vessel was capped and 

agitated for 1.3 hours. The solution was flushed and washed with DCM (10 mL × 4). The resin was added 

10 mL capping solution, DCM:MeOH:DIPEA (17:2:1), and agitated for 20 minutes. The solution was 

flushed, washed with DCM × 2, DMF × 2, DCM × 2 and transferred to a round bottom flask to be dried 

under reduced pressure. The loading rate was determined with 2% DBU solution and spectrometric 

analysis (Sigma-Aldrich, Fmoc Loading test) to afford compound 2.12 (580 mg, 0.33 mmol/g). 

 

 

Protected linear Rzm A. Automated peptide synthesis was performed on a CEM Liberty Blue peptide 

synthesizer at a 0.1 mmol scale. Dried Fmoc-L-Val-2-Cl-Trt resin (303 mg) was placed in the reaction vessel 

followed by a 5-minute swell in DMF. Couplings were performed with Fmoc-amino acid (0.2 M in DMF), 

HBTU (0.2 M in DMF) and DIPEA (1 M in DMF) as a single coupling and Fmoc deprotection were performed 

with 5% piperazine solution in NMP:EtOH (90:10). N-terminal acetylation was done with 10% acetic 

anhydride in DMF at 50 °C for 1 hour. Once complete, the resin was transferred to a fritted vessel and 
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flushed with DCM (5 mL × 3) and dried under reduced pressure to afford crude linear peptide loaded resin. 

The substrate was confirmed by LCMS and used without further characterization. 

 

Protected linear Rzm A acid (2.13). To protected linear Rzm A peptide loaded resin (75 mg) was added 5 

mL of cleavage solution (20% HFIP in DCM) and agitated for 30 minutes. The solution was flushed into a 

round bottom flask and this was repeated twice. The organic solvents were removed under reduced 

pressure and purified by column chromatography (5-10% MeOH in DCM) to afford 2.5 (47 mg, 62%) as a 

white solid. 1H NMR (600 MHz, MeOD) δ 7.28 (d, J = 8.2 Hz, 2H), 6.91 (d, J = 8.5 Hz, 2H), 4.68 – 4.56 (m, 

1H), 4.52 (dd, J = 11.1, 3.7 Hz, 1H), 4.47 (d, J = 7.6 Hz, 1H), 4.38 (d, J = 7.5 Hz, 1H), 4.33 (d, J = 7.1 Hz, 1H), 

4.28 (d, J = 7.2 Hz, 1H), 4.17 (d, J = 5.3 Hz, 1H), 3.93 (qt, J = 6.4, 3.0 Hz, 1H), 3.19 (dd, J = 14.3, 3.7 Hz, 2H), 

2.82 (dd, J = 14.3, 11.1 Hz, 1H), 2.28 – 2.18 (m, 1H), 2.01 (s, 3H), 1.74 – 1.64 (m, 1H), 1.61 (dd, J = 8.0, 6.7 

Hz, 3H), 1.41 – 1.38 (m, 9H), 1.32 (s, 9H), 1.07 (s, 9H). 13C NMR (151 MHz, MeOD) δ 173.95, 173.75, 173.06, 

172.99 – 172.85, 172.21, 154.02, 132.35, 129.65, 123.93, 105.62, 78.13, 74.51, 66.94, 60.91 – 59.77, 59.48 

– 58.36, 56.18 – 54.44, 52.23 – 51.29, 39.92, 36.79 – 36.13, 30.51, 27.86, 27.20, 24.55, 22.26, 21.15, 20.37, 

18.96, 17.13, 16.73, 15.53  
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Linear Rzm A N-acetylcysteamine thioester (2.9). Compound 2.13 (20 mg, 0.0231 mmol, 1 eq.) and HOBt 

(3.29 mg, 0.0243 mmol, 1.05 eq.) were dissolved in DCM (0.1 M) and stirred at 0 °C for 10 mins. EDC·HCl 

(4.67 mg, 0.0243 mmol, 1.05 eq.) was added to the stirring solution and maintained at 0 °C for 30 mins. 

The solution was added N-acetylcysteamine (3.30 mg, 0.0277 mmol, 1.2 eq.) and was stirred at room 

temperature overnight. The solution was diluted with DCM (5 mL) and quenched with NaHCO3 (aq.) (5 mL). 

The aqueous phase was extracted with DCM (3 × 5 mL) and the organic phase was separated, washed with 

brine (5 mL), dried over MgSO4 and removed under reduced pressure to afford crude protected thioester 

peptide. The crude protected thioester peptide was dissolved in 0.5 mL TFA:H2O (19:1) and the solution 

was stirred at room temperature for 2 hours or until the reaction was judged to be complete by TLC. The 

residue was further dried by N2 stream before it was purified by RP-HPLC to afford compound 2.9 (1 mg, 

5% from 2.13). 1H NMR (600 MHz, DMSO) δ 8.23 (d, J = 8.6 Hz, 1H), 8.11 – 8.06 (m, 3H), 8.03 (d, J = 6.9 Hz, 

2H), 7.98 (d, J = 8.1 Hz, 1H), 7.87 (d, J = 7.3 Hz, 2H), 7.02 (d, J = 8.0 Hz, 2H), 4.38 – 4.33 (m, 3Hα), 4.30 – 

4.21 (m, 3Hα), 4.03 (d, J = 7.3 Hz, 1Hα), 3.90 (s, 1Hβ), 3.16 – 3.10 (m, S-CH2), 2.98 (d, J = 13.3 Hz, 1Hβ), 

2.88 (t, J = 7.0 Hz, S-C-CH2), 2.68 – 2.61 (m, 1Hβ), 2.17 – 2.11 (m, 1H), 1.84 (s, 4H), 1.77 (s, 3H), 1.62 – 1.57 

(m, 1H), 1.44 (t, J = 7.4 Hz, 3H), 1.23 (t, J = 6.0 Hz, 7H), 1.20 (d, J = 7.1 Hz, 3H), 0.90 (d, J = 6.6 Hz, 4H), 0.85 

(q, J = 6.4 Hz, 14H). HRMS (ESI+) exact mass calculated for C39H62N8O11S 873.4131, found 873.4156. 

Rzm A macrocycle 2.11 
 

 

 
 

Fmoc-D-Ala-Wang resin (2.14). Wang resin (500 mg, 100-200 mesh, 0.83 mmol/g) in a fritted peptide 

vessel was added DMF (5 mL), allowing the resin to swell at room temperature for 30 minutes. Fmoc-D-

Ala-OH (1.29 g, 4.15 mmol, 10 eq.) and DIC (325 µL, 2.075 mmol, 5 eq.) were dissolved in DCM (12 mL) in 
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a round bottom flask and stirred at 0 °C for 20 minutes. The solvents were removed under reduced 

pressure and DMF (1 mL) and DMAP (5 mg, 0.0415 mmol, 0.1 eq.) were added to the amino acid anhydride 

mixture which was then transferred to the swelled resin. The solution was agitated for 1 hour at room 

temperature then flushed, washed with DCM (10 mL × 2), DMF (10 mL × 2) and transferred to a round 

bottom flask to be dried under reduced pressure. The loading rate was determined with 2% DBU solution 

and spectrometric analysis (Sigma-Aldrich, Fmoc-Loading Test) to afford compound 2.14 (625 mg, 0.42 

mmom/g). 

 

Linear Rzm A precursor (2.15). Automated peptide synthesis was performed on a CEM Liberty Blue 

peptide synthesizer at a 0.1 mmol scale. Dried Fmoc-D-Ala-Wang resin (238 mg) was placed in the reaction 

vessel followed by a 5-minute swell in DMF. Couplings were performed with Fmoc-amino acids (0.2 M in 

DMF), DIC (0.2 M in DMF) and Oxyma Pure (1 M in DMF) at 95 °C for 1.5 minutes and Fmoc deprotection 

were performed with 5% piperazine solution in NMP:EtOH (90:10) solution at 95 °C for 2 minutes. The 

synthesis was paused directly following the last Fmoc-L-Leu-OH, the resin was transferred to a fritted 

vessel and flushed with DCM (5 × 1 mL). 
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Esterification. Boc-L-Val-OH (108 mg, 0.5 mol, 10 eq.) was dissolved in DCM (6 mL) and cooled to 0 °C. To 

this solution, DIC (50 µL, 0.5 mmol, 10 eq.) was added and the solution was stirred at room temperature 

for 30 minutes. Half the DCM was removed under N2 stream and DMF (3 mL) was added and the solution 

was added to the resin in the fritted vessel followed by DMAP (1.2 mg, 0.01 mmol, 0.2 eq.) and the vessel 

was agitated at room temperature for 24 hours. The solution was flushed and washed with DCM (6 mL × 

3). The substrate was confirmed by LCMS and used without further characterization. 

Linear Rzm A (2.16). The resin was transferred to the automated peptide synthesis reaction vessel 

and synthesis was resumed. N-terminal Fmoc deprotection was performed with 5% piperazine solution in 

NMP:EtOH (9:1) at 95 °C for 2 minutes and acetylation was done with 10% acetic anhydride at 95 °C for 1 

hour. The resin was removed from the instrument and placed in a fritted peptide vessel. The substrate 

was confirmed by LCMS and used without further characterization. 

Peptide deprotection and resin cleavage. The peptide bound resin was added 1 mL TFA:H2O (19:1) and 

the solution was stirred at room temperature for 2 hours. The solution was precipitated out of cold ether 

and left in the -20 °C freezer overnight. The solution was centrifuged, the supernatant decanted and the 

residue was further dried by N2 stream. The substrate was confirmed by LCMS and used without further 

characterization. 
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Rzm A (2.11). Branched Rzm A ester 2.16 (20.8 mg, 0.0223 mmol, 1 eq.) and DIEA (4.3 μL, 0.0246 mmol, 

1.1 eq.) were dissolved in DMF (2.23 mL). HATU (8.9 mg, 0.023 mmol, 1.05 eq.) and HOAt (38 μL, 0.6 M in 

DMF) were dissolved in DMF (230 μL) and added to the stirring solution dropwise via syringe pump over 

22 hours at room temperature. The solution was quenched with NH4Cl and extracted with EtOAc (3 × 20 

mL). The combined organic fractions were dried over MgSO4 and removed under reduced pressure. The 

residue was purified by RP-HPLC to afford compound 2.11 (4.9 mg, 30%). 1H NMR (600 MHz, DMSO) δ 

8.66 (d, J = 7.2 Hz, 1H), 8.38 (d, J = 8.1 Hz, 1H), 8.21 (d, J = 5.1 Hz, 1H), 8.09 (d, J = 7.7 Hz, 1H), 7.80 (d, J = 

8.9 Hz, 1H), 7.40 (d, J = 9.1 Hz, 1H), 7.33 (d, J = 7.8 Hz, 1H), 7.08 (d, J = 6.8 Hz, 2H), 6.67 (d, J = 6.6 Hz, 2H), 

5.24 (qd, J = 6.5, 2.4 Hz, 1H), 4.53 (d, J = 2.2 Hz, 1H), 4.50 (dd, J = 9.0, 2.4 Hz, 1H), 4.43 (td, J = 8.1, 4.8 Hz, 

1H), 4.33 (p, J = 7.2 Hz, 1H), 4.27 – 4.22 (m, 1H), 4.22 – 4.19 (m, 1H), 4.07 (dd, J = 7.0, 5.2 Hz, 1H), 3.03 (dd, 

J = 14.3, 4.7 Hz, 1H), 2.87 (dd, J = 14.3, 8.9 Hz, 1H), 1.91 (s, 3H), 1.90 – 1.86 (m, 1H), 1.71 – 1.62 (m, 1H), 

1.58 (ddd, J = 13.7, 10.5, 4.7 Hz, 1H), 1.46 (ddd, J = 13.9, 9.3, 4.7 Hz, 1H), 1.33 (d, J = 6.9 Hz, 3H), 1.27 (dd, 

J = 11.6, 7.2 Hz, 6H), 1.06 (d, J = 6.5 Hz, 3H), 0.94 (d, J = 6.6 Hz, 3H), 0.88 (d, J = 6.5 Hz, 3H), 0.83 (d, J = 6.7 

Hz, 3H), 0.77 (d, J = 6.7 Hz, 3H). 13C NMR (151 MHz, DMSO) δ 173.22, 173.08, 172.33, 172.15, 171.38, 

170.53, 169.94, 168.62, 158.86, 158.62, 156.43, 130.52, 127.57, 115.51, 58.00, 55.66, 55.04, 51.40, 49.97, 

49.54, 49.13, 36.54, 36.52, 30.78, 24.51, 23.62, 22.85, 21.70, 19.40, 19.36, 18.40, 18.05, 17.61, 16.75, 

15.95. HRMS (ESI+) exact mass calculated for C35H53N7O10 754.3750, found 754.3752. 

Cloning, expression and purification 

Cloning and expression. Two synthetic gene constructs were designed: one using the seongsanamide 

(Sgd) TE coding sequence from Bacillus safensis genome4 (CP018197.1 range 2,619,962 - 2,620,768) and 

codon optimized for E.coli (GeneArt, ThermoFisher). A second was designed using the rhizomide 

thioesterase (Rzm-TE) peptide sequence (WP_013428324, range 7387-end), reverse translated into its 

coding DNA sequence using EMBOSS Backtranseq webserver and codon optimized for E. coli (GeneArt, 



 

76 

 

ThermoFisher). Constructs were cloned into NdeI and EcoRI linearized pET-28a(+) expression vector, 

generating pJBH19 and pJBH55 for Sgd- and Rzm-TE respectively. Resulting constructs were confirmed by 

Sanger sequencing (Génome Québec). Expression vectors were transformed into E. coli BL21(DE3) 

chemically competent cells for protein expression. A flask containing 400 mL for Sgd-TE and 100 mL for 

Rzm-TE of LB media supplemented with 50 μg/mL of kanamycin were inoculated with 0.5 % v/v of dense 

transformed overnight cultures. Cultures were grown at 37 °C with 200 rpm shaking to an OD600 of 0.6-

0.8. Protein expression was then induced with the addition of isopropyl-β-D-thiogalactopyranoside (IPTG) 

to a final concentration of 1 mM. Cultures were then incubated at 16 °C with 200 rpm shaking for 18 hours. 

DEBS-TE was expressed from the pRSG33 construct as previously described.53,54 

 
Protein purification. Entire procedure was performed at 4 °C and all plasticware used were pre-chilled. 

For Sgd-TE, cells were harvested by centrifugation at 4,000 g and resuspended in 10 mL of lysis buffer (100 

mM sodium phosphate, 300 mM NaCl, 10% w/v glycerol, 1 mg/mL lysozyme, 1 μg/mL of pepstatin A and 

1 μg/mL leupeptin, pH 8.0). Cells were lysed by sonication on ice and cell debris removed by centrifugation 

at 12,000 g. Resulting lysate was transferred to a 15 mL falcon tube and incubated with 400 μL of Ni-NTA 

resin (#30210, QIAGEN) on a rocking platform shaker for 1.5 hours. Lysate was then loaded into a gravity 

flow column and resin allowed to settle by gravity. Purification buffer (100 mM Tris, 300 mM NaCl, pH 7.4) 

was used at the indicated imidazole concentrations for resin washing and protein elution. Resin was first 

washed once with 0 mM imidazole and once more with 20 mM imidazole. Protein was eluted twice with 

100 mM imidazole and then twice more with 250 mM imidazole. Protein collected during elution was 

concentrated and the buffer exchanged for dialysis buffer (100 mM Tris, 300 mM NaCl, pH 7.4) by 

centrifugation at 4,000 g using an Amicon Ultra-15 10 kDa MWCO tube (#UFC9010, Millipore). An equal 

volume of 60% w/v glycerol was added to protein concentrate, flash frozen in liquid nitrogen then stored 
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at -80 °C. Protein concentration was determined by Bradford assay (#5000006, Bio-Rad). DEBS-TE was 

purified as previously described.53 

For Rzm-TE, cells were harvested by centrifugation at 4,000 g and resuspended in 2.5 mL of lysis 

buffer (50 mM potassium phosphate, 1 mg/mL lysozyme, 1 μg/mL of pepstatin A and 1 μg/mL leupeptin, 

pH 7.4). Cells were lysed by sonication on ice and cell debris removed by centrifugation at 12,000 g for 1 

hour. Resulting lysate was incubated with 250 μL of Ni-NTA resin slurry (#30210, QIAGEN) on a rocking 

platform shaker for 1.5 hours. Lysate was then loaded into a gravity flow column and resin allowed to 

settle by gravity. Purification buffer (50 mM potassium phosphate, pH 7.4) was used at the indicated 

imidazole concentrations for resin washing and protein elution. Resin was first washed once with 0 mM 

imidazole and once more with 20 mM imidazole. Protein was eluted twice with 100 mM imidazole and 

then twice more with 250 mM imidazole. Protein collected during elution was dialyzed in a Slide-A-Lyzer 

10 kDa MWCO dialysis cassette (#66810, ThermoFisher) as per the manufacturer’s recommended 

protocol in 500× sample volume of 50 mM potassium phosphate buffer (pH 7.4). Dialyzed sample was 

collected and used the same day. 

Biochemical assays 

Michaelis-Menten kinetics of Sgd-TE. Continuous enzymatic assays using DTNB (#D8130, Sigma-Aldrich) 

to track release of SNAC free thiol upon substrate loading was performed in a half-area 96-well plate (50 

mM potassium phosphate buffer pH 7.4, 7.5% v/v DMSO, 4% v/v DTNB, 5 μM Sgd-TE) and varying 

concentrations of substrate 2.1 (0 to 750 μM) in triplicate. First, Sgd-TE was dialysed with dialysis buffer 

(5 spins, 14,000 g, 15 minutes, 4 °C) to remove glycerol using Amicon Ultra-0.5 10 kDa MWCO tubes 

(#UFC5010, Millipore). A 2X substrate master mix (containing potassium phosphate buffer, DMSO and 

substrate) and Sgd-TE master mix (containing potassium phosphate buffer, DTNB and Sgd-TE) were 

prepared separately and arrayed into a half-area 96-well plate. Sgd-TE master mix was mixed into each 
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substrate master mix well and absorbance measurements were taken every 15 seconds for 1 hour at 412 

nm and 25 °C in a microplate reader. An SNAC thiolate standard curve (0 to 100 μM) was generated to 

convert absorbance readings into concentrations (μM). Initial velocities were plotted against substrate 

concentration and the data fitted to a modified Michaelis-Menten model that considers the rate of Sgd-

TE background adduct formation by DTNB (vbck, see Equation [2.1]) using GraphPad Prism 8. 

v0 = (
Vmax ∙ [S]

KM + [S]
)  + vbck Equation [2.1] 

Product distribution and macrocycle ring opening assays for Sgd-TE. Sgd-TE was dialysed with dialysis 

buffer (5 spins, 14,000 g, 15 minutes, 4 °C) to remove glycerol using Amicon Ultra-0.5 10 kDa MWCO tubes 

(#UFC5010, Millipore). Assays were carried out in eppendorf tubes in a 60 μL final reaction volume (50 

mM potassium phosphate buffer pH 7.4, 7.5% v/v DMSO, 1 mM substrate 2.1, 5 μM Sgd-TE). A substrate 

and negative control were prepared similarly as described above with the addition of water and heat 

denatured Sgd-TE (5 μM) in place of functional Sgd-TE respectively. A set of assays was prepared using 

recombinantly purified DEBS-TE, substrate only and heat denatured TE controls. Macrocycle ring opening 

assays were prepared similarly as described above except with 0.5 mM macrocycle authentic standard 2.3 

in place of substrate. Reactions were left to incubate on the benchtop at room temperature for turnover.  

Aliquots at time points 0, 0.5, 1.5, 3 and 20 hours were taken and quenched in 3 volumes of LCMS 

Optima grade acetonitrile (MeCN) supplemented with 0.05% v/v LCMS Optima grade formic acid (FA). 

DEBS-TE assays were quenched after 20 hours only. Quenched aliquots were left on the benchtop for 15 

minutes, then centrifuged at max speed for 10 minutes at room temperature before analysis by LCMS 

(Shimadzu Prominence UFLC system with SPD-20A Prominence UV/VIS Detector, LCMS-2020 single 

quadrupole MS). Chromatographic separations were done using an Agilent Eclipse Plus C18 (3.5-micron, 

150×4.6 mm) reverse phase column in ESI+ mode with a flow rate of 1 mL/min. The mobile phase was 
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composed of LCMS Optima grade H2O (A) and MeCN (B) both supplemented with 0.05% v/v FA. Samples 

were monitored at 210 and 254 nm with an elution gradient of 10% B to 95% B over 15 minutes. 

Product distribution assays for Rzm-TE. Assays were carried out in triplicate in eppendorf tubes in a 60 

μL final reaction volume (50 mM potassium phosphate buffer pH 7.4, 10% v/v DMSO, 1 mM substrate 2.9, 

25 μM Rzm-TE). A substrate and negative control were prepared similarly as described above with the 

addition of water and heat denatured Rzm-TE (25 μM) in place of functional Rzm-TE respectively. 

Reactions were left to incubate on the benchtop at room temperature for turnover. Aliquots at time points 

0, 3 and 24 hours were taken and quenched in 3 volumes of LCMS Optima grade acetonitrile (MeCN) 

supplemented with 0.05% v/v LCMS Optima grade formic acid (FA). Quenched aliquots were left on the 

benchtop for 15 minutes, then centrifuged at max speed for 10 minutes at room temperature before 

analysis by LCMS on a Shimadzu LC20A HPLC coupled with a Shimadzu LCMS2020 single quad mass 

spectrometer and an ESI source. Chromatographic separations were done using an Agilent Eclipse XDB-

C18 (5-micron, 150 × 4.6 mm) reverse phase column in ESI+ mode with a flow rate of 1 mL/min. The mobile 

phase was composed of LCMS Optima grade H2O (A) and MeCN (B) both supplemented with 0.05% v/v 

FA. Samples were monitored at 210 and 254 nm with an elution gradient of 10% B to 75% B over 10 

minutes before increasing to 95% B over 2 minutes. 
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2.6 Supplementary information  

Compound purity tables 

 

 

 

Table S2.1. Purity and expected/observed m/z of Sgd peptides used. 

Compounds Molecular weight Purity Expected m/z Observed m/z 

SNAC-Sgd E 2.1 1112.40 99 % 1134.5895 1134.5885 

Sgd E hydrolysis 2.2* 1011.23 N/A N/A N/A 

Sgd E 2.3 993.21 99 % 1015.5301 1015.5301 

* 2.2 was not synthesized, detection only on low-res Shimadzu LCMS-2020 single quadrupole. 

 

Table S2.2. Purity and expected/observed m/z of Rzm peptides used. 

Compounds Molecular weight Purity Expected m/z Observed m/z 

SNAC-Rzm A 2.9 851.03 93 % 873.4131 873.4156 

Rzm A hydrolysis 2.10* 749.86 N/A N/A N/A 

Rzm A 2.11 731.85 93 % 754.3750 754.3752 

* 2.10 was not synthesized, detection only on low-res Shimadzu LCMS-2020 single quadrupole. 
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Selected NMR, mass spectra and UV traces  

 

Figure S2.1. 1H NMR spectrum (400 MHz) of compound 2.5 in CDCl3. 
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Figure S2.2. LCMS, UV traces and MS spectra of compound 2.1. UV trace was acquired at 254 nm and LCMS trace is 

an extracted ion chromatogram for [M + H]+ ion with an m/z = 1113. Ion with m/z = 1135 corresponds to [M + Na]+.  
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Figure S2.3. 1H NMR spectrum (600 MHz) of compound 2.1 in MeOD-d4. 
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Figure S2.4. LCMS, UV traces and MS spectra of compound 2.3. UV trace was acquired at 210 nm and LCMS trace is 

an extracted ion chromatogram for [M + H]+ ion with an m/z = 994. Ion with m/z = 1016 corresponds to [M + Na]+. 
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Figure S2.5. 1H NMR spectrum (600 MHz) of compound 2.3 in DMSO-d6. 
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Figure S2.6. 1H-NMR comparison of Sgd E (2.3) with isolated material. 
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Figure S2.7. 1H NMR spectrum (600 MHz) of compound 2.13 in MeOD. 
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Figure S2.8. 13C NMR spectrum (150 MHz) of compound 2.13 in MeOD. 
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Figure S2.9. HSQC NMR spectrum of compound 2.13 in MeOD. 
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Figure S2.10. LCMS and UV traces of compound 2.9. UV trace was acquired at 210 nm and LCMS trace is an extracted 

ion chromatogram for [M + H]+ ion with an m/z = 852. 
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Figure S2.11. 1H NMR spectrum (600 MHz) of compound 2.9 in DMSO-d6. 
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Figure S2.12. LCMS and UV traces of compound 2.11. UV trace was acquired at 210 nm and LCMS trace is an 

extracted ion chromatogram for [M + H]+ ion with an m/z = 733. 
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Figure S2.13. 1H NMR spectrum (600 MHz) of compound 2.11 in DMSO-d6. 
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Figure S2.14. 13C NMR spectrum (150 MHz) of compound 2.11 in DMSO-d6. 
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Figure S2.15. HSQC NMR spectrum of compound 2.11 in DMSO-d6. 
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Figure S2.16. 1H NMR comparison of Rzm A (2.11) with isolated material. 
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Table S2.3. 1H (600 MHz) and 13C NMR (150 MHz) data of Rzm A (2.11) in DMSO-d6. 

 No. δC (th) δC (exp) ΔδC δH (th) δH (exp) ΔδH Mult. (J in Hz) 

HAc 1 
2 

170.0 C 
22.3 CH3 

170.53 C 
22.57 CH3 

0.53 
0.27 

 
1.86 

 
1.90 

 
0.04 

 
s 

Leu 1 
2 

3a 
3b 
4 
5 
6 

NH 

172.7 C 
50.9 CH 
39.5 CH2 

 
24.0 CH 
23.1 CH3 
21.2 CH3 

173.22 C 
49.9 CH 

40.13 CH2 
 

24.53 CH 
23.6 CH3 
21.7 CH3 

0.48 
1.00 
0.63 

 
0.53 
0.50 
0.50 

 
4.48 
1.53 
1.42 
1.61 
0.89 
0.83 
8.33 

 
4.53 
1.57 
1.46 
1.63 
0.94 
0.88 
8.38 

 
0.05 
0.04 
0.04 
0.02 
0.05 
0.05 
0.05 

 
d (2.2) 

m 
m 
m 

d (6.6) 
d (6.5) 
d (8.1) 

Thr 1 
2 
3 
4 

NH 

168.1 C 
55.2 CH 
70.1 CH 
15.4 CH3 

168.6 C 
55.69 CH 
70.63 CH 
15.9 CH3 

 

0.50 
0.49 
0.53 
0.50 

 
4.44 
5.20 
1.00 
7.76 

 
4.50 
5.24 
1.06 
7.80 

 
0.06 
0.04 
0.06 
0.04 

 
dd (2.4, 9.0) 
qd (2.4, 6.5) 

d (6.5) 
d (8.9) 

Tyr 1 
2 

3a 
3b 
4 

5/9 
6/8 

7 
NH 
OH 

170.8 C 
54.6 CH 
36.0 CH2 

 
127.0 C 

130.0 CH 
115.0 CH 
155.9 C 

171.38 C 
55.04 CH 
36.54 CH2 

 
127.57 C 

130.52 CH 
115.56 CH 
156.43 C 

 

0.58 
0.44 
0.54 

 
0.57 
0.52 
0.56 
0.53 

 
4.38 
2.98 
2.83 

 
7.02 
6.63 

 
7.30 
8.26 

 
4.43 
3.02 
2.87 

 
7.06 
6.67 

 
7.33 

 

 
0.05 
0.04 
0.04 

 
0.04 
0.04 

 
0.03 

 

 
td (4.8, 8.1) 

dd (4.7, 14.3) 
dd (8.9, 14.3) 

 
d (6.8) 
d (6.6) 

 
d (7.8) 

 
Ala 1 1 

2 
3 

NH 

172.5 C 
49.0 CH 
17.1 CH3 

173.0 C 
49.54 CH 
17.61 CH3 

0.5 
0.54 
0.51 
 

 
4.02 
1.29 
8.17 

 
4.07 
1.33 
8.21 

 
0.05 
0.04 
0.08 

 
dd (5.2, 7.0) 

d (6.9) 
d (7.7) 

Ala 2 1 
2 
3 

NH 

171.8 C 
48.6 CH 
16.2 CH3 

172.3 C 
49.13 CH 
16.75 CH3 

0.5 
0.53 
0.55 

 

 
4.29 
1.22 
8.60 

 
4.33 
1.27 
8.66 

 
0.04 
0.05 
0.06 

 
p (7.2) 

dd (7.2, 11.6) 
d (7.2) 

Ala 3 1 
2 
3 

NH 

171.6 C 
49.4 CH 
17.5 CH3 

172.15 C 
49.97 CH 
17.61 CH3 

0.55 
0.57 
0.11 

 

 
4.17 
1.23 
7.35 

 
4.24 
1.33 
7.33 

 
0.07 
0.10 
0.02 

 
m 

d (6.9) 
d (7.8) 

Val 1 
2 
3 
4 
5 

NH 

169.4 C 
57.5 CH 
30.3 CH 
18.8 CH3 
17.9 CH3 

169.9 C 
58 CH 

30.78 CH 
19.36 CH3 
18.4 CH3 

 

0.5 
0.5 

0.48 
0.56 
0.5 

 
4.19 
1.85 
0.78 
0.72 
8.05 

 
4.21 
1.87 
0.83 
0.77 

8.09 7.80 

 
0.02 
0.02 
0.05 
0.05 
0.04 

 
m 
m 

d (7.6) 
d (7.6) 

d (5.1) d (8.9) 
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Protein purities, yields, sequences and Rzm-TE predicted structure  

Figure S2.17. SDS-PAGE analysis of purified recombinant Sgd-TE (A) and Rzm-TE (B). Expected molecular weights 

for Sgd- and Rzm-TE are approximately 33 and 32 kDa respectively. In both panels, left lanes correspond to Precision 

Plus Protein Unstained Protein Standards (#1610363, Bio-Rad), right lanes correspond to the purified samples 

(loaded ~33 µg for each). Protein yields are shown in the table to the left. 

>Sgd-TE 

MGSSHHHHHHSSGLVPRGSHMKKKDKTEKNLELIIKLRESDGAPFFFIHPASGNTLCYMELAKLLDNACS

LYGINFPYVEDRSMENIRLEDLSRLYLKKIKEIQPKGPYMLGGWSIGGLFAYEIANQLIEQGEEVSLLSL

IDTAFPRAEYILSKEESIIQVLNSISAHLILDPNKEKEIAEVTFKNLINSPKIRQMLPPGLEVEDIKTLS

NIFHANTKVSAEYKIEKQYRGLIYFEAQEGTRLGNKWSSYLEGDLKNIQVPGKHAEMMDSPSVNIIANKL

KEEILSATYI- 

 

>Rzm-TE  
MGSSHHHHHHSSGLVPRGSHMLARHLVKRDGIQENSFSVLLPLKPTGSRPALFCIHPGFGLSWSYMGLSS

YLHPDQPLYGLQARGLDGTSPLASTLDEMVSDYLEHMRRVQPKGPYCLLGWSFGGNVAHSMAVRLEHQGE

KVALLALLDSTPLVGSNAFAEKENQLDQAMVRDVFAYHYSNELVSAMDEQLLENTEEIAKNNLCIVRDYS

PSQYGGNALLFRATVAEAGCETLVSPDAWNPYVFGGIEVHDVHCSHGEMLKPEPTAIIGSTLACKLDKWE

SQQAQKVNTEELK- 

 

Figure S2.18. Sgd- and Rmz-TE translated protein sequences. Shown in bold is the N-terminal 6xHis-tag used for 

purification. Predicted catalytic triad for both TEs are highlighted in yellow. For the Rzm-TE sequence, all Cys residues 

are highlighted in magenta (6 total), with solvent accessible Cys residues underlined. 
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Figure S2.19. Rzm-TE AlphaFold2 predicted structure. Rzm-TE is predicted to adopt an α/β-hydrolase fold commonly 

adopted by TE domains. Prediction was generated from the AlphaFold2 (v2.3.2) Google Collab webserver using 

standard settings.80 (A) Structure is shown as a purple cartoon with the predicted catalytic triad shown as yellow 

sticks. Only the four solvent accessible Cys residues are shown as magenta sticks. (B) Predicted structure with 

residues coloured according to AlphaFold2’s per-residue confidence metric pLDDT. 
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Sgd and Rzm biosynthetic gene clusters 

Figure S2.20. Biosynthesis of seongsanamides A-E. (A) The BL056_13665 (sgdA), BSL06_13660 (sgdB) and 

BSL056_13655 (sgdC) genes involved in Sgd A-E biosynthesis. The ends of the gene cluster contain ~2 kb regions with 

a low GC content (21%) within a 200 bp sliding window. No resistance, transport and tailoring genes have been 

identified beyond the cluster. (B) Biosynthesis of seongsanamide (Sgd) analogues A-E and proposed formation of 

Sgd A-D biaryl-ether analogues. Sgd E (2.3) has only been observed as a monocyclic macrocycle. Abbreviations; Cs, 

starter condensation domain; C, condensation domain; A, adenylation domain; T, thiolation or peptidyl carrier 

domain; E, epimerization domain; TE, thioesterase domain. 
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Figure S2.21. Biosynthesis of rhizomides A-C. The single reading frame RBRH_RS12370 (rzmA) encodes for the 

singular NRPS complex, RzmA. RzmA contains 7 modules, with A domain selectivity consistent with the biosynthesis 

of Rzm A-C. Dual C/E domains are appropriately positioned (modules 4, 5 and 7) for conversion of loaded L-amino 

acids to their D-amino acid enantiomers. Module 7 encodes a C-terminal TE domain responsible for macrocyclic 

release of rhizomides (Rzm) A-C. No resistance, transport and tailoring genes have been identified beyond the 

cluster. Abbreviations; Cs, starter condensation domain; C, condensation domain; A, adenylation domain; T, 

thiolation or peptidyl carrier domain; C/E, dual epimerization-condensation domain; TE, thioesterase domain. 
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Standard curve for Sgd-TE kinetics 

  

  

  
 

 

 

 

 

 

Figure S2.22. SNAC standard curve. Single absorbance measurements at 412 nm were taken in a half-area 96-well 

plate (mean ± s.d., n = 3 technical replicates). Mixtures containing varying concentrations of N-acetylcysteamine 

thiolate (SNAC, 0 to 100 μM) were prepared in triplicate in 50 mM of phosphate buffer (pH 7.4) and 7.5% v/v DMSO 

with 5 µM Sgd-TE. 4% v/v DTNB reacts with SNAC thiolate forming a yellow coloured TNB anion that can be quantified 

by spectrophotometry.34,53,54,56 Absorbance readings were plotted against SNAC concentration to yield the above 

standard curve.  

Sgd-TE product ratios and Rzm-TE relative conversion  

Table S2.4. Calculated product ratios of Sgd-TE assays. Product ratios were calculated from areas under the curve 

(AUCs) by dividing the respective AUCs as shown below. AUC values were obtained from extracted ion 

chromatograms for [M + H]+ ions with m/z = 994 (2.3), 1012 (2.2) and 1113 (2.1). 

 Substrate 2.1 assays  Ring opening assays 2.3 

Time (hours) 2.2 / 2.1 2.3 / 2.2 2.2 / 2.3 

0 0.16193 N/A N/A 

0.5 0.18765 1.76690 0.02805 

1.5 0.19552 3.07404 0.09162 

3 0.24973 3.43211 0.16143 

20 0.60648 2.45733 1.53637 
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Table S2.5. Relative product conversion of Rzm-TE and substrate 2.11 only assays. Product conversion (%) was 

calculated from areas under the curve (AUCs) by dividing the AUC of 2.11 by the total area. AUC values were obtained 

from extracted ion chromatograms for [M + H]+ ions with m/z = 733 (2.11) and 852 (2.9). 

 
2.11 only control Rzm-TE + 2.11 assays 

Time (hours) 2.11 2.9 Total Conversion (%) 2.11 2.9 Total Conversion (%) 

0  260214 28851767 29111981 0.89 187972 9671989 9859961 1.91 

3  168659 19460353 19629012 0.86 457589 9230897 9688486 4.72 

24  142885 33989916 34132801 0.42 1813820 10073585 11887405 15.26 

 

Sgd-TE assay chromatograms and mass spectra 

 

Figure S2.23. Sgd-TE 0-hour incubation with substrate 2.1. (A) Extracted ion chromatogram for Sgd-TE (5 µM) assay 

after 0 hours of incubation with 1 mM of 2.1 in potassium phosphate buffer (50 mM, pH 7.4). Trace is an ion 

extraction for [M + H]+ ions with m/z = 1012 (2.2) and 1113 (2.1). (B) Mass spectra for substrate 2.1 and hydrolysis 

product 2.2, mass adducts are identified in each spectra. Thermally denatured and substrate only controls all showed 

similar results for all time points. 
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Figure S2.24. Sgd-TE 0.5-hour incubation with substrate 2.1. (A) Extracted ion chromatogram for Sgd-TE (5 µM) 

assay after 0.5 hours of incubation with 1 mM of 2.1 in potassium phosphate buffer (50 mM, pH 7.4). Trace is an ion 

extraction for [M + H]+ ions with m/z = 994 (2.3), 1012 (2.2) and 1113 (2.1). (B) Mass spectra for substrate 2.1, 

hydrolysis product 2.2 and macrocyclic product 2.3, mass adducts are identified in each spectra.  
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Figure S2.25. Sgd-TE 1.5-hour incubation with substrate 2.1. (A) Extracted ion chromatogram for Sgd-TE (5 µM) 

assay after 1.5 hours of incubation with 1 mM of 2.1 in potassium phosphate buffer (50 mM, pH 7.4). Trace is an ion 

extraction for [M + H]+ ions with m/z = 994 (2.3), 1012 (2.2) and 1113 (2.1). (B) Mass spectra for substrate 2.1, 

hydrolysis product 2.2 and macrocyclic product 2.3, mass adducts are identified in each spectra. 
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Figure S2.26. Sgd-TE 3-hour incubation with substrate 2.1. (A) Extracted ion chromatogram for Sgd-TE (5 µM) assay 

after 3 hours of incubation with 1 mM of 2.1 in potassium phosphate buffer (50 mM, pH 7.4). Trace is an ion 

extraction for [M + H]+ ions with m/z = 994 (2.3), 1012 (2.2) and 1113 (2.1). (B) Mass spectra for substrate 2.1, 

hydrolysis product 2.2 and macrocyclic product 2.3, mass adducts are identified in each spectra. 
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Figure S2.27. Sgd-TE 20-hour incubation with substrate 2.1. (A) Extracted ion chromatogram for Sgd-TE (5 µM) assay 

after 20 hours of incubation with 1 mM of 2.1 in potassium phosphate buffer (50 mM, pH 7.4). Trace is an ion 

extraction for [M + H]+ ions with m/z = 994 (2.3), 1012 (2.2) and 1113 (2.1). (B) Mass spectra for substrate 2.1, 

hydrolysis product 2.2 and macrocyclic product 2.3, mass adducts are identified in each spectra. 
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Figure S2.28. Sgd-TE 3-hour assay co-injection with macrocycle 2.3. (A) Extracted ion chromatogram for Sgd-TE (5 

µM) assay after 3 hours of incubation with 1 mM of 2.1 in potassium phosphate buffer (50 mM, pH 7.4), co-injected 

with macrocycle 2.3. Trace is an ion extraction for [M + H]+ ions with m/z = 994 (2.3), 1012 (2.2) and 1113 (2.1). (B) 

Mass spectra for substrate 2.1, hydrolysis product 2.2 and macrocyclic product 2.3, mass adducts are identified in 

each spectra. 
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Figure S2.29. DEBS-TE 20-hour incubation with substrate 2.1. (A) Extracted ion chromatogram for DEBS-TE (5 µM) 

assay after 20 hours of incubation with 1 mM of 2.1 in potassium phosphate buffer (50 mM, pH 7.4). Trace is an ion 

extraction for [M + H]+ ions with m/z = 1012 (2.2) and 1113 (2.1). (B) Mass spectra for substrate 2.1 and hydrolysis 

product 2.2, mass adducts are identified in each spectra. Thermally denatured and substrate only controls all showed 

similar results. 
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Figure S2.30. Sgd-TE 0-hour incubation with macrocycle 2.3. (A) Extracted ion chromatogram for Sgd-TE (5 µM) 

assay after 0 hours of incubation with 0.5 mM of 2.3 in potassium phosphate buffer (50 mM, pH 7.4). Trace is an ion 

extraction for [M + H]+ ions with m/z = 994 (2.3). (B) Mass spectra for macrocycle authentic standard 2.3, mass 

adducts are identified. Thermally denatured and macrocycle only controls all showed similar results for all time 

points. 
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Figure S2.31. Sgd-TE 0.5-hour incubation with macrocycle 2.3. (A) Extracted ion chromatogram for Sgd-TE (5 µM) 

assay after 0.5 hours of incubation with 0.5 mM of 2.3 in potassium phosphate buffer (50 mM, pH 7.4). Trace is an 

ion extraction for [M + H]+ ions with m/z = 994 (2.3) and 1012 (2.2). (B) Mass spectra for macrocycle authentic 

standard 2.3 and hydrolysis product 2.2, mass adducts are identified in each spectra.  
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Figure S2.32. Sgd-TE 1.5-hour incubation with macrocycle 2.3. (A) Extracted ion chromatogram for Sgd-TE (5 µM) 

assay after 1.5 hours of incubation with 0.5 mM of 2.3 in potassium phosphate buffer (50 mM, pH 7.4). Trace is an 

ion extraction for [M + H]+ ions with m/z = 994 (2.3) and 1012 (2.2). (B) Mass spectra for macrocycle authentic 

standard 2.3 and hydrolysis product 2.2, mass adducts are identified in each spectra. 
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Figure S2.33. Sgd-TE 3-hour incubation with macrocycle 2.3. (A) Extracted ion chromatogram for Sgd-TE (5 µM) 

assay after 3 hours of incubation with 0.5 mM of 2.3 in potassium phosphate buffer (50 mM, pH 7.4). Trace is an ion 

extraction for [M + H]+ ions with m/z = 994 (2.3) and 1012 (2.2). (B) Mass spectra for macrocycle authentic standard 

2.3 and hydrolysis product 2.2, mass adducts are identified in each spectra. 
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Figure S2.34. Sgd-TE 20-hour incubation with macrocycle 2.3. (A) Extracted ion chromatogram for Sgd-TE (5 µM) 

assay after 20 hours of incubation with 0.5 mM of 2.3 in potassium phosphate buffer (50 mM, pH 7.4). Trace is an 

ion extraction for [M + H]+ ions with m/z = 994 (2.3) and 1012 (2.2). (B) Mass spectra for macrocycle authentic 

standard 2.3 and hydrolysis product 2.2, mass adducts are identified in each spectra. 
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Rzm-TE assay chromatograms and mass spectra 

 

 

 

 

Figure S2.35. Rzm-TE 0-hour incubation with substrate 2.9. (A) Extracted ion chromatogram for Rzm-TE (25 µM) 

assay after 0 hours of incubation with 1 mM of 2.9 in potassium phosphate buffer (50 mM, pH 7.4). Trace is an ion 

extraction for [M + H]+ ions with m/z = 750 (2.10), 852 (2.9). (B) Mass spectra for substrate 2.9 and hydrolysis product 

2.10, mass adducts are identified in each spectra. Thermally denatured and substrate only controls all showed similar 

results for all time points. 
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Figure S2.36. Rzm-TE 3-hour incubation with substrate 2.9. (A) Extracted ion chromatogram for Rzm-TE (25 µM) 

assay after 3 hours of incubation with 1 mM of 2.9 in potassium phosphate buffer (50 mM, pH 7.4). Trace is an ion 

extraction for [M + H]+ ions with m/z = 733 (2.11), 750 (2.10) and 852 (2.9). (B) Mass spectra for substrate 2.9, 

hydrolysis product 2.10 and macrocyclic product 2.11, mass adducts are identified in each spectra. 
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Figure S2.37. Rzm-TE 24-hour incubation with substrate 2.9. (A) Extracted ion chromatogram for Rzm-TE (25 µM) 

assay after 24 hours of incubation with 1 mM of 2.9 in potassium phosphate buffer (50 mM, pH 7.4). Trace is an ion 

extraction for [M + H]+ ions with m/z = 733 (2.11), 750 (2.10) and 852 (2.9). (B) Mass spectra for substrate 2.9, 

hydrolysis product 2.10 and macrocyclic product 2.11, mass adducts are identified in each spectra. 
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Figure S2.38. Macrocycle 2.11 only control. (A) Extracted ion chromatogram for macrocycle 2.11 (1 mM) only control 

assay after 0 hours of incubation in potassium phosphate buffer (50 mM, pH 7.4). Trace is an ion extraction for [M + 

H]+ ions with m/z = 733 (2.11). (B) Mass spectra for macrocycle authentic standard 2.11, mass adducts are identified.  
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Example UV trace for enzymatic assays 

 

 

 

 

Figure S2.42. UV trace of Sgd-TE 3-hour incubation with substrate 2.1. UV trace was acquired at 210 nm for the 

Sgd-TE (5 µM) assay after 3 hours of incubation with 1 mM of 2.1 in potassium phosphate buffer (50 mM, pH 7.4). 

Peaks corresponding to the substrate 2.1, hydrolysis 2.2 and macrocycle 2.3 products are identified. Both 2.2 and 

2.1 peaks overlap leading to a small shoulder peak corresponding to 2.2, as shown. Peak labeled with an asterisk is 

an injector peak. 
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CHAPTER 3 : Characterization of an NRPS tandem TE domain in depsipeptide 
macrolactonization 

 

 

 

3.1  Preface 

The work presented in this chapter characterizes the macrolactonization ability and substrate 

tolerance of an unusual tandem TE domain in the gacamide A biosynthetic gene cluster. Further 

experiments are required to finalize this study for publication; however the data from this chapter clearly 

characterize the key unique aspects of the Gac-tandem TE domains and their substrate scope. 
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3.2  Introduction 

The worldwide emergence of antibiotic resistant bacterial pathogens has proven to be a problem 

in the modern world. Of the many antimicrobial compounds discovered in nature, macrocyclic 

lipodepsipeptides (mLPD) show great potential to tackle this problem. For example, daptomycin has 

potent antimicrobial activity against methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-

heterointermediate S. aureus (hVISA) strains by forming ion permeable pores in bacterial membranes, 

inducing cell death.1–4 mLPD are composed of a peptide with one or more ester linkages between two 

amino acids, forming a macrocyclic core, and a lipid tail bound at the N-terminus. Typically, the peptide 

core is biosynthesized by an NRPS, offering substantial structural versatility through variations in the 

selection of amino acids incorporated, their configuration (D or L), the number and the presence of non-

proteogenic amino acids. Moreover, the diversity can be further augmented with the incorporation of 

different N-terminal lipids, which can differ in length, composition (ex: β-OH, branched lipids) and in 

saturation.5–7 Because of this, mLPD also display a wide range of useful biological activities, including 

antimicrobial, antiviral, antifungal, antitumor and immunomodulator.8,9  

Recently, a biosynthetic gene cluster responsible for production of the mLPD gacamide A (Gac A) 

was discovered through genome mining of the Pseudomonas fluorescens Pf0-1 genome. In the WT strain, 

this gene cluster is silent due to a nonfunctional GacS/GacA global regulator housing a point mutation in 

the gacA gene.10,11 Incorporation of a functional gacA gene in the WT strain allowed for production of Gac 

A, its isolation and structural determination.11 Gac A does not show any important biological activity, but 

rather plays a role in increasing swarming and hemolytic activity of P. fluorescens,11 much like the surface-

active rhamnolipids found in pseudomonads.12,13 Gac A is biosynthesized by three NRPS complexes 

housing a total of 11 modules that assemble a peptide core with the D-Leu-D-Asp-D-Gln-D-aIle (alloIle)-D-

Leu-D-Gln-D-Ser-L-Leu-L-Leu-D-Ser-L-Ile sequence (Figure 3.1). A starter condensation domain (CS) is 
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positioned at module 1 for condensation of an S-β-hydroxydecanoic acid (β-HDA) onto the N-terminus of 

D-Leu1.14–16 Most condensation (C) domains in the gene cluster are dual epimerization-condensation (C/E) 

domains that convert the upstream loaded L-amino acids into their D enantiomers before condensation 

for NRP extension.17,18 Modules 9 and 10; however, are exceptions, featuring C domains that specifically 

catalyze condensation between two L-amino acids (LCL).18 Finally, the linear peptide precursor is passed 

onto a tandem TE domain (TE1-TE2) for its release via macrolactonization between the D-Ser7 and L-Ile11 

residues (Figure 3.1).  
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Figure 3.1. Biosynthesis of Gacamide A. The biosynthetic gene cluster contains 3 genes (gamA, gamB and gamC) 

that encode for their respective NRPS complexes. Dual C/E domains are appropriately positioned for conversion of 

loaded L-amino acids to their D-amino acid enantiomers. Modules 9 and 10 contain LCL domains that specifically 

catalyze amide bond formation between two L-amino acids. Module 11 encodes a tandem TE domain (TE1-TE2) 

responsible for the macrocyclic release of gacamide A (Gac). Abbreviations; Cs, starter condensation domain; C, 

condensation domain; C/E, dual epimerization-condensation domain; A, adenylation domain; T, thiolation or 

peptidyl carrier domain; LCL, condensation domain with L-amino acid specificity; TE, thioesterase domain. 
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The Gac A NRPS gene cluster presents an uncommon tandem TE domain (TE1-TE2) at its C-

terminus instead of the canonical singular TE domain. Such domains have only been seen in mLPD 

biosynthetic machinery producing teixobactin (Txo),19 arthrofactin (Arf),20 lysobactin (LybB),21 

malleipeptin,22 syringopeptin23 and massetolide A.24 While it has been suggested that the TE1s are 

responsible for macrolactonization,25 the available biochemical studies on the tandem systems from Txo, 

Arf and LybB biosynthesis cast doubt on this hypothesis (Figure 3.2). For instance, inactivation of LybB-

TE2 in the tandem system yields no discernable impact on lysobactin production, suggesting TE1 is solely 

responsible for its formation.21 However, Arf-TE2 inactivation leads to a near-complete cessation of 

arthrofactin production.20 This is strikingly different from Txo, where inactivating either TE does not affect 

product formation; however, the use of either TE1 or TE2 as stand-alone enzymes results in no detectable 

formation of product.19 Given the divergent findings from these studies, we set out to examine the role 

of the tandem TE domains in Gac A biosynthesis.  
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Figure 3.2. Summary of tandem TE domain activity. In vitro activity of the teixobactin (Txo, yellow, panel A), 

lysobactin (LybB, pink, panel B) and in vivo activity for arthrofactin (Arf, grey, panel C) tandem TE, inactivated mutant 

or stand-alone TE domains on thioester activated peptide substrates. ΔTE1 and ΔTE2 denotes enzyme inactivation 

by substituting their respective catalytic Ser for an Ala. The crossed out black arrows represent a condition that does 

not lead to formation of the macrocycle. Abbreviations; SNAC, N-acetylcysteamine; PhSH, thiophenol; aIle, 

alloisoleucine. * construct has a 95% reduction in macrocycle production.20 
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To study the macrocyclization capabilities of the Gac tandem TE domain (TE1-TE2), TE1-TE2, TE1 

and TE1/TE2 inactivation mutants were characterized as stand-alone enzymes in vitro. Appropriate 

substrates containing only the residues required for macrocyclization were synthesized as N-

acetylcysteamine (SNAC) activated N-Cbz (3.1) or N-acetyl (3.4) protected peptides. Enzymes were 

recombinantly expressed and purified for enzymatic assays with substrates 3.1 or 3.4 and analyzed by 

LCMS for unambiguous detection of products. We show TE1-TE2 is an active macrolactonization catalyst 

with both 3.1 and 3.4, suggesting TE1-TE2 can tolerate N-terminal peptide modifications. Additionally, we 

establish that TE1 is responsible for the macrolactonization activity observed in the tandem domain. We 

also show the spontaneous macrocyclization of substrate 3.1, suggesting substrate pre-organization 

drives macrocyclization as stipulated in our proposed CS model. Finally, a small de novo library of SNAC-

peptides was synthesized to explore TE1-TE2 substrate tolerance. Incubations with the library showed 

TE1-TE2 macrolactonized two of the three peptides to form 5- and 7-residue non-native macrolactones. 

This suggests TE1-TE2 is ring size, stereo and sequence tolerant, making it a promising general peptide 

macrocyclization biocatalyst.  

 

 

 

 

 

 

 

 

 



 

133 

 

3.3  Results and discussion 

Gac-TE1-TE2 can macrolactonize both N-Cbz (3.1) and N-acetyl (3.4) substrates  

 To biochemically characterize the Gac-TE tandem domain, the tandem domain (TE1-TE2) was 

expressed and purified as a stand-alone protein. The DNA coding sequence of TE1-TE2 was amplified by 

PCR from Pseudomonas fluorescens Pf0-1 genome and cloned into a pET-28a(+) expression vector under 

the control of an inducible T7 promoter fused to an N-terminal hexa-His (6xHis) tag. The resulting 

construct was overexpressed in Escherichia coli BL21(DE3) and purified by metal affinity chromatography 

to high purity (> 95%, Figure S3.4). Testing for macrolactonization activity was carried out by incubating 

TE1-TE2 (5 µM) with either N-Cbz substrate 3.1 (0.9 mM) or N-acetyl substrate 3.4 (0.5 mM), both of which 

were provided to me by Dr. André Paquette, in 50 mM of potassium phosphate buffer (pH 7.4) at room 

temperature. Aliquots were taken at varying time points and analyzed by LCMS to evaluate product 

formation. In all cases, TE1-TE2 is able to convert substrates 3.1 and 3.4 into their respective macrocycles 

3.3 and 3.6 (Figure 3.3A), which were absent in the substrate only and boiled enzyme controls within 22 

hours of incubation (Figure S3.7 and S3.12). After 3 hours of incubation, 3.3 was readily detected while 

no formation of 3.6 was observed, presumably due to the limit of detection of the instrument (Figure S3.8 

and S3.13). Further incubation of 22 hours leads to higher production of 3.3 and detection of 3.6 (Figure 

3.3B-C, S3.9 and S3.15). Minimal formation of N-Cbz hydrolysis product 3.2 was observed while N-acetyl 

hydrolysis product 3.5 was not detected, highlighting TE1-TE2’s potential as a macrolactonization specific 

biocatalyst. The ability to process both substrates suggests TE1-TE2 can tolerate N-terminal peptide 

modifications, an attractive feature for accessing novel macrocyclic peptides. 
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Figure 3.3. TE catalyzed reactions and LCMS chromatograms of assays with substrates 3.1 and 3.4. (A) Overview of 

reactions catalyzed by the various Gac-TE constructs with substrates 3.1 and 3.4. (B-F) Extracted ion chromatogram 

(EIC) analysis of assays containing 0.9 mM of substrate 3.1 incubated with 5 µM of TE1-TE2 (B) or 0.5 mM of substrate 

3.4 incubated with TE1-TE2 (C), TE1 (D), ΔTE2 (E) and ΔTE1 (F). Assays were performed in 50 mM of potassium 

phosphate buffer (pH 7.4) and incubated for 22 hours. Trace in panel B is an ion extraction for [M + H]+ ions with m/z 

= 777 (3.3), 795 (3.2) and 896 (3.1). Traces in panels C-F are ion extractions for [M + H]+ ions with m/z = 684 (3.6) 

and 804 (3.4). The peak labelled by an asterisk is an injector peak.  
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Gac-TE1 is responsible for the macrolactonization activity 

 While not common, tandem TE domains have been identified in mLPD biosynthetic gene clusters 

of many pseunomonads.19–24 To date, only the Txo- and LybB-tandem TEs have been characterized in vitro, 

whereas Arf-tandem TE has been studied in vivo. However, the activity of TE1 and TE2 in these tandem 

domains differ (Figure 3.2).19–21 To investigate the activity of the individual TE domains in the Gac tandem 

system, the coding DNA sequence of TE1 and TE2 were independently cloned similarly as described for 

TE1-TE2 for expression, purification and enzymatic assays. Unfortunately, all attempts to obtain TE2 as a 

stand-alone enzyme were unsuccessful. This is not uncommon as similar results were seen in Txo-TE2, 

suggesting TE1 may be required for proper folding of TE2.19 Thus, in lieu of obtaining stand-alone TE2, 

inactivation mutants were generated by substituting the active site Ser of each TE domain in TE1-TE2 to 

Ala via site directed mutagenesis (denoted as ΔTE1 and ΔTE2).26 TE1, ΔTE1 and ΔTE2 constructs were 

overexpressed and purified by metal affinity chromatography to high purity (> 95%, Figure S3.4) followed 

by enzymatic assays under identical conditions to TE1-TE2. After 22 hours of incubation with substrate 

3.4, production of macrocycle 3.6 is observed in the TE1 and ΔTE2 assays (Figure 3.3D-E, S3.9 and S3.15) 

but not in the ΔTE1 assays (Figure 3.3F and S3.16). These data suggest TE1 is responsible for the 

macrolactonization activity in the tandem domain.  

 In the LybB study, TE1 was shown to be responsible for the macrolactonization activity while TE2 

is proteolytically cleaved from the tandem domain in its heterologous expression host presumably to 

hydrolyze misprimed carrier proteins (CP) in the NRPS complex, a function akin to type II TEs.21,27,28 Despite 

Gac-TE1 behaving similarly as LybB-TE1, Gac-TE2 is not shown to be proteolytically cleaved from the 

tandem domain (Figure S3.4). However, this could simply be due to the lack of the host specific protease, 

if any, for TE2 cleavage. This would need to be investigated in the host organism. In the Arf gene cluster, 

the fully functional tandem domain exhibits enhanced arthrofactin production in vivo compared to 
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inactivated TE1 or TE2 variants.20 This is consistent with the enhanced NP production observed in clusters 

containing tandem CP domains, such as FAS producing polyunsaturated lipids29,30 and the PKS producing 

naphthopyrone,31 mupirocin32 and curacin,33 which suggests tandem domains are meant to increase 

production of the NP. To our surprise, TE1-TE2 only converts 2.8% of 3.4 into 3.6 whilst the stand-alone 

TE1 roughly converts twice as much (5.2%, Table S3.1). As TE2 likely requires TE1 for proper folding, it is 

plausible that TE2 decreases TE1-TE2 stability in the assay conditions, making it a shorter-lived catalyst 

compared to the stand-alone TE1, and thus converting less substrate into macrocycle. Alternatively, the 

short linker connecting TE1 to TE2 may facilitate discrete contacts between the two TEs, potentially 

constraining TE1’s structural flexibility. Consequently, TE1 might struggle to adopt a catalytically active 

conformation within the tandem construct, thus reducing its activity. Based on these data, the precise 

function of TE2 remains elusive and warrants further investigation as a stand-alone enzyme. 

 During the 22-hour incubation of the substrate 3.1 only control, 1.3% spontaneously converted 

into macrocycle 3.3 (Table S3.1 and Figure S3.10). This is substantially less macrocycle than was generated 

in the incubations with TE1, ΔTE2 and TE1-TE2 (~6-7% conversion, Table S3.1). After 5 days of incubation, 

3.8% of 3.1 was converted into macrocycle (Table S3.1 and Figure S3.11). Spontaneous macrocyclization 

has been observed for the ribosomally synthesized and post-translationally modified peptide (RiPP) 

lantibiotic, patellamide A,35,36 and the non-ribosomal peptide tyrocidine (Tyc)34 where substrate pre-

organization is believed to contribute to its spontaneity. In addition, enzyme mediated macrocyclization 

of Tyc is also likely driven by substrate pre-organization.37,38 This suggests substrate 3.1 undergoes pre-

organization, effectively paying the entropic cost associated with macrocyclization39 and is consistent with 

our proposed CS model. Because both peptides 3.1 and 3.4 have identical sequences, its likely that 3.4 

also can undergo spontaneous macrocyclization through substrate pre-organization; however, this would 

need to be experimentally verified. 
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Synthesis of ThrX (3.7, 3.10 and 3.13) peptide substrates 

Building upon the observed substrate tolerance for macrolactonization of substrates 3.1 and 3.4, we 

aimed to further investigate TE1-TE2’s substrate tolerance against a small de novo peptide library. This 

library was designed to introduce variations in amino acid composition, peptide length, internal 

nucleophile position and stereochemical configuration. For this, three N-acetylated peptides containing 7 

L-configured amino acids most commonly found in macrocyclic depsipeptides were generated (Scheme 

3.1). The internal nucleophile L-Thr was placed at either position 1 (Thr1, 3.7), 2 (Thr2, 3.10) or 3 (Thr3, 

3.13) to generate either 7-, 6- or 5-residue macrocyclic depsipeptides. This yielded 3 peptide substrates 

that significantly differed from the native Gac A peptide, making these de novo peptides. A solid phase 

peptide synthesis (SPPS) strategy was employed by anchoring the unprotected C-terminal L-Glu side chain 

onto Rink Amide resin, allowing us to perform C-terminal thioesterification on resin.40,41 Thus, C-terminally 

protected allyl-L-Glu 3.17 was loaded onto Rink Amide resin for standard SPPS under HBTU/DIEA 

conditions, subsequent N-terminal Fmoc-deprotection, acetylation and C-terminal allyl deprotection to 

generate full length protected ThrX peptides 3.19. On resin thioesterification, followed by a global 

deprotection of L-Thr side chains and peptide cleavage from resin under TFA42 afforded peptides 3.7, 3.10 

and 3.13, which were used without any purification for enzymatic assays.  
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Scheme 3.1. SPPS of linear SNAC ThrX (3.7, 3.10 and 3.13) peptide substrates 
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Gac-TE1-TE2 is substrate tolerant for macrolactonization  

 To investigate the substrate tolerance of the Gac tandem domain, enzymatic assays with TE1-TE2 

and crude mixtures of the ThrX peptide substrates (10% v/v) were performed under similar conditions as 

the N-Cbz 3.1 and N-acetyl 3.4 assays. Singlecate data was collected by incubating enzymes at room 

temperature for 18 hours before analysis by LCMS. Crude mixtures of each peptide were used to eliminate 

the time-consuming purification step and enabling quick testing of TE1-TE2. In all incubations, hydrolysis 

products 3.8, 3.11 and 3.14 were generated as substantial products (Figure 3.4A-C, S3.21, S3.22 and 

S3.23). This is not surprising as TE loading is known to be substrate promiscuous43–46 and necessitates off-

loading to prevent pathway stalling, often by hydrolysis. These observations are consistent with the 

screening hypothesis describing the evolution of natural product diversity.45,47 Only incubations with 

peptides 3.7 and 3.13 showed formation of a product with an m/z consistent with a 7- and 5-residue 

macrolactone (Figure 3.4A and C). This is intriguing as TE1-TE2 demonstrates the ability to macrolactonize 

using the sidechain alcohol of L-Thr instead of the naturally occurring D-Ser nucleophile, indicating a stereo 

tolerance for the nucleophile. This stands in stark contrast to the Txo-TE1-TE2, where changes in the 

stereochemical configuration of the internal nucleophile abolished macrocyclic activity.19 Additionally, 

non-native 7- (3.9) and 5-residue (3.15) macrocycles are formed and suggests TE1-TE2 exhibits some 

tolerance for the size of the generated ring. However, when L-Thr was placed at position 2 (3.10), 

formation of macrocycle product 3.12 was not observed (Figure 3.4B). Because these assays used crude 

peptide substrate mixtures, substrate 3.7 and hydrolysis product 3.10 eluted at two different retention 

times (labelled as 3.7’ and 3.10’), presumably due to other compounds and or solvents present in the 

mixture. Assays using purified peptide substrates will need to be performed in order to confirm the results 

presented herein.  
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 A total of 9 NRPS TEs have been characterized and used as macrocyclization biocatalysts in 

depsipeptide syntheses, generating 4-, 5-, 6-, 8-, 9-, 10- and 12-residue macrocyclic rings.19,21,48–54 Gac-

TE1-TE2 is the only characterized domain to date shown to form a 7-residue macrolactone using a de novo 

peptide substrate that shares little similarity to the natural Gac A peptide, albeit with substantial 

hydrolysis product. The in trans acting surugamide (SurE) TE is the only other shown to macrocyclize non-

native peptides; however, its functionality is restricted in the formation of macrolactams.55,56 Thus, TE1-

TE2 shows promise as a macrolactonization biocatalyst; it does not form oligomers, as seen with the DEBS-

TE,57 is substrate tolerant for the stereochemical configuration of the alcohol nucleophile, and is ring size 

tolerant. With optimization via protein engineering, it can be a useful addition to our current repertoire 

of macrocyclization biocatalysts, as it can provide us access to 7-residue depsipeptide macrolactones.  
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Figure 3.4. TE1-TE2 catalyzed reactions with peptide library and assay LCMS chromatograms. (A-C) Extracted ion 

chromatogram (EIC) analysis of TE1-TE2 (5 µM) assays with 10% v/v of crude substrates 3.7 (A), 3.10 (B) and 3.13 (C) 

after 22 hours of incubation in 50 mM of phosphate buffer (pH 7.4). Traces are ion extractions for [M + H]+ ions with 

m/z = 788 (3.9 and 3.15), 806 (3.8, 3.11 and 3.14) and 907 (3.7, 3.10 and 3.13). Shown boxed is a zoom-in of the 

trace with detection of macrocyclic product 3.9 (panel A) formation compared to the acylium ion. (D) Overview of 

reactions catalyzed by TE1-TE2 on substrates 3.7, 3.10 and 3.13 (peptide library). 
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3.4  Conclusions 

To conclude, the preliminary work presented in this chapter showcased the macrolactonization 

activity of the unusual Gac-tandem TE domain and its broad substrate tolerance. First, TE1-TE2 was shown 

to be an active macrolactonization biocatalyst, converting two N-terminally protected peptides 3.1 and 

3.4 into macrocycles, suggesting TE1-TE2 is tolerant to N-terminal peptide modifications. Expression and 

purification of TE1 as a stand-alone enzyme and TE1-TE2 inactivation mutants revealed TE1 to be 

responsible for the macrocyclization activity. In addition, TE1 was shown to produce more macrocycle 

compared to the tandem domain. Possible sources for this difference may be that theTE1-TE2 structure 

is less stable or is less likely to adopt a catalytically active conformation due to an increased structural 

rigidity in the tandem construct. Interestingly, substrate 3.1 was shown to spontaneously form macrocycle 

3.3 without enzyme catalyst. This suggests substrate pre-organization drives macrocyclization, which is 

consistent with our proposed CS model. Finally, TE1-TE2 was shown to macrolactonize de novo peptide 

substrates 3.7 and 3.13 into 5- and 7-residue macrolactones, respectively, using a non-native L-Thr 

internal nucleophile. This highlights TE1-TE2 as a promising macrocyclization biocatalyst, showcasing 

substrate tolerance at the N-terminus, stereo tolerance for the nucleophile and flexibility in forming rings 

of different sizes. While this work provides some valuable insight, further investigations into the Gac-

tandem TE domains and their potential applications in biocatalysis are required.  
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3.5  Materials and methods 

Synthetic protocol for ThrX peptide-SNAC 

All solvents were purchased from Fisher Scientific. All reagents were purchased at the highest 

available purity and used without further purification. EDC, HCl, HATU, DIEA and Boc-L-Tyr(OtBu)-OH were 

purchased from Oakwood Chemical (Estill, SC, USA), all Fmoc protected amino acids and HOBt were 

purchased from GL Biochem (Shanghai, PRC), and all other chemicals were purchased from Sigma-Aldrich 

(Oakville, ON, Canada or Milwaukee, WI, USA). All reactions were carried out using dry solvents under a 

nitrogen atmosphere unless otherwise noted. Automated peptide synthesis was performed on a CEM 

Liberty Blue peptide synthesizer using microwave (MW) irradiation for all steps involving heating above 

ambient at a 0.1 mmol scale. NMR spectroscopy was performed with either a Bruker Avance II operating 

at 400 MHz for 1H and 100 MHz for 13C spectra or a Bruker Avance III with a cryoprobe operating at 600 

MHz for 1H and 150 MHz for 13C spectra. LCMS analysis was carried out using a Shimadzu LC20A HPLC 

coupled with a Shimadzu LCMS2020 single quad mass spectrometer with an ESI source. Reverse-phase 

purification was carried out using an Agilent 1260 infinity and a Phenomenex Kinetex 5 µm XB-O18 100Å, 

150 x 10.0 mm Semi-Preparative column. High-resolution mass spectroscopy (HRMS) was conducted on a 

Micromass Q-TOF I (John L. Holmes Mass Spectroscopy Facility, Ottawa, ON, Canada).  

ThrX peptide thioesters 3.7, 3.10 and 3.13 

 

Allyl protection of L-Glu (3.16). Fmoc-L-Glu-(OtBu)-OH (1.57 g, 3.69 mmol, 1 eq.) was dissolved in MeOH 

(12 mL). Cs2CO3 (601 mg, 1.84 mmol, 0.5 eq.) was added into the solution and the reaction was stirred for 
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30 minutes. Subsequently, MeOH was removed in vacuo. The residue was redissolved in DMF (15.7 mL). 

Allyl bromide (478 µL, 5.53 mmol, 1.5 eq.) was added dropwise and the reaction mixture was stirred 

overnight. EtOAc was added and the solution was extracted with a solution of 10% NaHCO3 and brine. The 

organic layer was dried over MgSO4 and concentrated. The protected L-Glu was purified by column 

chromatography (5-10% AcOET in Hexane) to afford compound 3.16 as a white solid (1.4708 mg, 86%). Rf 

(10% MeOH in DCM) = 0.47. 1H NMR (600 MHz, CDCl3) δ 7.79 (dq, J = 7.6, 1.0 Hz, 2H), 7.62 (t, J = 6.5 Hz, 

2H), 7.42 (tq, J = 7.5, 1.1 Hz, 2H), 7.34 (tt, J = 7.5, 1.1 Hz, 2H), 6.01 – 5.87 (m, 1H), 5.49 (d, J = 8.3 Hz, 1H), 

5.41 – 5.33 (m, 1H), 5.29 (dq, J = 10.5, 1.2 Hz, 1H), 4.68 (d, J = 5.8 Hz, 2H), 4.49 – 4.34 (m, 3H), 4.25 (t, J = 

7.1 Hz, 1H), 2.46 – 2.27 (m, 2H), 2.21 (dd, J = 13.7, 6.9 Hz, 1H), 2.00 (d, J = 7.5 Hz, 1H), 1.47 (s, 9H). 13C 

NMR (151 MHz, CDCl3) δ 171.75, 156.00, 143.73, 141.33, 131.46, 127.73, 127.09, 125.11, 120.00, 119.04, 

80.91, 67.10, 66.15, 53.60, 47.17, 31.49, 28.09, 27.58. 

 

L-Glu deprotection (3.17). Compound 3.16 (1.47 mg, 3.159 mmol) was dissolved in a solution of 30% 

TFA:DCM (25 mL) and the reaction was stirred at room temperature for 2 hours. Usually, no starting 

material was detected by thin layer chromatography and the reaction was removed under reduced 

pressure. Diethyl ether was then added and evaporated under vacuum three times. Compound 3.17 was 

purified by column chromatography (5-10% MeOH in DCM) to afford a white solid (951 mg, 92 %). Rf (10% 

MeOH in DCM) = 0.25. 1H NMR (300 MHz, MeOD) δ 7.83 – 7.73 (m, 2H), 7.65 (dd, J = 7.4, 3.5 Hz, 2H), 7.42 

– 7.22 (m, 4H), 5.91 (ddt, J = 16.3, 10.8, 5.6 Hz, 1H), 5.39 – 5.14 (m, 2H), 4.60 (dt, J = 5.6, 1.5 Hz, 2H), 4.32 

(t, J = 6.9 Hz, 2H), 4.28 – 4.15 (m, 2H), 2.37 (t, J = 7.4 Hz, 2H), 2.15 (td, J = 13.4, 7.4 Hz, 1H), 1.91 (ddd, J = 

16.6, 14.1, 7.2 Hz, 1H). 
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Protected linear peptide (3.18). Automated peptide synthesis was performed on a CEM Liberty Blue 

peptide synthesizer at a 0.1 mmol scale. Rink amide resin (167 mg) was placed in the reaction vessel 

followed by a 5-minute swell in DMF. Couplings were performed with Fmoc-L-amino acid (0.2 M in DMF), 

DIC (0.2 M in DMF) and Oxyma Pure (1 M in DMF) at 95 °C for 1.5 minutes and Fmoc deprotection were 

performed with 5% piperazine solution in NMP:EtOH (90:10). N-terminal acetylation was done with 10% 

acetic anhydride in DMF at 50 °C for 1 hour. Once complete, the resin was transferred to a fritted vessel 

and flushed with DCM (5 mL x 3) and dried under reduced pressure to afford crude linear peptide loaded 

resin. The compound was confirmed by LCMS and used without further characterization. 

 

Allyl deprotection on the linear peptide (3.19). Compound 3.18 (0.1 mmol) was swelled in 3 mL of THF 

for 20 minutes in the fritted vessel peptide. Pd(PPh3)4 (11.55 mg, 0.01 mmol, 0.1 eq.) and dimedone (42.0 

mg, 0.3 mmol, 3 eq.) were added and gently stirred for 3.5 hours away from light. The on-resin peptide 

was then washed with DCM x 3, DMF x 3 and finally with DCM x 3. The compound was confirmed by LCMS 

and used without further characterization. 



 

146 

 

 

ThrX peptide-SNAC (3.7, 3.10 and 3.13). Compound 3.19 (0.1 mmol), HOBt (14.2 mg, 0.105 mmol, 1.05 

eq.) and EDC·HCl (20.1 mg, 0.105 mmol, 1.05 eq.) were added to a fritted peptide vessel with DCM (0.1 

M) and stirred for 20 minutes. N-acetylcysteamine (14.3 mg, 0.12 mmol, 1.2 eq.) was dissolved in DCM (1 

mL) and added to the fritted vessel containing the peptide and gently stirred for 2 hours. The compound 

was confirmed by LCMS and used without further characterization. The crude thioester peptide on resin 

was dissolved in 2 mL TFA:H2O (19:1) and the solution was allowed to swell at room temperature for 2 

hours. The fritted peptide vessel was flushed in a flask and the solvent was removed under reduced 

pressure with co-evaporation using ether. The substrates were confirmed by LCMS and used without 

purification. 

Cloning, expression and purification 

Cloning of Gac-TE1, -TE2 and -tandem (TE1-TE2) domain. A single Pseudomonas fluorescens Pf0-1 colony, 

strain kindly provided to us by Dr. Mark Silby (University of Massachusetts Dartmouth), was inoculated 

into LB media supplemented with 100 µg/mL of ampicillin and grown overnight at 37 °C with 200 rpm 

shaking. Genomic DNA (gDNA) was extracted from dense overnight culture using the Monarch Genomic 

DNA Purification Kit (#T3010, NEB) as per the manufacturer’s recommended protocol. The coding DNA 

sequence of the tandem TE domain (TE1-TE2) and the individual TE domains (TE1 and TE2) from the 

gacamide A (Gac) biosynthetic gene cluster (CP000094.2 range 2,532,969 - 2,534,285) was amplified from 

the gDNA by PCR using the primers shown in Table 3.1. Each reaction contained the following: the correct 
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forward and reverse primer pair (both 0.5 µM), Q5 reaction buffer (1X), equimolar mixture of dNTPs (200 

µM), gDNA (1 ng), Q5 High-Fidelity DNA Polymerase (0.5 units, #M0491 NEB). Negative controls were 

prepared identically except without the addition of polymerase. PCR was performed as per the 

manufacturer’s recommended conditions, with an annealing temperature of 69 °C. Amplification of DNA 

by PCR was confirmed via gel electrophoresis and the bands corresponding to each TE construct were 

extracted using the Monarch DNA Gel Extraction Kit (#T1020, NEB). Extracted constructs were cloned into 

NdeI and EcoRI linearized pET-28a(+) expression vector, generating pJBH14, pJBH15 and pJBH53 for the 

Gac-TE1, Gac-TE2 and Gac-tandem domains respectively. All constructs were confirmed by Sanger 

sequencing (Génome Québec). 

 
Generation of TE1 and TE2 inactivated (Δ) variants. Site-directed mutagenesis26 was performed using the 

primers shown in Table 3.1. Every reaction was set in duplicate and contained the following: the correct 

forward and reverse primer pair (both 0.5 µM), Q5 Reaction Buffer (1X), dNTPs (200 µM), pJBH55 template 

(1 ng), Q5 High-Fidelity DNA Polymerase (0.5 units, #M0491 NEB). Negative controls were prepared 

identically except without the addition of polymerase. Full plasmid PCR was performed for every reaction 

as per the manufacturer’s recommended conditions, with an annealing temperature of 74°C for 50 

seconds. Amplification of DNA by PCR was confirmed via gel electrophoresis and every reaction purified 

using the E.Z.N.A. Cycle-Pure Kit (#D6492, Omega Bio-tek) as described in their product manual followed 

by an overnight DpnI digestion (10 units, #R0176 NEB) at 37°C. Digested products were then purified once 

more using the E.Z.N.A. Cycle-Pure Kit (#D6492, Omega Bio-tek) as described in their product manual. 

Eluted products were then phosphorylated for 1 hour at 37°C and ligated for 2 hours at room temperature, 

generating constructs pJBH53-1 (ΔTE1) and -2 (ΔTE2), before their transformation into E. coli XL1-blue 

chemically competent cells. Each phosphorylation reaction contained the following: the eluted product, 

T4 DNA Ligase Buffer (1X, #B0202 NEB), T4 Polynucleotide Kinase (2.5 units, #M0201 NEB). T4 DNA Ligase 
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(5 units, #M0202 NEB) was added to the same phosphorylation reactions prior to the 2-hour ligation 

incubation. A negative control was also prepared and treated similarly as described above except without 

the addition of T4 PNK and T4 DNA ligase to account for background colonies after transformation. 

Table 3.1. Primers used in this study. P. fluorescens Pf0-1’s complete genome (CP000094.2) at positions 2,532,969-

2,534,285 was used for primer design for cloning of Gac-TE1, -TE2 and -tandem domains. Mutagenesis primers for 

TE inactivation were designed to substitute the catalytic Ser of one TE in the tandem domain with Ala. Primer pairs 

were designed accordingly with a Tm of ~65°C and ordered from Integrated DNA Technologies with standard 

desalting. All primers are shown 5’ to 3’ with the forward primer shown on top and the reverse shown on the bottom 

in each row. Shown underlined is the mutagenic codon used for TE inactivation.  

Plasmid TE construct generated Oligos (Forward/Reverse) 

pJBH14 Gac-TE1 
TCGTACATATGCAGGATGACGGTCTGGTCGTGGTGC 

ATTCGGAATTCTTACAATGCCTGGCTGAGCGCCT 

pJBH15 Gac-TE2 
TCGTACATATGTATCAGCCGCTGCTGACGATCC 

ATTCGGAATTCTTATCAGGACAACACTTGACCCGC 

pJBH53 Gac-tandem (TE1-TE2) 
TCGTACATATGCAGGATGACGGTCTGGTCGTGGTGC 

ATTCGGAATTCTTATCAGGACAACACTTGACCCGC 

pJBH53-1 ΔTE1 
GCATTTGGCGGGGTGCTGGCCTAC 

CCAGCCAGCAAGGCGATAAGGCCCC 

pJBH53-2 ΔTE2 
GCATTCGGTGGTTGGGTGGCTTACGCC 

ATGCCCGATCAGGTGCACCGGTCCT 

 

Expression. Constructs were transformed into E. coli BL21(DE3) chemically competent cells for protein 

expression. A flask containing 400 mL of LB media supplemented with 100 μg/mL of ampicillin were 

inoculated with 0.5 % v/v of dense transformed overnight cultures. Cultures were grown at 37 °C with 200 

rpm shaking to an OD600 of 0.6-0.8. Protein expression was then induced with the addition of isopropyl-β-

D-thiogalactopyranoside (IPTG) to a final concentration of 1 mM. Cultures were then incubated at 16 °C 

with 200 rpm shaking for 18 hours. 
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Protein purification. Entire procedure was performed at 4 °C and all plasticware used were pre-chilled. 

Cells were harvested by centrifugation at 4,000 g and resuspended in 10 mL of lysis buffer (100 mM 

sodium phosphate, 300 mM NaCl, 10% w/v glycerol, 1 mg/mL lysozyme, 1 μg/mL of pepstatin A and 1 

μg/mL leupeptin, pH 7.4). Cells were lysed by sonication on ice and cell debris removed by centrifugation 

at 12,000 g. Resulting lysate was incubated with 800 μL of Ni-NTA resin slurry (#30210, QIAGEN) on a 

rocking platform shaker for 1.5 hours. Lysate was then loaded into a gravity flow column and resin allowed 

to settle by gravity. Purification buffer (100 mM Tris, 300 mM NaCl, pH 7.4) was used at the indicated 

imidazole concentrations for resin washing and protein elution. Resin was first washed once with 0 mM 

imidazole and once more with 20 mM imidazole. Protein was eluted twice with 100 mM imidazole and 

then twice more with 250 mM imidazole. Protein collected during elution was concentrated and the buffer 

exchanged for dialysis buffer (100 mM Tris, 300 mM NaCl, pH 7.4) by centrifugation at 4,000 g using a 

Vivaspin-20 10 kDa MWCO centrifugal concentrator tube (#VS2002, Sartorius). An equal volume of 60% 

w/v glycerol was added to protein concentrate, flash frozen in liquid nitrogen then stored at -80 °C. Protein 

concentration was determined by Bradford assay (#5000006, Bio-Rad). All attempts to purify TE2 were 

unsuccessful. 

Biochemical assays 

Product distribution assays with purified substrates. Assays were carried out in eppendorf tubes in a 70 

μL final reaction volume (50 mM potassium phosphate buffer pH 7.4, 10% v/v DMSO, 0.9 mM substrate 

3.1 or 0.5 mM of substrate 3.4, 5 μM enzyme) in triplicate. A substrate and negative control were prepared 

similarly as described above with the addition of water and heat denatured enzyme (5 μM) in place of 

functional enzyme respectively. Reactions were left to incubate on the benchtop at room temperature for 

turnover.  Aliquots at time points 0, 3 and 22 hours were taken and quenched in 3 volumes of LCMS 

Optima grade acetonitrile (MeCN) supplemented with 0.05% v/v LCMS Optima grade formic acid (FA). 
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Substrate 3.4 only control had an additional aliquot quenched after 120 hours of incubation. Quenched 

aliquots were left on the benchtop for 15 minutes, then centrifuged at max speed for 10 minutes at room 

temperature before analysis by LCMS (Shimadzu Prominence UFLC system with SPD-20A Prominence 

UV/VIS Detector, LCMS-2020 single quadrupole MS). Chromatographic separations were done using an 

Agilent Eclipse Plus C18 (3.5-micron, 150×4.6 mm) reverse phase column in ESI+ mode with a flow rate of 

1 mL/min. The mobile phase was composed of LCMS Optima grade H2O (A) and MeCN (B) both 

supplemented with 0.05% v/v FA. Samples were monitored at 210 and 254 nm with an elution gradient 

of 10% B to 99% B over 15 minutes. 

Preliminary product distribution assays with crude ThrX peptide substrates. Preliminary assays were 

performed on crude mixtures of ThrX peptide (3.7, 3.10 and 3.13) substrates. Assays were carried out in 

eppendorf tubes in a 20 μL final reaction volume (50 mM potassium phosphate buffer pH 7.4, 10% v/v 

DMSO, 10% v/v crude substrate mixture, 5 μM enzyme). A crude substrate only control was prepared 

similarly as described above. Only a single replicate was made, and reactions were left to incubate on the 

benchtop at room temperature for turnover. After 18 hours, reactions were quenched in 3 volumes of 

LCMS Optima grade acetonitrile (MeCN) supplemented with 0.05% v/v LCMS Optima grade formic acid 

(FA). Quenched reactions were left on the benchtop for 15 minutes, then centrifuged at max speed for 10 

minutes at room temperature before analysis by LCMS (Shimadzu Prominence UFLC system with SPD-20A 

Prominence UV/VIS Detector, LCMS-2020 single quadrupole MS). Chromatographic separations were 

done using an Agilent Eclipse Plus C18 (3.5-micron, 150×4.6 mm) reverse phase column in ESI+ mode with 

a flow rate of 1 mL/min. The mobile phase was composed of LCMS Optima grade H2O (A) and MeCN (B) 

both supplemented with 0.05% v/v FA. Samples were monitored at 210 and 254 nm with an elution 

gradient of 10% B to 99% B over 15 minutes. 
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3.6  Supplementary information  

Selected NMR, mass spectra and UV traces  

 

 

 

Figure S3.1. 1H NMR spectrum (600 MHz) of compound 3.16 in CDCl3. 
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Figure S3.2. 13C NMR spectrum (150 MHz) of compound 3.16 in CDCl3. 
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Figure S3.3. 1H NMR spectrum (600 MHz) of compound 3.17 in MeOD. 
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Protein purities, yields and sequences 

 

 

 

Figure S3.4. SDS-PAGE analysis of purified recombinant Gac-TE constructs. Expected molecular weights for TE1 is 

approximately 33 kDa while TE1-TE2, ΔTE1 and ΔTE2 are 64 kDa. The rightmost lane of gel corresponds to Precision 

Plus Protein Unstained Protein Standards (#1610363, Bio-Rad), all other lanes contain protein samples and are 

labeled on top. Protein yields are shown in the table to the left. 
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>Gac-TE1-TE2 

MGSSHHHHHHSSGLVPRGSHMQDDGLVVVRAGGAGTPLFLMHEFSGMDTYFPALGLHIEGDFPIYGLTGI

PFGQAPLRTMECLAARMVEIIRSVQPQGPYRLAGWSFGGVLAYEVAMQLLGMDETVAFVGLIDSFVPRLT

DQGKARWSDEHAHKRQLLQHCTLYWAARGDAGQSALAHLALLQAELEQIDFQPLLQRCREEQLLHPDMAA

AAPQDLWHYLDREVAHGHALAHYRINPLGLTLHLFRAQEHPTELSRRHPTLGWSDEIASTLLHCIDVPGD

HQSMMQAPHVHVLGQALSQALQASTAIESRAYQPLLTIQTGHAGHAPIFCVPGAGDSVTGFIHLTEALGP

EWPIYGLQPRGLDGATVPHSRVESAATFYLRALEQLYPQGPVHLIGHSFGGWVAYAMAAQLQAAGREVAS

LTLIDSESPGGNSVVGKPYTTTAALLRLIESLHLSSGKSLGIDALAFAEADESTQMRLLHDGMVHAGVLS

ERASSDAMQGPVRTFATALRTVYRPALAYTGPVRLALVDDPTLDASGNQREQAAMLEGWQREARDLAVWY

GPGNHFTILKAPNVFSLAAWWHDGLTVAAGQVLS- 

 

>Gac-TE1 

MGSSHHHHHHSSGLVPRGSHMQDDGLVVVRAGGAGTPLFLMHEFSGMDTYFPALGLHIEGDFPIYGLTGI

PFGQAPLRTMECLAARMVEIIRSVQPQGPYRLAGWSFGGVLAYEVAMQLLGMDETVAFVGLIDSFVPRLT

DQGKARWSDEHAHKRQLLQHCTLYWAARGDAGQSALAHLALLQAELEQIDFQPLLQRCREEQLLHPDMAA

AAPQDLWHYLDREVAHGHALAHYRINPLGLTLHLFRAQEHPTELSRRHPTLGWSDEIASTLLHCIDVPGD

HQSMMQAPHVHVLGQALSQAL- 
 

>Gac-ΔTE1-TE2 (ΔTE1) 

MGSSHHHHHHSSGLVPRGSHMQDDGLVVVRAGGAGTPLFLMHEFSGMDTYFPALGLHIEGDFPIYGLTGI

PFGQAPLRTMECLAARMVEIIRSVQPQGPYRLAGWAFGGVLAYEVAMQLLGMDETVAFVGLIDSFVPRLT

DQGKARWSDEHAHKRQLLQHCTLYWAARGDAGQSALAHLALLQAELEQIDFQPLLQRCREEQLLHPDMAA

AAPQDLWHYLDREVAHGHALAHYRINPLGLTLHLFRAQEHPTELSRRHPTLGWSDEIASTLLHCIDVPGD

HQSMMQAPHVHVLGQALSQALQASTAIESRAYQPLLTIQTGHAGHAPIFCVPGAGDSVTGFIHLTEALGP

EWPIYGLQPRGLDGATVPHSRVESAATFYLRALEQLYPQGPVHLIGHSFGGWVAYAMAAQLQAAGREVAS

LTLIDSESPGGNSVVGKPYTTTAALLRLIESLHLSSGKSLGIDALAFAEADESTQMRLLHDGMVHAGVLS

ERASSDAMQGPVRTFATALRTVYRPALAYTGPVRLALVDDPTLDASGNQREQAAMLEGWQREARDLAVWY

GPGNHFTILKAPNVFSLAAWWHDGLTVAAGQVLS- 

 

>Gac-TE1-ΔTE2 (ΔTE2) 

MGSSHHHHHHSSGLVPRGSHMQDDGLVVVRAGGAGTPLFLMHEFSGMDTYFPALGLHIEGDFPIYGLTGI

PFGQAPLRTMECLAARMVEIIRSVQPQGPYRLAGWSFGGVLAYEVAMQLLGMDETVAFVGLIDSFVPRLT

DQGKARWSDEHAHKRQLLQHCTLYWAARGDAGQSALAHLALLQAELEQIDFQPLLQRCREEQLLHPDMAA

AAPQDLWHYLDREVAHGHALAHYRINPLGLTLHLFRAQEHPTELSRRHPTLGWSDEIASTLLHCIDVPGD

HQSMMQAPHVHVLGQALSQALQASTAIESRAYQPLLTIQTGHAGHAPIFCVPGAGDSVTGFIHLTEALGP

EWPIYGLQPRGLDGATVPHSRVESAATFYLRALEQLYPQGPVHLIGHAFGGWVAYAMAAQLQAAGREVAS

LTLIDSESPGGNSVVGKPYTTTAALLRLIESLHLSSGKSLGIDALAFAEADESTQMRLLHDGMVHAGVLS

ERASSDAMQGPVRTFATALRTVYRPALAYTGPVRLALVDDPTLDASGNQREQAAMLEGWQREARDLAVWY

GPGNHFTILKAPNVFSLAAWWHDGLTVAAGQVLS- 

 

 

Figure S3.5 Gac-TE translated protein sequences. Shown in bold is the N-terminal 6xHis-tag used for purification. 

Predicted catalytic triad for TE1 is highlighted in yellow and in green for TE2. The linker joining both TE1 to TE2 is 

highlighted in magenta. For the inactivated mutants, the catalytic Ser was mutated to Ala and is shown underlined.  
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Gac-TE1-TE2 predicted structure 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3.6. Gac-TE1-TE2 AlphaFold2 predicted structure. (A) Gac-TE1-TE2 contains two full length TE domains 

linked together by a 9 amino acid linker (magenta). Both TE domains are shown to adopt an α/β-hydrolase fold 

commonly adopted by TE domains, shown as a cartoon. Two distinct active sites are predicted in each TE housing 

their own catalytic triads (yellow and green sticks) and lids, suggesting they can function independently from each 

other. Prediction was generated from the AlphaFold2 (v2.3.2) Google Collab webserver using standard settings.58 (B) 

Predicted structure with residues coloured according to AlphaFold2’s per-residue confidence metric pLDDT. 
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N-Cbz peptide (3.1) assay LCMS chromatograms and mass spectra  

 

 

 

Figure S3.7. TE1-TE2 0-hour incubation with substrate 3.1. (A) Extracted ion chromatogram for TE1-TE2 (5 µM) assay 

after 0 hours of incubation with 0.9 mM of 3.1 in phosphate buffer (50 mM, pH 7.4). Trace is an ion extraction for 

[M + H]+ ions with m/z = 896 (3.1). Shown boxed is a zoom-in of the trace showcasing the injector peak, labelled with 

an asterisk, relative to the acylium ion. (B) Mass spectra for substrate 3.1 and injector peak (*), mass adducts are 

identified the spectra for 3.1 only. Thermally denatured controls all showed similar results for all time points. All 

enzymes and substrate only control showed similar results after 0 hours of incubation under identical conditions.  
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Figure S3.8. TE1-TE2 3-hour incubation with substrate 3.1. (A) Extracted ion chromatogram for TE1-TE2 (5 µM) assay 

after 3 hours of incubation with 0.9 mM of 3.1 in phosphate buffer (50 mM, pH 7.4). Trace is an ion extraction for 

[M + H]+ ions with m/z = 777 (3.3) and 896 (3.1). Shown boxed is a zoom-in of the trace with detection of macrocyclic 

product 3.3 formation compared to the acylium ion. Peak labelled with an asterisk is an injector peak seen in the 0-

hour incubation (Figure S3.7). (B) Mass spectra for substrate 3.1 and macrocyclic product 3.3, mass adducts are 

identified in each spectra. ΔTE2 showed similar results after 22 hours of incubation under identical conditions.  
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Figure S3.9. TE1-TE2 22-hour incubation with substrate 3.1. (A) Extracted ion chromatogram for TE1-TE2 (5 µM) 

assay after 22 hours of incubation with 0.9 mM of 3.1 in phosphate buffer (50 mM, pH 7.4). Trace is an ion extraction 

for [M + H]+ ions with m/z = 777 (3.3), 795 (3.2) and 896 (3.1). Shown boxed is a zoom-in of the trace with detection 

of hydrolysis product 3.2 and macrocyclic product 3.3 formation compared to the acylium ion. Peak labelled with an 

asterisk is an injector peak seen in the 0-hour incubation (Figure S3.7). (B) Mass spectra for substrate 3.1, hydrolysis 

product 3.2 and macrocyclic product 3.3, mass adducts are identified in each spectra. ΔTE2 showed similar results 

after 22 hours of incubation under identical conditions.  
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Figure S3.10. Substrate 3.1 only control 22-hour incubation. (A) Extracted ion chromatogram for substrate 3.1 (0.9 

mM) only control assay after 22 hours of incubation in phosphate buffer (50 mM, pH 7.4). Trace is an ion extraction 

for [M + H]+ ions with m/z = 777 (3.3) and 896 (3.1). Shown boxed is a zoom-in of the trace with detection of 

macrocyclic product 3.3 formation compared to the acylium ion. Peak labelled with an asterisk is an injector peak 

seen in the 0-hour incubation (Figure S3.7). (B) Mass spectra for substrate 3.1 and macrocyclic product 3.3, mass 

adducts are identified in each spectra. 
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Figure S3.11. Substrate 3.1 only control 5-day incubation. (A) Extracted ion chromatogram for substrate 3.1 (0.9 

mM) only control assay after 5 days of incubation in phosphate buffer (50 mM, pH 7.4). Trace is an ion extraction for 

[M + H]+ ions with m/z = 777 (3.3) and 896 (3.1). Shown boxed is a zoom-in of the trace with detection of hydrolysis 

product 3.2 and macrocyclic product 3.3 formation compared to the acylium ion. Peak labelled with an asterisk is an 

injector peak seen in the 0-hour incubation (Figure S3.7). (B) Mass spectra for substrate 3.1, hydrolysis product 3.2 

and macrocyclic product 3.3, mass adducts are identified in each spectra. 

 

 

 



 

162 

 

N-acetyl peptide (3.4) assay LCMS chromatograms and mass spectra  

 

 

 

 

Figure S3.12 TE1-TE2 0-hour incubation with substrate 3.4. (A) Extracted ion chromatogram for TE1-TE2 (5 µM) 

assay after 0 hours of incubation with 0.5 mM of 3.4 in phosphate buffer (50 mM, pH 7.4). Trace is an ion extraction 

for [M + H]+ ions with m/z = 804 (3.4). (B) Mass spectra for substrate 3.4, mass adducts are identified in each spectra. 

Thermally denatured and substrate only controls all showed similar results for all time points. All enzymes showed 

similar results after 0 hours of incubation under identical conditions.  
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Figure S3.13. TE1-TE2 3-hour incubation with substrate 3.4. (A) Extracted ion chromatogram for TE1-TE2 (5 µM) 

assay after 3 hours of incubation with 0.5 mM of 3.4 in phosphate buffer (50 mM, pH 7.4). Trace is an ion extraction 

for [M + H]+ ions with m/z = 804 (3.4). (B) Mass spectra for substrate 3.4, mass adducts are identified in each spectra. 

All enzymes showed similar results after 3 hours of incubation under identical conditions.  
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Figure S3.14. TE1-TE2 22-hour incubation with substrate 3.4. (A) Extracted ion chromatogram for TE1-TE2 (5 µM) 

assay after 22 hours of incubation with 0.5 mM of 3.4 in phosphate buffer (50 mM, pH 7.4). Trace is an ion extraction 

for [M + H]+ ions with m/z = 684 (3.6) and 804 (3.4). (B) Mass spectra for substrate 3.4 and macrocyclic product 3.6, 

mass adducts are identified in each spectra. ΔTE2 showed similar results after 22 hours of incubation under identical 

conditions. The peak denoted with an asterisk is an injector peak. 
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Figure S3.15. TE1 22-hour incubation with substrate 3.4. (A) Extracted ion chromatogram for TE1 (5 µM) assay after 

22 hours of incubation with 0.5 mM of 3.4 in phosphate buffer (50 mM, pH 7.4). Trace is an ion extraction for [M + 

H]+ ions with m/z = 684 (3.6) and 804 (3.4). Shown boxed is a zoom-in of the trace with detection of macrocyclic 

product 3.6 formation compared to the substrate 3.4. (B) Mass spectra for substrate 3.4 and macrocyclic product 

3.6, mass adducts are identified in each spectra. The peak denoted with an asterisk is an injector peak. 
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Figure S3.16. ΔTE1 22-hour incubation with substrate 3.4. (A) Extracted ion chromatogram for ΔTE1 (5 µM) assay 

after 22 hours of incubation with 0.5 mM of 3.4 in phosphate buffer (50 mM, pH 7.4). Trace is an ion extraction for 

[M + H]+ ions with m/z = 804 (3.4). (B) Mass spectra for substrate 3.4, mass adducts are identified in each spectra. 

All time points for ΔTE1 showed similar results under identical conditions. The peak denoted with an asterisk is an 

injector peak. 
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Figure S3.17. Substrate 3.4 only control 22-hour incubation. (A) Extracted ion chromatogram for substrate 3.4 (0.5 

mM) only control assay after 22 hours of incubation in phosphate buffer (50 mM, pH 7.4). Trace is an ion extraction 

for [M + H]+ ions with m/z = 804 (3.4). (B) Mass spectra for substrate 3.4, mass adducts are identified in the spectra. 

Substrate 3.4 only 5-day incubation showed similar results under identical conditions.  
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ThrX peptide (3.7, 3.10 and 3.13) assay LCMS chromatograms and mass spectra  

 

 

Figure S3.18. Crude substrate 3.7 only control 18-hour incubation. (A) Extracted ion chromatogram for crude 3.7 

mixture (10% v/v) only control assay after 18 hours of incubation in phosphate buffer (50 mM, pH 7.4). Trace is an 

ion extraction for [M + H]+ ions with m/z = 806 (3.8 and 3.8’) and 907 (3.7 and 3.7’). Peaks 3.7’ and 3.8’ correspond 

to the substrate and hydrolysis product at different retention times. (B) Mass spectra for substrate 3.7/3.7’ and 

hydrolysis product 3.8/3.8’, mass adducts are identified in each spectra. 
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Figure S3.19. Crude substrate 3.10 only control 18-hour incubation. (A) Extracted ion chromatogram for crude 3.10 

mixture (10% v/v) only control assay after 18 hours of incubation in phosphate buffer (50 mM, pH 7.4). Trace is an 

ion extraction for [M + H]+ ions with m/z = 806 (3.11) and 907 (3.10 and 3.10’). Peak 3.10’ correspond to the substrate 

at a different retention time. (B) Mass spectra for substrate 3.10/3.10’ and hydrolysis product 3.11, mass adducts 

are identified in each spectra. 
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Figure S3.20. Crude substrate 3.13 only control 18-hour incubation. (A) Extracted ion chromatogram for crude 3.13 

mixture (10% v/v) only control assay after 18 hours of incubation in phosphate buffer (50 mM, pH 7.4). Trace is an 

ion extraction for [M + H]+ ions with m/z = 806 (3.14) and 907 (3.13). (B) Mass spectra for substrate 3.13 and 

hydrolysis product 3.14, mass adducts are identified in each spectra. 
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Figure S3.21. TE1-TE2 18-hour incubation with crude substrate 3.7. (A) Extracted ion chromatogram for TE1-TE2 (5 

µM) assay after 18 hours of incubation with 10% v/v of crude 3.7 mixture in phosphate buffer (50 mM, pH 7.4). Trace 

is an ion extraction for [M + H]+ ions with m/z = 788 (3.9), 806 (3.8 and 3.8’) and 907 (3.7). Peak 3.8’ correspond to 

the hydrolysis product at a different retention time. Shown boxed is a zoom-in of the trace with detection of 

macrocyclic product 3.9 (bolded green curve) formation compared to the acylium ion. (B) Mass spectra for substrate 

3.7, hydrolysis product 3.8/3.8’ and macrocyclic product 3.9, mass adducts are identified in each spectra. 
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Figure S3.22. TE1-TE2 18-hour incubation with crude substrate 3.10. (A) Extracted ion chromatogram for TE1-TE2 

(5 µM) assay after 18 hours of incubation with 10% v/v of crude 3.10 mixture in phosphate buffer (50 mM, pH 7.4). 

Trace is an ion extraction for [M + H]+ ions with m/z = 806 (3.11) and 907 (3.10 and 3.10’). Peak 3.10’ correspond to 

the substrate at a different retention time. (B) Mass spectra for substrate 3.10/3.10’ and hydrolysis product 3.11, 

mass adducts are identified in each spectra. 
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Figure S3.23. TE1-TE2 18-hour incubation with crude substrate 3.13. (A) Extracted ion chromatogram for TE1-TE2 

(5 µM) assay after 18 hours of incubation with 10% v/v of crude 3.13 mixture in phosphate buffer (50 mM, pH 7.4). 

Trace is an ion extraction for [M + H]+ ions with m/z = 788 (3.15), 806 (3.14) and 907 (3.13). Shown boxed is a zoom-

in of the trace with detection of macrocyclic product 3.15 formation compared to the acylium ion. (B) Mass spectra 

for substrate 3.13, hydrolysis product 3.14 and macrocyclic product 3.15, mass adducts are identified in each spectra. 
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Relative macrocycle conversion for N-Cbz (3.1) and N-acetyl (3.4) substrates  

Table S3.1. Raw AUCs and relative macrocycle percent conversion. Enzymatic assays with either TE1-TE2, TE1, ΔTE1 

or ΔTE2 were carried out in triplicate (technical replicates) in potassium phosphate buffer (50 mM, pH 7.4) with 

either 0.9 mM of 3.1 or 0.5 mM of 3.4. Aliquots at time points 0, 3 and 22 hours were quenched and analyzed by 

LCMS. Substrate 3.1 only control was also quenched after 120 hours of incubation. AUCs were calculated from 

extracted ion chromatograms for [M + H]+ ions with m/z = 896 (3.1), 795 (3.2), 777 (3.3), 804 (3.4), 703 (3.5) and 684 

(3.6). Macrocycle percent conversion was calculated by dividing the average macrocycle (3.3 or 3.6) AUC from the 

sum of averages of substrate (3.1 or 3.4), hydrolysis (3.2 or 3.5) and macrocycle AUCs. 

 
Sample 

Incubation 
time (h) 

Substrate AUC Macrocycle AUC Hydrolysis AUC % conversion 
of macrocycle  R1 R2 R3 R1 R2 R3 R1 R2 R3 

N-Cbz, 
3.1 

3.1 
only 

0 2241344 2196617 2131368 0 0 0 0 0 0 0.0 

3 2209295 2215210 2184090 0 0 0 0 0 0 0.0 

22 2378166 2282028 2352038 31242 32115 33844 35490 27856 32033 1.3 

120 1615709 1621094 1667288 69097 69846 65863 105148 98395 95558 3.8 

TE1-
TE2 

0 2498489 2327431 2211129 0 0 0 0 0 0 0.0 

3 2231739 2205133 2157034 37877 43529 37511 0 0 0 1.8 

22 2108993 2255497 2549881 130660 154434 174313 64163 66429 73075 6.1 

TE1 

0 2315102 2311023 2280952 0 0 0 0 0 0 0.0 

3 2260571 2340213 2338671 51238 48693 50910 0 0 0 2.1 

22 2232787 2289379 2177794 171415 172583 177851 107279 115654 115780 6.9 

N-
acetyl, 

3.4 

3.4 
only 

0 1510862 1503156 1238951 0 0 0 0 0 0 0.0 

3 1271128 1205960 1304904 0 0 0 0 0 0 0.0 

22 1953501 1991374 1516318 0 0 0 0 0 0 0.0 

TE1-
TE2 

0 1399002 1962679 1231681 0 0 0 0 0 0 0.0 

3 1306607 1182178 1345653 0 0 0 0 0 0 0.0 

22 2316075 2170358 2120000 65085 62715 60088 0 0 0 2.8 

TE1 

0 2005008 1690557 654355 0 0 0 0 0 0 0.0 

3 1362039 1509405 1395653 0 0 0 0 0 0 0.0 

22 1713411 1349008 1401406 85071 80134 80732 0 0 0 5.2 

ΔTE1 

0 1463102 2351318 1038956 0 0 0 0 0 0 0.0 

3 1421534 1366844 1237274 0 0 0 0 0 0 0.0 

22 1854693 1865444 1238480 0 0 0 0 0 0 0.0 

ΔTE2 

0 1183784 1900976 1492034 0 0 0 0 0 0 0.0 

3 1772191 1248436 1546905 0 0 0 0 0 0 0.0 

22 1388249 2089801 1320677 43244 48396 45177 0 0 0 2.8 
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CHAPTER 4 : Engineering the DEBS-TE as a better macrocyclization biocatalyst 
 

 

 

4.1 Preface 

The work presented in this chapter is the culmination of our work on engineering the DEBS-TE via 

rational protein design to generate mutants with improved macrocyclization activity. A manuscript is 

currently being drafted, in collaboration with Dr. Schmeing’s lab at McGill University (Montréal, Québec). 

The Schmeing lab has solved a high-resolution structure of the wild-type (WT) DEBS-TE with our substrate 

4.1 covalently linked to an active site 2,3-diaminoproprionic acid (DAP) residue and will solve the structure 

of some of our DEBS-TE mutants with substrate 4.1.  

 

 

 

Chapter contributions  

I performed all experiments and data analysis with the exception of substrate synthesis. Dr. 

Graham W. Heberlig devised the synthetic route. Substrate 4.1 was kindly provided to me by Dr. 

Christopher N. Boddy, who synthesized 4.1 and performed all compound characterization. WT DEBS-TE 

trapped acyl crystal structure with 4.1 was acquired and kindly provided to me by our collaborators in Dr. 

Schmeing’s lab. Both Dr. Christopher N. Boddy and I devised the project.  
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4.2 Introduction 

Polyketides are a class of natural products produced by many organisms such as bacteria, fungi, 

and plants.1–3 This class of natural products presents itself as one of the largest in nature with remarkable 

chemical diversity and many useful biological activities. For example, ossamycin has potent antifungal and 

cytotoxic activity by inhibiting the mitochondrial F1F0-ATPase.4 Erythromycin A is a potent broad-spectrum 

antibiotic that inhibits the 50S ribosomal subunit, effectively stalling protein synthesis in many bacterial 

pathogens.5 Finally, epothilone A is a potential anticancer agent that stabilizes microtubules by binding to 

tubulin and inducing mitotic arrest.6  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Structure of three example bioactive macrocyclic polyketides. 
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Figure 4.2. Biosynthesis of erythromycin A. The erythromycin biosynthetic gene cluster contains three PKS genes, 

eryAI-eryAIII, responsible for the biosynthesis of the macrocyclic precursor to erythromycin A, 6-deoxyerythronolide 

B (DEBS). A C-terminal TE domain is responsible for the macrocyclic release of DEBS for post-assembly tailoring. 

Specificity for ketide building blocks for every module is shown boxed. Abbreviations; prop-CoA, propionyl-CoA; 

MeMal-CoA, methylmalonyl-CoA; AT, acyltransferase domain; ACP, acyl carrier protein; KS, ketosynthase domain; 

KR, ketoreductase domain; KR0, inactive ketoreductase domain; DH, dehydratase domain; ER, enoylreductase 

domain; TE, thioesterase domain. 
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The most well studied polyketide to date is the macrolide antibiotic erythromycin A isolated from 

Saccharopolyspora erythraea (formerly Streptomyces erythraeus),7,8 with numerous published studies on 

its PKS machinery and on its cognate TE domain.9–19 Its biosynthesis takes place through a type I PKS 

biosynthetic gene cluster encoding three PKS genes that assemble the polyketide from acyl thioester 

intermediates loaded onto the phosphopantetheine arm (PPT) of ACP domains and then shuttled between 

the active sites of the catalytic domains. The PKS possesses thio-templated logic through the AT domains, 

incorporating propionyl-CoA as the starting unit followed by methylmalonyl-CoA for polyketide extension 

with KR, DH and ER domains appropriately positioned for the correct oxidation state (Figure 4.2).20,21 The 

final stage of polyketide biosynthesis is off-loading from the biosynthetic machinery typically through the 

action of a C-terminal TE domain.22 In this case, the TE catalyzes the release concomitant to 

macrolactonization of the linear precursor, producing 6-deoxyerythronolide B (DEBS) that is eventually 

converted into erythromycin A (Figure 4.2).  

While there is substantial interest in creating macrocyclic structures synthetically, the process has 

proven to be challenging. This difficulty arises due to the need for end-to-end contact, resulting in high 

entropic costs and activation barriers, in which enables competing oligomerization reactivity. 

Furthermore, macrocycles are densely functionalized, creating distinctive electronic and steric 

environments that present unique barriers to macrocyclization.23–25 The first reported synthesis of 

erythromycin A, although successful, required testing over 17 variations of the Corey-Nicolaou 

macrolactonization through the systematic switching of protecting groups on the linear precursor.26 The 

TE domain responsible for macrocyclization in the DEBS pathway presents itself as a powerful alternative 

to chemical macrocyclization. For example, it has considerable catalytic flexibility with the ability to form 

6-, 8-, 12-, 14- and 16-membered macrolactones when artificially fused to the C-terminus of PKS 

modules.11,17–19,27 In addition, the standalone TE can effectively convert linear thioester activated 
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substrates into macrocycles in vitro (Figure 4.3A),9,10,14–16 showing promise as a biocatalyst. However, the 

DEBS-TE has been shown to be stereoselective for the nucleophilic alcohol as well as for distal alcohol 

groups (Figure 4.3B) and shows a preference for substrates featuring a carbonyl in the polyketide 

backbone.9,10,14–16 While it forms the desired macrocycle, it can also generate substantial hydrolysis 

product (Figure 4.3A).  

Figure 4.3. DEBS-TE in vitro reactions with SNAC activated substrates. (A) Macrolactonization and hydrolysis 

catalyzed by the DEBS-TE on an R-configured syn diol substrate. (B) DEBS-TE only catalyzes hydrolysis of an S-

configured syn diol substrate and its anti diastereomer (S-configured C13) due to its stereoselectivity. Values for 

kcat/KM were obtained from Pinto et al. DEBS-TE study.15 

Studies on the DEBS-TE structure in complex with diphenyl phosphonate inhibitors have been 

performed in the hopes of understanding the structural determinants for the off-loading chemistry. The 
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structural analysis suggested that enzyme-substrate binding is likely dominated by hydrophobic packing 

interactions, aligning with the structural analysis from a related TE domain in the pikromycin (PIK-TE) 

biosynthetic gene cluster and insights from a previous mutagenesis study on the DEBS-TE.9,28–30 While 

these inhibitors are structurally analogous to substrates known to undergo macrocyclization, the discrete 

substrate-TE interactions that dictate the off-loading chemistry remain elusive. As a result, it remains 

challenging to predict whether a particular substrate will undergo macrocyclization or hydrolysis prior to 

experimental characterization.15,31 

While the DEBS-TE shows promise as a biocatalyst, the substantial competing hydrolysis reactivity 

presents a problem. In many cases protein engineering has been used to optimize promising biocatalyst 

candidates,32,33 yet, optimization of PKS TE off-loading reactivity through protein engineering remains 

unaddressed. This is presumably due to the complexity in creating a high-throughput screen/selection, 

given the absence of a straightforward way to link formation of the macrocycle to cell viability or 

generation of a fluorescence signal. Herein, we sought to engineer the DEBS-TE to improve its 

macrocyclization activity towards a linear polyketide substrate mimic 4.1. A rational protein design 

approach was taken, where 9 sites within the active site were chosen for site saturation mutagenesis. A 

comprehensive 1,323 clone library was built, ensuring full coverage of all possible mutants, and screened 

via LCMS for unambiguous detection of macrocycle 4.3 and hydrolysis 4.2 products formation. The screen 

identified three single mutants with improved production of 4.3, as demonstrated by normalized 4.3 to 

4.2 (M/H) ratios of product distribution assays with purified enzymes. Furthermore, combinatorial 

mutants were generated to assess for possible mutation synergy. Although no apparent synergy was 

detected, a fourth mutant with improved macrocyclization activity was identified. Finally, the WT DEBS-

TE crystal structure in complex with substrate 4.1 was acquired, providing key insights on residues 

important for macrocyclization activity. 
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4.3 Results and discussion 

DEBS-TE mutant library construction and screen 

The objective for engineering of the wild-type (WT) DEBS-TE was the generation of enzyme 

variants with improved macrocycle 4.3 over hydrolysis 4.2 product (M/H) ratios when incubated with 

substrate 4.1 in vitro. A rational protein design approach was taken through site saturation mutagenesis 

of 9 residues in the active site as identified from a high-resolution crystal structure (PDB: 5D3K, 1.7Å 

resolution, Figure 4.4A-B).9 The structural determinants for off-loading chemistry and discrete enzyme-

substrate interactions are not known. Consequently, we selected these residues for being solvent 

accessible and their proposed hydrophobic packing interactions with the substrate,9,28 increasing our 

chances of yielding mutants with changes in off-loading chemistry selectivity. All residues are positioned 

on the two core (α2 and α10) and lid (α6/7) α-helices that shape the entrance cavity, except for A77. 

Because there is no literature precedence for substrate pre-organization and DEBS-TE has notable 

hydrolysis reactivity, it likely adheres to our proposed ICS model where solvent access to the acyl-TE 

intermediate as it samples conformations generates substantial hydrolysis. Thus, we believe mutagenesis 

at these sites will not only change enzyme-substrate interactions, but also affect the conformation of the 

entrance cavity. This can result in mutants that potentially “gate” access of solvent into the active site, 

slowing acyl-TE hydrolysis rates and thus increasing the M/H ratio.  

Site saturation mutagenesis34 was performed at each position using the NNS degenerate codon, 

encoding all 20 canonical amino acids while minimizing the oversampling required in library screening. To 

screen all 171 mutants, a library comprising 1,323 clones was generated for ~4.6× oversampling (147 

clones per site for >99% library coverage).35,36 Transformation into Escherichia coli BL21(DE3) chemically 

competent cells yielded clones that were arrayed into 96-well plates containing LB media with ampicillin 
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(100 µg/mL) and 30% w/v glycerol for long term storage as master plates (Figure 4.5A) for subsequent 

library screening and hit identification.  

Figure 4.4. Chosen sites for mutagenesis and WT DEBS-TE reaction with SNAC substrate 4.1. (A) Crystal structure 

of the WT apo DEBS-TE (PDB: 5D3K, 1.7 Å resolution) shown as a purple cartoon with the active site boxed. (B) Zoom-

in of the active site with the catalytic triad shown as yellow sticks. Sites chosen for site saturation mutagenesis are 

shown as magenta sticks and are solvent accessible. The structural elements comprising the entrance cavity are 

labelled in bold. (C) Macrolactonization and hydrolysis of SNAC substrate 4.1 catalyzed by the WT DEBS-TE, producing 

macrolactone 4.3 and seco acid 4.2.  
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To date, no TE has been engineered via directed evolution, requiring us to develop our own 

selection/screen method for DEBS-TE engineering. For selection to be viable, production of 4.2 would 

need to be toxic in vivo or 4.3 would need to exhibit antibiotic activity. Unfortunately, products 4.2 and 

4.3 have not shown these activities. Alternatively, production of 4.2 or 4.3 would need to be indirectly 

linked to a life-death scenario in vivo using complementation-based selection (ex: PACE, CPR).37–39 

However, there isn’t a clear and direct way to do this. While generation of a fluorescence signal would 

offer the ability to screen mutants in a high-throughput fashion, there is currently no practical method to 

selectively link fluorescence to macrocyclization. Thus, high-throughput screening and selection methods 

could not be used. We resorted to an LCMS based screen, which is generally a lower throughput method 

compared to the aforementioned.37 However, this method offered several advantages such as the use of 

an autosampler for automated library processing and separation of products 4.2 and 4.3 through reverse-

phase chromatography. The high sensitivity of the mass spectrometer (MS) also enabled us to 

unambiguously detect and quantify small changes in product formation, ensuring that mutants with 

improved macrocyclic activity were captured.  

To screen the clonal library (Figure 4.5B), master plates were pin replicated into 96-deep well 

plates containing LB media and ampicillin (100 µg/mL) for bacterial growth, protein expression and lysis 

by freeze-thawing.40 The resulting lysate was taken and incubated with 4.1 (1 mM) in potassium 

phosphate buffer (50 mM, pH 7.4) at room temperature for 24 hours before analysis by LCMS. Area under 

the curve (AUC) for 4.2 and 4.3 products were preprocessed by MZmine2 from extracted ion 

chromatograms and plotted as a scatter plot for subsequent analysis of screen data and hit identification 

(Figure 4.6).  
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Figure 4.5. Mutant library generation and screen workflow. (A) Mutant library construction via site saturation 

mutagenesis (full plasmid PCR) of the WT DEBS-TE coding sequence. DpnI digestion removes parental template, 

while phosphorylation allows for ligation of mutated PCR products and cloning. Transformation of ligated products 

into E. coli BL21(DE3) cells yields clones, each corresponding to a possible DEBS-TE mutant. A total of 147 clones for 

each position are arrayed into 96-well plates for long-term storage as master plates. (B) Clonal library screen by 

LCMS. Clones are pin replicated from master plates into 96-deep well plates for growth, expression and lysis by two 

cycles of freeze thawing in buffer. Cell lysate is transferred into a 96-well plate containing reaction buffer and 

substrate 4.1 for incubation at room temperature. Assays are quenched, analyzed by LCMS, hydrolysis 4.2 and 

macrocycle 4.3 product AUC extracted by MZmine2 for analysis and mutant hit identification.  
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Figure 4.6. Representative scatter plots of library screen. Scatter plots of hydrolysis (4.2) and macrocycle (4.3) peak 

areas obtained from MZmine2 preprocessing of LCMS data. Symbol and colour legend is shown to the right in panel 

A. (A) Data for position N180, showcasing a mutant (N180D, circled) with a 3.2-fold increase in macrocycle to 

hydrolysis product ratio (M/H) over WT. Positions R32 and Q176M showed similar results. (B) Data for positions T213 

and A77, showcasing positions retaining or abolishing macrocyclic activity. All other positions showed similar results 

to position A77.  



 

191 

 

Based on the data acquired from the screen, 10 clones per position were selected for sequencing. 

Our selection prioritized clones with the highest M/H ratios (top macrocyclization), although this was not 

always possible, and those with superior 4.2 AUC over WT (top hydrolysis). Analysis of the screen data 

pinpointed three variants (R32L, Q176M and N180D) that displayed enhanced macrocyclization activity 

(Figure S4.4, S4.7 and 4.6A). These variants were further confirmed by LCMS analysis of assays with 

recombinantly purified protein. In general, all positions showed clones with reduced macrocyclization 

activity alongside a considerably larger group of clones with high hydrolysis activity. This suggests 

mutagenesis at these positions affect the substrate’s ability to adopt a macrocyclization competent 

conformation and or enhances solvent accessibility to the active site for increased hydrolysis. Moreover, 

this suggests these positions can undergo mutation without much impact on the fold, and is consistent 

with a previous mutagenesis study.28 Further studies on these hydrolyzing variants can provide useful 

insight into how hydrolysis is promoted. Position T213 stands as the sole exception to this trend, as it still 

retains a substantial population of macrocyclization active clones (Figure 4.6B).  

Our screen suffered from variability and yielded a negative Z’ (Figure 4.7), suggesting overlap 

between positive and negative control signals.41,42 While there is essentially no variability in the negative 

control data, given there is no macrocycle formed, there is large variability in the positive control data 

which creates a large standard deviation (σ). The Z’ calculation uses the 3σ limit for the positive and 

negative control data, which if normally distributed should include >99.7% of the data. Thus, a Z’ between 

0.5 and 1 indicates that the positive and negative control data will be easily distinguishable and thus the 

screen will be effective. Our negative Z’ value suggests it will be challenging to distinguish between the 

positive and negative control data; however, a student’s t-test shows that the positive and negative 

controls are statistically distinguishable (Figure 4.7A). A more careful examination of the positive control 

data shows the data to be non-normal with extreme values. In non-normal datasets, the σ can be 
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significantly skewed by outliers. Log transformation of the data is often used to minimize the effect of 

outliers and better approximate a normal distribution. When using the log transformed control data for 

the macrocycle peak area, the Z’ = 0.23. This is likely an underrepresentation of the Z’ as the negative 

control data for macrocycle area was set at the minimum cutoff area for calling a peak in our MZmine2 

data analysis workflow, which significantly overestimates the magnitude of this area thus decreasing Z’. 

Regardless a Z’ between 0 and 0.5 indicates a functional, though marginal assay. When comparing our 

positive control to our hits, they were shown to be statistically indistinguishable (Figure 4.7B). While the 

screen was deemed functional, this suggests our screen struggles in identifying improved macrocyclization 

variants. This is likely a result of the non-normal distribution of our positive control dataset, which skews 

the Z’ and the p value from the student’s t-test. 

Figure 4.7. Statistical analysis of library screen. (A) Comparison of macrocycle to hydrolysis (M/H) ratio of the 

screen’s positive and negative controls. (B) Scatter plot of M/H ratio for all mutants (grey dots) analyzed during the 

screen. Black dots represent the top macrocyclization mutant hits while the green and red squares represent the 

positive and negative controls respectively. In both panels, statistical significance was assessed and the Z’ calculated 

according to equation [5] from Zhang et al.41  
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To increase Z’, it is necessary to reduce variability in the assay. The presence of two outliers in our 

positive controls and the observed scattering of WT clones (green dots) from the positive control (green 

square) at position A77 (Figure 4.6B and 4.7B) suggests differences in total protein amount may 

contribute to variability. This phenomenon is well documented and has been shown to contribute to 

variability in well-plate-based screening assays due to differences in cell growth, efficiency in cell lysis43–45 

and freeze-thaw cycling.40 To mitigate this, we sought to normalize product AUC to protein amount by 

two distinct attempts. The first involved dot blot46 normalization using an anti-His monoclonal antibody 

that binds to C-terminally hexa-His (6xHis) tagged mutants. The released chemiluminescence signal could 

then be normalized to a WT DEBS-TE control signal, similar to housekeeping protein normalization in 

Western Blotting.47,48 The second involved normalization of E. coli BL21(DE3)’s endogenously expressed 

β-galactosidase (lacZ) hydrolysis activity of o-nitrophenyl-β-galactoside (ONPG)49 relative to a positive 

control. Unfortunately, both attempts proved unsuccessful due to an inadequate dynamic range.  

While these techniques take into consideration the concentration of our protein of interest, it 

does not consider the concentration of endogenous E. coli α/β-hydrolases that can hydrolyze 4.1 in the 

background. Fluctuations in the levels of these background enzymes can change the M/H ratio due to 

changes in the total amount of 4.2 formed. These variations can be due to clonal variation and cell growth, 

which are inherently difficult to control. Unfortunately, there is no efficient method to date to reduce this 

variability in well-plated-based screens. 

Given our efforts to reduce variability were unsuccessful, 10 mutants sufficiently distant from 

each other in the scatter plots (Figure 4.6) were selected for sequencing. From the sequenced variants, 

non-WT protein coding sequences that showed the greatest M/H ratio (ex: N180D, Figure 4.6A) were 

selected as hits for biochemical characterization. In addition, the top hydrolysis mutant was selected for 
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biochemical characterization. These mutants (2 clones per site) were expressed, purified, and 

biochemically characterized (mutant code s#, Table S4.1). 

R32L, Q176M and N180D are better at macrocyclization than WT 

To biochemically characterize hits, mutants were overexpressed in E. coli BL21(DE3) with 1 mM 

of IPTG at room temperature. All mutants were purified by metal-affinity chromatography to high purity 

(>95%, Figure S4.1 and S4.2). Enzymatic assays with 5 µM of enzyme and 1 mM of 4.1 in potassium 

phosphate buffer (50 mM, pH 7.4) and 12% v/v DMSO were incubated at room temperature for turnover 

before LCMS analysis. Extracted ion chromatogram AUC ratios of product 4.3 over 4.2 (M/H) were 

normalized to the WT DEBS-TE (Table S4.12) to quantify fold improvement in macrocycle production and 

to account for differences in product ionization. Within the top macrocyclization group, mutants R32L, 

Q176M and N180D (subgroup m1) are shown to be better at macrocyclizing 4.1 with M/H ratios 1.7-, 2.0-

, and 2.2-fold higher, thereby confirming the observations made during the screen (Figure 4.8A). While 

these mutants exhibit improved 4.3 production, substantial production of 4.2 is still observed (Figure S4.4, 

S4.7 and S4.9). This outcome aligns with our proposed ICS model, suggesting a dynamic sampling of the 

acyl-TE intermediate and substantial competing hydrolysis reactivity. Mutants in subgroup m2 are in stark 

contrast, showing an unaltered or reduction in M/H ratios (Figure 4.8A). Unlike subgroup m1, variants in 

subgroup m2 were always proximal to the WT in the screen (Figure 4.6B, S4.5, S4.8 and S4.10-11), which 

may account for the unaltered or reduced M/H ratios. Among the top hydrolysis group, none 

outperformed WT in forming 4.3 as expected. These observations further validate the screening strategy 

and suggest that even with the negative Z’, the screen can help distinguish hits with enhanced 

macrocyclization activity over those with reduced activity.  
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Figure 4.8. Enzymatic and kinetic assay results for DEBS-TE single mutants. (A) Macrocycle 4.3 to hydrolysis 4.2 

product ratios normalized to WT DEBS-TE product ratio (mean ± s.d., n = 3 technical replicates). Ratios were 

calculated from AUC of extracted ion chromatograms (see Table S4.12). Note mutants labelled with an asterisk are 

only hydrolytically active. Within the improved macrocyclization mutant group, subgroup m1 (blue line) are true 

mutants displaying improved macrocyclization activity and identified by arrows with the fold-increase shown. (B) 

Second order rate constants (kcat/KM) for WT DEBS-TE and mutants (mean ± s.d., n = 3 technical replicates). Grey 

dashed lines indicate the fold decrease in kcat/KM over WT. Mutants shown as squares are only hydrolytically active.  

Kinetic characterization was performed for all variants and the WT DEBS-TE. For this, enzyme (5 

µM) was incubated with varying concentrations of 4.1 (0-2 mM) in potassium phosphate buffer (50 mM, 

pH 7.4) and DMSO (12% v/v). Initial velocities (v0) were acquired by continuous spectrophotometric 

measurements at 412 nm with the addition of Ellman’s reagent (DTNB), which tracks the release of SNAC 

free thiol upon substrate loading.14,16,28,50 Mutants R32M, L35R, A77G and T213R were excluded from 
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these experiments due to low observed activity in product distribution assays (Figure S4.41). In addition, 

efforts to kinetically characterize mutant T213C were unsuccessful. As DTNB reacts with free thiols, we 

believe DTNB forms an adduct with active site residue C213, inactivating the TE. Most mutants could not 

be saturated, even with 1 mM or more of substrate 4.1, preventing independent determination of the 

first order rate constant kcat and the Michaelis constant KM. Consequently, second order rate constants 

kcat/KM were reported for a consistent and comparable analysis. The WT DEBS-TE is shown to turnover 

substrate 4.1 with a kcat/KM = 27 ± 3 M-1 s-1 (Figure 4.9 and S4.14), which is 22-fold higher than with the 

previously tested phenyl derivative 4.5 (Figure 4.9)15 but comparable to the related PIK-TE domain.51 In 

almost all cases, the kcat/KM remains largely unchanged with a few being reduced ~2- or ~4-fold (Figure 

4.8B). Acylation, or TE loading, is often rate determining in vitro,28,31 consequently kcat/KM is the second 

order rate constant describing TE loading. Because off-loading occurs after the rate-determining step, 

these values have limited relevance in the context of macrocyclization. Furthermore, our screen focused 

on enhancing macrocyclization activity without any consideration for the kinetics, thus these changes in 

kcat/KM are not surprising. The exception to this trend is mutant M179P which shows a 1.4-fold increase in 

kcat/KM (Figure 4.8B). Interestingly, variants in subgroup m1 have higher product to substrate ratios (P/S) 

despite having reduced kcat/KM values compared to WT (Table S4.2). This suggests these mutants are 

longer lived catalysts, enabling them to outperform the WT in product formation. Further investigation 

through enzyme stability experiments such as differential scanning calorimetry (DSC),52 isothermal 

titration calorimetry (ITC)53 or circular dichroism (CD)54 is warranted. 
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Figure 4.9. Comparison of substrate 4.1, 4.5 structures and WT DEBS-TE second order rate constants. Errors 

indicate s.d. of technical replicates (n = 3). Second order rate constant for substrate 4.5 was obtained from Pinto et 

al.15 

WT DEBS-TE trapped acyl crystal structure  

Our collaborators in Dr. Schmeing’s lab were able to acquire a high-resolution (1.4 Å) crystal 

structure of the WT DEBS-TE with 4.1 trapped as an acyl-TE intermediate (Figure 4.10). Comparing this 

structure with the previously acquired high-resolution structure of the apo DEBS-TE (PDB: 5D3K, 1.7 Å 

resolution) show little difference in their conformations, including the lid region (Cα RMSD = 0.1 Å, Figure 

4.10A). This is surprising as the lid is known to be a mobile region that interacts with TE substrates. 

Similarly, comparison of the chosen active site residues for mutagenesis shows little change in their 

rotameric configuration. Only residue M179’s side chain is shifted 1.8 Å away from 4.1, presumably due 

to repulsion between the benzyl moiety and the sulfur atom (in M179) electron clouds (Figure 4.10B). 

Although substrate 4.1 is shown to be in a cyclic conformation, it is not catalytically relevant for 

macrocyclization as the C13 alcohol is not optimally placed for ring closure. In addition, the proposed 

backbone NH group of A77, presumed to be part of the oxyanion hole, is not optimally placed for 

stabilization of the tetrahedral intermediate (Figure 4.10C). This could simply be an artifact of 

crystallization and warrants further investigation. Despite this, the contacts observed in this structure may 
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provide some useful insights on TE-substrate interactions that generate a cyclic conformation conducive 

to macrocyclization. 

Figure 4.10. WT DEBS-TE trapped acyl crystal structure compared to apo DEBS-TE. (A) WT DEBS-TE in complex with 

4.1 (1.4 Å resolution, purple cartoon) acquired by our collaborators in Dr. Schmeing’s lab aligned with apo WT DEBS-

TE (PDB: 5D3K, 1.7 Å resolution, cyan cartoon). Overall conformation of both TE structures is very similar (Cα RMSD 

= 0.1 Å). (B) Zoom-in of the active site, showing little difference in rotameric configuration of catalytic triad and our 

chosen sites for mutagenesis. M179 side chain is the only shown to shift by 1.8 Å in the 4.1 complexed structure 

(purple sticks). (C) Oxyanion hole H-bonds (grey dashed lines) stabilizing the tetrahedral intermediate with the 

distances shown. The C13 alcohol for ring closure is labelled with a black star. In all panels, catalytic triad is shown 

as sticks and labelled with an asterisk while 4.1 is shown as grey sticks. 
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Proposed mutation effects to rationalize changes in macrocyclization activity 

 Examining the impact of our single mutations on the DEBS-TE structure can provide crucial insight 

into DEBS-TE mediated macrocyclization. Currently, crystal structures of these mutants remain 

unavailable, although efforts are ongoing to obtain high-resolution structures of non-hydrolyzable acyl-

TE intermediates of 4.1 with these mutants.55 In the absence of these structures, we analyze our data 

based on the recently acquired trapped acyl-TE crystal structure of the WT DEBS-TE, generously provided 

by our collaborators in Dr. Schmeing’s lab, to formulate hypotheses on the impact of these mutations.  

R32 is shown to form two H-bonds with D210, positioning α2 relative to α10. In addition, a water 

mediated H-bonding interaction is formed with the C13 alcohol of 4.1 (Figure 4.11). Mutating to a neutral 

Leu likely breaks these H-bonds and allows for helices α2, α10 and α6/7 (i.e. the lid) to draw closer and 

maximize hydrophobic packing interactions. As these structural elements dictate the shape of the 

entrance cavity, this mutation can lead to improved sampling of closed conformations that can impede 

water’s access to the active site through sterics (i.e. solvent gating), reducing hydrolysis. These changes 

can impact the active site’s structure through the lid, which is known to shape the active site.9,10,12,13 This 

alteration can favour compact conformations of the acyl-TE intermediate, effectively biasing its sampling 

towards conformations conducive to macrocyclization. Moreover, the water mediated H-bonding 

interaction with 4.1 is also likely broken. This water mediated interaction likely stabilizes the unreactive 

cyclic conformation of 4.1, thus breaking these interactions could promote dynamic sampling of the acyl-

TE intermediate. All of these taken together can explain the improvement in M/H ratio.  

The complementary mutation at R32 that led to a drop in macrocyclization activity was R32M, 

which similarly disrupts the interaction with D210 and with 4.1. Its subtly lower hydrophobicity as 

compared to the Leu56 mutant (R32L) presumably leads to a similar effect, though with less restriction on 

water’s access to the active site and thus it maintains an M/H ratio on par to the WT.  
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Figure 4.11. Interaction network of the DEBS-TE active site in complex with 4.1. Zoom-in of the DEBS-TE (1.4 Å 

resolution, purple cartoon) active site in complex with 4.1 (grey sticks) with catalytic triad shown as yellow sticks and 

waters shown as red spheres. A series of H-bonding interactions (grey dashed lines) is formed with R32, Q176 and 

N180 residues (magenta sticks) with water, 4.1 and other active site residues (purple sticks). The C13 alcohol for ring 

closure is labelled with a black star. Structure was acquired by our collaborators in Dr. Schmeing’s lab.  

Mutation of R32’s binding partner (D210) leads to a substantially different outcome. Both the 

better macrocyclizing D210 mutant, D210V, and the worst macrocyclizing mutant, D210W, exhibit some 

of the lowest M/H ratios. In the case of D210V, the mutation also resulted in a hydrolytic variant with the 

lowest kcat/KM. While disruption of the D210-R32 interaction via both D210V and D210W should enable 

helices α2, α10 and α6/7 to similarly restrict the entrance cavity, the substantial drop in M/H ratio and 

catalytic activity suggests a much more disruptive change to the active site. Further examination of the 

DEBS-TE non-hydrolyzable acyl-TE crystal structure shows D210 directly interacts with the distal C11 

alcohol of 4.1 via its side chain carbonyl (Figure 4.11). We propose this interaction is required for the 

adoption of a cyclic conformation of the acyl-TE intermediate. This would be consistent with majority of 

the clones displaying very little macrocyclization activity in the screen (Figure S4.11). 
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Q176 forms a water mediated H-bonding interaction with the C13 alcohol of 4.1 (Figure 4.11). 

Disruption of this interaction can destabilize the unreactive cyclic conformation of 4.1, providing a similar 

effect as R32L. In addition, we propose the large hydrophobic Met mutation provides an additional 

hydrophobic barrier to limit waters access to the active site. Consistent with this analysis is the 

observation that the Ala mutant has a substantially reduced M/H ratio, as would be expected from the 

smaller side chain. 

 Lastly, N180 also forms a water mediated H-bonding interaction as Q176 (Figure 4.11). The N180D 

mutation can potentially form a long-range charge-charge interaction57 with R32 that can prompt both 

α6/7 and α2 to adopt a more closed conformation. This can displace the water molecules mediating H-

bonding interactions between the nucleophilic OH groups with R32, Q176 and N180, thus resulting in an 

effect similarly described for the R32L and Q176M mutations. In contrast to the Asp mutation, the Pro 

substitution results in an exclusively hydrolytic variant. We propose that the destabilizing nature of Pro in 

α-helical structures likely induces a helix break or kink58–61 at position 180, shortening the lid helix which 

biases sampling towards open conformations that increase solvent access to the active site. This is 

consistent with the dramatic difference in M/H between the Asp and Pro mutants.  

While the mutants investigated at the other 6 sites did not yield any improvement in 

macrocyclization activity, some useful information can still be inferred. For instance, the bulky side chains 

of L35 and L206 are shown facing the substrate and likely act as hydrophobic barriers, promoting the 

adoption of a curled acyl-TE intermediate conformation (Figure 4.12). This is consistent with many of the 

L35 and L206 clones having largely reduced macrocyclization activity (Figure S4.5 and S4.10). The 

backbone NH of A77 is likely part of the oxyanion hole (Figure 4.10C) and thus would explain the little 

macrocyclization activity observed in the screen (Figure 4.6B and S4.6) and the little activity observed for 

the purified A77S/G variants (Figure 4.8A and Table S4.12). T213’s β-OH group was shown to indirectly H-



 

202 

 

bond to 4.1’s distal OH group with water (Figure 4.11). As this distal OH group has a direct interaction 

with D210, breaking T213’s interaction would presumably have little impact on the macrocyclization 

activity of the mutants. This is consistent with the retention in macrocyclization activity observed in the 

screen of T213 clones (Figure 4.6B and S4.12). Thus, we propose residues L35, A77 and L206 as crucial for 

the macrocyclization activity of the DEBS-TE while T213 is a tolerant position for mutagenesis. 

Figure 4.12. DEBS-TE active site in complex with substrate 4.1. Two views of the DEBS-TE (1.4 Å resolution, purple 

cartoon) active site in complex with 4.1 (grey sticks) with catalytic triad shown as yellow sticks, waters shown as red 

spheres and all mutated sites shown as magenta sticks. Structure was acquired by our collaborators in Dr. Schmeing’s 

lab. 

The hypotheses put forward to rationalize the changes in activity for the mutants have yet to be 

verified and necessitate further investigation either via molecular dynamic simulations (MDS) or via 

trapped acyl-TE crystal structures of these mutants using DAP incorporation technology.55 
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Combination of single mutations do not exhibit synergistic effects  

Having pinpointed R32L, Q176M and N180D as our top-performing macrocyclization variants, we 

investigated the potential synergy of these mutations by creating a combinatorial library. We also included 

the M179P mutation in our approach, due to its improved kinetics. Thus, we hoped to craft a better 

macrocyclization mutant with enhanced kinetics. We performed site directed mutagenesis34 to generate 

all possible double, triple and quadruple mutants (11 total, mutant code c#, Table S4.1). All mutants were 

transformed and expressed in E. coli BL21(DE3) chemically competent cells and purified by metal-affinity 

chromatography to high purity (>95%, Figure S4.1 and S4.2). Following purification, enzymes were 

incubated with 4.1 and analysed by LCMS exactly as described for the single mutants.  

In general, the individual mutations are not synergistic and instead lead to a reduction in the M/H 

ratio (Figure 4.13A). This is unsurprising as combining single mutants rarely leads to improved variants, 

due to cryptic and complex interactions embedded in protein structures.62,63 Double mutant c46 

(R32L/Q176M) retains a similar fold improvement in M/H ratio as its single mutant counterpart Q176M 

(2.4-fold increase), making it the sole exception to the previous trend. Because R32L is postulated to 

reduce the size of the entrance cavity, the addition of the Q176M mutation likely further accentuates this 

structural alteration by negating the potential electrostatic repulsion with D210 on α10. This could 

promote the adoption of closed conformations for effective solvent gating and can promote compact acyl-

TE intermediate conformations. In addition, two water mediated H-bonding interactions with the C13 

alcohol of 4.1 are likely broken, allowing for better sampling of conformations conducive to 

macrocyclization, thus increasing the M/H ratio. In all other double mutants, the reduction in M/H ratios 

suggests the structural alterations or changes in conformational dynamics induced by the individual 

mutations are incompatible when combined.  
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Figure 4.13. Enzymatic and kinetic assay results for DEBS-TE combinatorial mutants. Combinatorial mutants were 

generated by combining R32L, Q176M, M179P and N180D single mutations. The number shown below indicates the 

number of combined mutations. (A) Macrocycle 4.3 to hydrolysis 4.2 product ratios normalized to WT DEBS-TE 

product ratio (mean ± s.d., n = 3 technical replicates). Ratios were calculated from AUC of extracted ion 

chromatograms (see Table S4.12). Mutant labelled with an asterisk is only hydrolytically active. Only mutant c46 

retains a M/H ratio fold improvement comparable to its single mutant counterparts (arrow, 2.4-fold). (B) Second 

order rate constants (kcat/KM) for WT DEBS-TE and combinatorial mutants (mean ± s.d., n = 3 technical replicates). 

Mutants with improved kcat/KM are identified by arrows with the fold-increase over WT shown. Grey dashed lines 

indicate the fold decrease in kcat/KM over WT. 
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 In terms of kinetics, most mutants kcat/KM remain largely unchanged or reduced ~2-fold relative 

to the WT (Figure 4.13B). While the structural changes conferred by the individual mutations decrease 

the M/H ratio, their effects are minimal on the kcat/KM values. Out of all combinatorial mutants, c48 

exhibited the slowest loading kinetics with a kcat/KM = 8 ± 0.8 M-1 s-1 (Figure S4.32). This suggests the 

structural alterations of mutations R32L and M179P affect the TE’s catalytic rates. M179 is situated near 

the end of the lid helix, linked to a loop where an Y171-W242 H-bond which holds the loop containing the 

catalytic base (H259) in place.9,28 Introduction of a Pro at this position likely breaks the helix, enhancing 

loop flexibility and potentially displacing the catalytic base, thereby decreasing catalytic rates without 

much change in the M/H ratio. Surprisingly, the combinatorial mutants c43, c42 and c45 exhibited 1.7-, 

2.4- and 2.8-fold improvement in kcat/KM over WT (Figure S4.27-28 and S4.33). These mutants are double 

(c42-43) or triple (c45) mutants of the Q176M, M179P and N180D single mutations situated on the lid 

helix. We reasoned these mutations greatly alter the conformation of the lid that allows better substrate 

access to the active site and thus faster loading in addition to greater solvent access for a reduced M/H 

ratio relative to c46. Notably, our best performing double mutant (R32L/Q176M) exhibited reduced 

product to substrate ratio and a ~2.3-fold reduction in kcat/KM compared to WT (Table S4.2). This 

observation suggests the double mutation is destabilizing, yielding a much shorter-lived catalyst. 

Surprisingly, the quadruple mutant c52 retained a similar second order rate constant (kcat/KM = 23 ± 3 M-1 

s-1, Figure S4.35 and Table S4.2) to that of the WT. However, qualitative assessment of the progress curves 

during kinetic measurements with 1 mM of 4.1 showed it deviated from linearity much earlier than 

anticipated (Figure S4.36). This suggests irreversible inactivation of the mutant, presumably due to lower 

enzyme stability. Despite mutant c52 appearing less stable with loading kinetics similar to the WT, it 

demonstrated a 1.8-fold increase in product to substrate ratio over WT (Table S4.2). A likely explanation 

for this could be the mutant is much faster at off-loading than the WT and warrants further investigation.  



 

206 

 

Improved macrocyclization mutants are kinetically slower  

 When examining the M/H ratios of our top performing single mutants alongside their 

corresponding second order rate constants, an inverse Pearson and Spearman correlation became evident 

(Figure 4.14). This pattern is consistently observed with the combinatorial mutants, suggesting that better 

loading kinetics is detrimental to the production of 4.3. Because solvent gating is likely a result of the 

mutation sites positioning at the entrance cavity, there is also a potential for substrate gating. For 

example, the R32L mutant induces a closed entrance cavity conformation through the approach of α2, 

α10 and the lid. This can gate both solvent and substrate, leading to a reduction in loading kinetics and a 

reduction in hydrolysis rates. Our proposed structural hypotheses would also suggest a more tightly 

packed active site of the apo TE. This would require more drastic structural rearrangements for binding 

and TE acylation, which can also contribute to the reduced kinetics. While these hypotheses are well in 

line with the data shown, the low R2 in the Pearson correlation and the statistical insignificance of the 

Spearman correlation suggests additional complex factors contribute to the changes in both parameters.  

Substrate binding with the DEBS-TE is believed to be influenced by hydrophobic packing 

interactions,9,28–30 potentially guiding the off-loading chemistry. While all hypotheses regarding the 

structural impacts the single mutations and their combinations support the above postulate and are 

consistent with the results presented herein, there is no structural data to support these. Our current 

efforts at acquiring trapped acyl-TE intermediate crystal structures55 of our mutants with 4.1 will hopefully 

become available soon for further insights into TE off-loading chemistry selectivity and allow for the 

verification of our proposed hypotheses.  
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Figure 4.14. Relationship between kcat/KM and normalized M/H ratio. Relationship analysis used kcat/KM and 

normalized macrocycle to hydrolysis (M/H) ratio data of combinatorial variants, our top performing single variants 

(R32L, Q176M, M179P and N180D) and the WT. (A) Bar graph of kcat/KM over M/H ratio. Note the top performing 

macrocyclization variants have the smallest ratios. (B) Scatter plot of kcat/KM versus M/H ratio, showcasing a negative 

Pearson correlation (dashed line) and Spearman correlation (ρ).  
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4.4 Conclusions 

To conclude, the work presented in this chapter demonstrated the ability to engineer the DEBS-

TE for improved formation of macrocycle 4.3 when incubated with substrate 4.1. We employed a rational 

protein design approach through site saturation mutagenesis of 9 residues that line the entrance cavity 

and the active site, yielding a comprehensive library of 1,323 clones. An LCMS based screen was 

performed, which revealed variants R32L, Q176M and N180D exhibited enhanced production of 4.3 over 

WT. The screen suffered from variability and a low Z’, presumably due to differences in total protein 

amount. In the future, generation of a joint DEBS-TE and superfolder GFP (sfGFP) construct would allow 

for protein normalization to minimize 96-well plate screening variability and improve the Z’.43  

Biochemical characterization of enzymes confirmed R32L, Q176M and N180D as the top 

macrocyclizing variants with 1.7-, 2.0- and 2.2-fold increase in 4.3 over 4.2 (M/H) ratio but with reduced 

loading kinetics relative to WT. Despite the pitfalls of the screen, these experiments confirm them as true 

positives, effectively corroborating the interpretations drawn from the screen. A combinatorial library was 

generated with the top performing macrocyclization variants in addition to mutation M179P, showing a 

1.4-fold increase in kinetics over WT, for possible mutation synergy. None of the mutations in combination 

showed synergy. However, R32L/Q176M was identified as another top macrocyclization variant with a 

2.4-fold increase in M/H ratio.  

We currently hypothesize that the top performing mutations alter the structural landscape of the 

TE to favour conformations with a closed entrance cavity and altered active site that can (1) gate solvent’s 

access to the active site and (2) bias acyl-TE intermediate conformations towards those conducive to 

macrocyclization while breaking key H-bonding interactions that stabilize an unreactive cyclic 

conformation of 4.1, all of which is consistent with the data presented. These proposed hypotheses would 

need to be structurally verified with trapped acyl-TE crystal structures using DAP incorporation 
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technology55 or investigated via MDS. While there was an apparent correlation between enhanced 

macrocyclization activity and slower loading kinetics, the statistical insignificance in these correlations 

suggests more complex factors are at play.  

Finally, efforts in obtaining trapped acyl-TE crystal structures of our mutants are ongoing with 

substrate 4.1 and will be pivotal in verifying our proposed hypotheses. In addition, these will provide 

crucial insights into the discrete substrate-enzyme interactions that drive substrate binding and off-

loading. With the acyl-TE crystal structure of the WT in hand, MDS can be performed to investigate 

possible sites important for macrocyclization activity along with the importance of solvent on hydrolysis 

rates. Regardless, this study deepened our mechanistic understanding in DEBS-TE catalyzed 

macrocyclization and provided the second engineered PKS TE with improved macrocyclization activity. 
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4.5 Materials and methods 

Mutant library construction and storage 

Construction and cloning of mutant library. Site saturation mutagenesis34 was performed on the WT 

DEBS-TE sequence found within the pRSG33 plasmid.16 Primers shown in Table 4.1 were used and 

reactions were set in duplicate for each primer pair. Each reaction contained the following: the correct 

forward and reverse primer pair (both 0.5 µM), Q5 Reaction Buffer (1X), dNTPs (200 µM), pRSG33 

template (1 ng), Q5 High-Fidelity DNA Polymerase (0.5 units, #M0491 NEB). Negative controls were 

prepared identically except without the addition of polymerase. Full plasmid PCR was performed for every 

reaction as per the manufacturer’s recommended conditions, with an annealing temperature of 74°C for 

50 seconds.  

Amplification of DNA by PCR was confirmed via gel electrophoresis and every reaction purified 

using the E.Z.N.A. Cycle-Pure Kit (#D6492, Omega Bio-tek) as described in their product manual followed 

by an overnight DpnI digestion (10 units, #R0176 NEB) at 37°C. Digested products were then purified once 

more using the E.Z.N.A. Cycle-Pure Kit as described in their product manual. Eluted products were 

phosphorylated for 1 hour at 37°C and ligated for 2 hours at room temperature before their 

transformation into E. coli BL21(DE3) chemically competent cells. Transformed cells were plated onto LB 

agar ampicillin (100 µg/mL) plates and incubated overnight at 37 °C to obtain colonies the next day. 

Colonies were used for library screening in 96-well plates. Each phosphorylation reaction contained the 

following: 10 µL of the eluted product, T4 DNA Ligase Buffer (1X, #B0202 NEB), T4 Polynucleotide Kinase 

(2.5 units, #M0201 NEB). T4 DNA Ligase (5 units, #M0202 NEB) was added to the same phosphorylation 

reactions prior to the 2-hour ligation incubation. A negative control was also prepared and treated 

similarly as described above except without the addition of T4 PNK and T4 DNA ligase to account for 

background colonies after transformation. 
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Table 4.1. Saturation mutagenesis primers used for library construction. Primer pairs were designed for full-plasmid 

PCR with a Tm of ~68-69°C and ordered from Integrated DNA Technologies with standard desalting. All primers are 

shown 5’ to 3’ with the degenerate codon underlined. In each row, the top sequence is the forward primer whilst 

the bottom sequence is the reverse primer. 

Position Oligos (Forward/Reverse) 

R32 
NNSTCCTACCTCGACCTGCTGGCG 

GACCCTGCCCGACACGCCCG 

L35 
NNSGACCTGCTGGCGGGGCT 

GTAGGACCGGACCCTGCCCGACACG 

A77 
NNSGCGATCTCCGGTCCGCAC 

CGTTCCCGCGCAGCAGATCACCG 

Q176 
NNSGACGCGATGAACGCCTGGCT 

GTGACCGGGCGGGTAGACGTCG 

M179 
NNSAACGCCTGGCTGGAGGAGCTGAC 

CGCGTCCTGGTGACCGGGC 

N180 
ATCTCGATCCCGCGAAATTAAT 

SNNCATCGCGTCCTGGTGACCGGGC 

L206 
NNSGGCGCCTACGACCGCCT 

GGCGGTGAGCCTGGTGTCGTCC 

D210 
NNSCGCCTCACCGGTCAGTGGCG 

GTAGGCGCCCAGGGCGGTG 

T213 
NNSGGTCAGTGGCGACCCCG 

GAGGCGGTCGTAGGCGCCCAG 

 

Mutant library preparation and storage. Conical 96-well microtiter plates (#249944, ThermoFisher 

Scientific) were sterilized in an autoclave prior to use. A total of 147 (not including controls) mutants were 

used per position for >99% library coverage (~4.6× oversampling, 9 positions for total library size n = 1,323 

clones).35 Each well was filled with 200 µL of sterile LB media supplemented with 100 μg/mL of ampicillin 

and a single colony from the appropriate plate was then inoculated into 92 wells of one well plate (M1) 

and 55 into another well plate (M2). The first well of plate M1 was never inoculated to ascertain sterility. 

Separate pET-21c(+) (#69770, Millipore Sigma), pRSG33 and pJBH09 transformed E. coli BL21 (DE3) 

colonies were inoculated into the next 3 wells of plate M1 to serve as background, positive and negative 
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controls respectively. Plates were then covered with a sterile porous film (#60941-086, VWR) and 

incubated for 24 hours at 37°C with 180 rpm shaking. Wells were topped off with LB supplemented with 

100 μg/mL of ampicillin and 30% w/v glycerol to a final volume of 300 µL then stored in a -80°C freezer as 

master plates for future hit identification. 

Mutant library screen and data analysis  

Mutant library expression and extraction. Cells were mixed and pin replicated from master plates to 

clean, and pre-sterilized 96 deep-well plates (#10755-248, VWR) containing 1.8 mL of sterile LB media 

supplemented with 100 μg/mL of ampicillin per well. Plates were covered with a sterile porous film and 

incubated for 24 hours at 37°C with 180 rpm shaking. After growth, protein expression was induced with 

sterile LB media supplemented with 100 μg/mL of ampicillin and 3 mM of IPTG. Wells were mixed with a 

multichannel pipettor and incubated with the same porous film at room temperature with 180 rpm 

shaking for 20 hours. Porous film was removed, replaced with sterile adhesive sealing foil (#89040-034, 

VWR) and spun down at 4000 g in a centrifuge for 20 minutes at 4°C. Supernatant was removed, cell 

pellets resuspended in a lysozyme lysis buffer (5 mM potassium phosphate buffer pH 7.4, 1 µg/mL of 

leupeptin and pepstatin A and 10 mg/mL of lysozyme) and crude cell lysate extracted by 2 freeze thaw 

cycles: a 10-minute incubation at -80°C followed by a 20-minute incubation in a 25 °C water bath.40 Plates 

were then spun down at 4000 g in a centrifuge for 30 minutes at 4°C. Supernatant, corresponding to the 

crude cell lysate, were used for the library screen. 

Mutant library screen. A 10 µL aliquot of supernatant was transferred to a clean microplate containing 1 

volume of reaction master mix. Every well contained the following: potassium phosphate buffer (50 mM, 

pH 7.4) and substrate 4.1 (1 mM) in DMSO (4% v/v). The first well of every plate was prepared similarly as 

described except with purified WT DEBS-TE (5 µM) to serve as a second positive control. Plates were then 



 

213 

 

incubated on benchtop for 24 hours sealed with adhesive sealing foil. Reaction mixes were quenched with 

3 volumes of LCMS Optima grade MeCN with 0.05% v/v LCMS Optima grade formic acid (FA) and spun 

down at 4000 g in a centrifuge for 30 minutes. An aliquot of 60 µL from the top layer in each well was 

transferred to a new microplate containing 2 volumes of LCMS Optima grade H2O with 0.05% v/v FA and 

mixed before analysis by LCMS (Shimadzu Prominence UFLC system with SPD-20A Prominence UV/VIS 

Detector, LCMS-2020 single quadrupole MS). Chromatographic separations were done using a Leapsil 

(3.5-micron, 100×2.1 mm) reverse phase column in ESI+ mode with a flow rate of 1 mL/min. The mobile 

phase was composed of LCMS Optima grade H2O (A) and MeCN (B) both supplemented with 0.05% v/v 

FA. Samples were monitored at 210 and 254 nm with an eluting gradient of 10% B to 95% B over 7 minutes.  

MZmine2 data preprocessing. Preprocessing of LCMS data was done in Mzmine264 with the following 

options described in order of their execution. Masses were detected using the Exact Mass Detector and 

the noise threshold set for each plate according to the average noise levels in chromatograms of methanol 

blanks that ran alongside each plate. Chromatograms were generated for each mass detected using the 

ADAP Chromatogram Builder (Mzmine2 v2.53).65 The minimum group size in number of scans was set to 

5 with an m/z tolerance of 0.5. Chromatogram deconvolution was performed using the Baseline Cut-Off 

algorithm. Isotopic Peak Grouper was used to remove masses corresponding to an isotopic peak pattern. 

The m/z tolerance was set to 1.0 with a retention time tolerance of 0.2 minutes, maximum charge value 

of 2 and the selection of the monotonic shape option. Gap filling of dataset was done using the Peak 

Finder (Multithreaded) with an intensity, m/z and retention time tolerance of 10%, 0.5 and 0.05 minutes 

respectively. Peaks corresponding to the masses shown in Figure S4.3 were selected using the Custom 

Database Search alongside their ID, m/z, retention time and identity with an m/z tolerance of 0.5. The Join 

Aligner was used to align mass peaks using the same parameters as described in the “Isotopic Peak 
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Grouper” setting with a value of 1 for both the weight for m/z and RT options. Data was then exported 

into Excel by peak area as a csv file with each peaks corresponding m/z, retention time and identity. 

Mutant hit identifications. For each plate preprocessed by Mzmine2, a scatter plot of the areas under the 

curve (AUC) for peaks corresponding to macrocycle 4.3 (m/z = 348, [M+ H]+) and hydrolysis 4.2 (m/z = 366, 

[M+ H]+) products were constructed. A total of 10 mutants per position were selected from each scatter 

plot, prioritizing mutants with improved hydrolysis and macrocycle yields. Wells were picked with 

sterilized toothpicks and grown overnight at 37 °C in 5 mL of LB media supplemented with ampicillin (100 

µg/mL). Plasmid DNA was extracted from overnight cultures using an E.Z.N.A. Plasmid Mini Kit I 

(#D694202, Omega Bio-tek) and retransformed into E. coli XLI-blue chemically competent cells. Colonies 

were picked, grown and plasmid DNA extracted similarly as described above for high quality plasmid DNA 

isolation. The quality of plasmid DNA extracted were verified by gel electrophoresis and sequenced by 

Sanger sequencing (Génome Québec) to determine mutations. From these 10 mutants, 2 were chosen for 

further experimental characterization per position (total of 18 single mutants): one with improved 

macrocyclization activity and one with improved hydrolysis activity relative to the WT DEBS-TE control. A 

full list of all mutants selected for characterization is shown in Table S4.1. 

Combinatorial mutant generation and cloning 

Construction and cloning of combinatorial mutants. Site-directed mutagenesis34 was performed using 

the primers shown in Table 4.2 with the indicated template plasmids to generate the desired 

combinatorial mutants. Every reaction was set in duplicate and contained the following: the correct 

forward and reverse primer pair (both 0.5 µM), Q5 Reaction Buffer (1X), dNTPs (200 µM), template DNA 

(1 ng), Q5 High-Fidelity DNA Polymerase (0.5 units, #M0491 NEB). Negative controls were prepared 

identically except without the addition of polymerase. Full plasmid PCR was performed for every reaction 
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as per the manufacturer’s recommended conditions, with an annealing temperature of 74°C for 50 

seconds.  

Amplification of DNA by PCR was confirmed via gel electrophoresis and every reaction purified 

using the E.Z.N.A. Cycle-Pure Kit (Omega Bio-tek #D6492) as described in their product manual followed 

by an overnight DpnI digestion (10 units, NEB #R0176) at 37°C. Digested products were then purified once 

more using the E.Z.N.A. Cycle-Pure Kit (#D6492, Omega Bio-tek) as described in their product manual. 

Eluted products were then phosphorylated for 1 hour at 37°C and ligated for 2 hours at room temperature 

before their transformation into E. coli XL1-blue chemically competent cells. Each phosphorylation 

reaction contained the following: 10 µL of the eluted product, T4 DNA Ligase Buffer (1X, NEB #B0202), T4 

Polynucleotide Kinase (2.5 units, NEB #M0201). T4 DNA Ligase (5 units, NEB #M0202) was added to the 

same phosphorylation reactions prior to the 2-hour ligation incubation. A negative control was also 

prepared and treated similarly as described above except without the addition of T4 PNK and T4 DNA 

ligase to account for background colonies after transformation. 
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Table 4.2. Primers for combinatorial mutant generation. Primer pairs were designed for full-plasmid PCR with a Tm 

of ~68-69°C and ordered from Integrated DNA Technologies with standard desalting. All primers are shown 5’ to 3’ 

with the mutagenesis codon underlined. In each row, the top sequence is the forward primer whilst the bottom 

sequence is the reverse primer. 

Mutant code  Combinatorial mutation Template plasmid Oligos (Forward/Reverse) 

c42 Q176M/N180D pJBH31 
GACGCCTGGCTGGAGGAGCT 

CATCGCGTCCATGTGACCGGGC 

c43 Q176M/M179P pJBH31 
CCCAACGCCTGGCTGGAGGAGCTGACC 

CGCGTCCATGTGACCGGGCGGG 

c44 M179P/N180D pJBH34 
CCCGACGCCTGGCTGGAGGAGCTGACC 

CGCGTCCTGGTGACCGGGCGGG 

c46 R32L/Q176M pJBH31 
CTGTCCTACCTCGACCTGCTGGCG 

GACCCTGCCCGACACGCCC 

c47 R32L/N180D pJBH34 
CTGTCCTACCTCGACCTGCTGGCG 

GACCCTGCCCGACACGCCC 

c48 R32L/M179P pJBH32 
CTGTCCTACCTCGACCTGCTGGCG 

GACCCTGCCCGACACGCCC 

c45 Q176M/M179P/N180D pJBH42 
CCCGACGCCTGGCTGGAGGAGCTGACC 

CGCGTCCTGGTGACCGGGCGGG 

c49 R32L/Q176M/N180D pJBH42 
CTGTCCTACCTCGACCTGCTGGCG 

GACCCTGCCCGACACGCCC 

c50 R32L/Q176M/M179P pJBH46 
CCCAACGCCTGGCTGGAGGAGCTGACC 

CGCGTCCATGTGACCGGGCGGG 

c51 R32L/M179P/N180D pJBH47 
CCCGACGCCTGGCTGGAGGAGCTGACC 

CGCGTCCTGGTGACCGGGCGGG 

c52 R32L/Q176M/M179P/N180D pJBH45 
CTGTCCTACCTCGACCTGCTGGCG 

GACCCTGCCCGACACGCCC 

Expression and purification of mutants 

Expression. WT DEBS-TE and 29 DEBS-TE mutants were recombinantly expressed: 18 single mutants 

identified from the library screen and 11 combinatorial mutants of R32L, Q176M, M179P and N180D 

single mutations (Table S4.1). All constructs were confirmed by Sanger sequencing (Génome Québec). 

Expression vectors were transformed into E. coli BL21(DE3) chemically competent cells for protein 
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expression. A flask containing 400 mL of LB media supplemented with 100 μg/mL of ampicillin were 

inoculated with 0.5 % v/v of dense transformed overnight cultures. For mutants s28, s29 and c48, 100 mL 

of LB media was used instead. Cultures were grown at 37 °C with 200 rpm shaking to an OD600 of 0.5-0.6. 

Protein expression was then induced with the addition of isopropyl-β-D-thiogalactopyranoside (IPTG) to 

a final concentration of 1 mM. Cultures were then incubated at room temperature with 200 rpm shaking 

for 18 hours. Mutant c49 could not be expressed and was not pursued further in this study. 

Protein purification. Entire procedure was performed at 4 °C and all plasticware used were pre-chilled. 

Cells were harvested by centrifugation at 4,000 g and resuspended in 10 mL of lysis buffer (100 mM 

sodium phosphate, 300 mM NaCl, 10% w/v glycerol, 1 mg/mL lysozyme, 1 μg/mL of pepstatin A and 1 

μg/mL leupeptin, pH 8.0). Cells were lysed by sonication on ice and cell debris removed by centrifugation 

at 12,000 g for 1 hour. Resulting lysate was incubated with 800 μL of Ni-NTA resin slurry (#30210, QIAGEN) 

on a rocking platform shaker for 1.5 hours. Lysate was then loaded into a gravity flow column and resin 

allowed to settle by gravity. Purification buffer (100 mM Tris, 300 mM NaCl, pH 7.4) was used at the 

indicated imidazole concentrations for resin washing and protein elution. Resin was first washed once 

with 0 mM imidazole and once more with 20 mM imidazole. Protein was eluted twice with 100 mM 

imidazole and then twice more with 250 mM imidazole. Protein collected during elution was concentrated 

and the buffer exchanged for dialysis buffer (100 mM Tris, 300 mM NaCl, pH 7.4) by centrifugation at 

4,000 g using an Amicon Ultra-15 10 kDa MWCO tube (#UFC9010, Millipore). An equal volume of 60% w/v 

glycerol was added to protein concentrate, flash frozen in liquid nitrogen then stored at -80 °C. Protein 

concentration was determined by Bradford assay (#5000006, Bio-Rad).  

For mutants s25, s26, s27, s36 and s37: cells were harvested by centrifugation at 4,000 g and 

resuspended in 2.5 mL of lysis buffer (50 mM potassium phosphate, 1 mg/mL lysozyme, 1 μg/mL of 

pepstatin A and 1 μg/mL leupeptin, pH 7.4). Cells were lysed by sonication on ice and cell debris removed 
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by centrifugation at 12,000 g for 1 hour. Resulting lysate was incubated with 250 μL of Ni-NTA resin slurry 

(#30210, QIAGEN) on a rocking platform shaker for 1.5 hours. Lysate was then loaded into a gravity flow 

column and resin allowed to settle by gravity. Purification buffer (50 mM potassium phosphate, pH 7.4) 

was used at the indicated imidazole concentrations for resin washing and protein elution. Resin was first 

washed once with 0 mM imidazole and once more with 20 mM imidazole. Protein was eluted twice with 

100 mM imidazole and then twice more with 250 mM imidazole. Protein collected during elution was 

dialysed in a Slide-A-Lyzer 10 kDa MWCO dialysis cassette (#66810, ThermoFisher) as per the 

manufacturer’s recommended protocol in 300× sample volume of 50 mM potassium phosphate buffer 

(pH 7.4). Dialysed samples were concentrated once by centrifugation at 4,000 g using a Vivaspin-20 10 

kDa MWCO centrifugal concentrator tube (#VS2002, Sartorius). An equal volume of 60% w/v glycerol was 

added to protein concentrate, flash frozen in liquid nitrogen then stored at -80 °C. Protein concentration 

was determined by Bradford assay (#5000006, Bio-Rad). Mutant c49 could not be expressed and purified 

recombinantly. 

For mutants s28, s29 and c48: cells were harvested, lysed and purified similarly as described in 

the section above. Proteins collected during elution were dialysed in a Slide-A-Lyzer 10 kDa MWCO dialysis 

cassette (#66810, ThermoFisher) as per the manufacturer’s recommended protocol in 300× sample 

volume of 50 mM potassium phosphate buffer (pH 7.4). Protein concentration of dialysed mutants was 

determined by Bradford assay (#5000006, Bio-Rad) and biochemical assays performed the same day. 

Biochemical assays of WT DEBS-TE and mutants 

Michaelis-Menten kinetics. Continuous enzymatic assays using DTNB (#D8130, Sigma-Aldrich) to track 

consumption of SNAC coupled substrate was performed in a half-area 96-well plate (50 mM potassium 

phosphate buffer pH 7.4, 12% v/v DMSO, 4% v/v DTNB, 5 μM enzyme) and varying concentrations of 

substrate 4.1 (0 to 2 mM) in triplicate. A 2X substrate master mix (containing potassium phosphate buffer, 
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DMSO and substrate) and enzyme master mix (containing potassium phosphate buffer, DTNB and 

enzyme) were prepared separately and arrayed into a half-area 96-well plate (#07-200-848, 

ThermoFisher). Enzyme master mix was mixed into each substrate master mix well and absorbance 

measurements were taken every 20 seconds for 1 hour at 412 nm and 25 °C in a microplate reader. An 

SNAC-TNB adduct standard curve (0 to 100 μM) was generated to convert absorbance readings into 

concentrations (μM). Initial velocities were plotted against substrate concentration and the data fitted to 

the Michaelis-Menten model using GraphPad Prism 8.  

Mutants s25, s27, s28, s41 and c50 were not kinetically characterized due to low observed activity 

in product distribution assays. Mutant s40 was not kinetically characterized due to inactivation by DTNB. 

Product distribution assays. Assays were carried out in eppendorf tubes in a 15 μL final reaction volume 

(50 mM potassium phosphate buffer pH 7.4, 12% v/v DMSO, 1 mM substrate 4.1, 5 μM enzyme) in 

triplicate. A substrate and negative control were prepared similarly as described above with the addition 

of water and heat denatured enzyme (5 μM) in place of functional enzyme respectively. Reactions were 

left to incubate on the benchtop at room temperature for turnover. Reactions were quenched after 22 

hours in 6 volumes of LCMS Optima grade acetonitrile (MeCN) supplemented with 0.05% v/v LCMS Optima 

grade formic acid (FA). Quenched reactions were left on the benchtop for 15 minutes, then centrifuged 

at max speed for 10 minutes at room temperature before analysis by LCMS (Shimadzu Prominence UFLC 

system with SPD-20A Prominence UV/VIS Detector, LCMS-2020 single quadrupole MS). Chromatographic 

separations were done using an Agilent Eclipse Plus C18 (3.5-micron, 150×4.6 mm) reverse phase column 

in ESI+ mode with a flow rate of 1 mL/min. The mobile phase was composed of LCMS Optima grade H2O 

(A) and MeCN (B) both supplemented with 0.05% v/v FA. Samples were monitored at 210 and 254 nm 

with an elution gradient of 10% B to 95% B over 7 minutes. 
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4.6 Supplementary information 

Constructs used and protein purities 

Table S4.1. List of constructs used in this study. All constructs were cloned into a pET-21c(+) expression vector. 

Mutants were generated via full plasmid PCR site-directed mutagenesis as previously described, except for pRSG3316 

which was not generated in this study. Mutant approximate expression yields, codes, plasmid names and the 

mutations are identified in the table. 

Mutant code Plasmid  Mutation  Yield (mg per L of culture) 

WT pRSG33 Wild-type DEBS-TE 9.24 

tDEBS pJBH09 S112STOP (truncated) - 

s24 pJBH24 R32L 2.07 

s25 pJBH25 R32M 1.00 

s26 pJBH26 L35Q 1.12 

s27 pJBH27 L35R 1.14 

s28 pJBH28 A77G 2.46 

s29 pJBH29 A77S 1.82 

s30 pJBH30 Q176A 8.36 

s31 pJBH31 Q176M 11.69 

s32 pJBH32 M179P 5.28 

s33 pJBH33 M179R 3.99 

s34 pJBH34 N180D 3.95 

s35 pJBH35 N180P 1.60 

s36 pJBH36 L206S 2.18 

s37 pJBH37 L206H 3.75 

s38 pJBH38 D210V 5.61 

s39 pJBH39 D210W 8.94 

s40 pJBH40 T213C 2.73 

s41 pJBH41 T213R 3.94 

c42 pJBH42 Q176M/N180D 2.88 

c43 pJBH43 Q176M/M179P 1.92 

c44 pJBH44 M179P/N180D 0.55 

c46 pJBH46 R32L/Q176M 4.89 

c47 pJBH47 R32L/N180D 2.97 

c48 pJBH48 R32L/M179P 3.70 

c45 pJBH45 Q176M/N180D/M179P 4.53 

c49 pJBH49 R32L/Q176M/N80D - 

c50 pJBH50 R32L/Q176M/M179P 1.97 

c51 pJBH51 R32L/M179P/N180D 3.30 

c52 pJBH52 R32L/Q176M/M179P/N180D 8.54 
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Figure S4.1. SDS-PAGE analysis of purified recombinant WT DEBS-TE and mutants. The expected molecular weight 

for WT DEBS-TE and mutants is approximately 32 kDa. The rightmost lane of gel corresponds to Precision Plus Protein 

Unstained Protein Standards (#1610363, Bio-Rad), all other lanes contain protein samples and are labeled on top. 

All Protein samples were purified and concentrated by ultrafiltration.  
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Figure S4.2. SDS-PAGE analysis of purified and dialysed recombinant DEBS-TE mutants. The expected molecular 

weight for WT DEBS-TE and mutants is approximately 32 kDa. The rightmost lane of gels in both panels corresponds 

to Precision Plus Protein Unstained Protein Standards (#1610363, Bio-Rad), all other lanes contain protein samples 

and are labeled on top. (A) Protein samples purified, dialysed and concentrated once by ultrafiltration. (B) Protein 

samples purified and dialysed (without ultrafiltration).  
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Mutant library LCMS screen data and statistics 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4.3. Structures of substrate and TE released products. Structures of substrate (4.1), hydrolysis (4.2), 

macrocycle (4.3) and glycerolysis (4.4) products. The m/z of each compound corresponding to an [M + H+] ion is 

shown and was used for Mzmine2 library screen data preprocessing.  
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Figure S4.4. Screen data for DEBS R32 mutants. A library of 147 clones was generated by saturation mutagenesis 

using the NNS degenerate codon at position R32 of the DEBS-TE. Assays were carried out using E. coli lysate and 

screened by LCMS with the expressed protein products from pJBH09, pET-21c(+) and pRSG33 acting as negative, 

background and positive controls respectively (shown as squares). AUC of hydrolysis (4.2) and macrocycle (4.3) 

products for each clone (shown as dots) was extracted using Mzmine2 and plotted as a scatter plot. A total of 10 

clones were selected for sequencing for mutant identification (shown as black dots). A symbol and colour legend is 

shown to the right of the graph. 
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Figure S4.5. Screen data for DEBS L35 mutants. A library of 147 clones was generated by saturation mutagenesis 

using the NNS degenerate codon at position L35 of the DEBS-TE. Assays were carried out using E. coli lysate and 

screened by LCMS with the expressed protein products from pJBH09, pET-21c(+) and pRSG33 acting as negative, 

background and positive controls respectively (shown as squares). AUC of hydrolysis (4.2) and macrocycle (4.3) 

products for each clone (shown as dots) was extracted using Mzmine2 and plotted as a scatter plot. A total of 10 

clones were selected for sequencing for mutant identification (shown as black dots). A symbol and colour legend is 

shown to the right of the graph. 
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Figure S4.6. Screen data for DEBS A77 mutants. A library of 147 clones was generated by saturation mutagenesis 

using the NNS degenerate codon at position A77 of the DEBS-TE. Assays were carried out using E. coli lysate and 

screened by LCMS with the expressed protein products from pJBH09, pET-21c(+) and pRSG33 acting as negative, 

background and positive controls respectively (shown as squares). AUC of hydrolysis (4.2) and macrocycle (4.3) 

products for each clone (shown as dots) was extracted using Mzmine2 and plotted as a scatter plot. A total of 10 

clones were selected for sequencing for mutant identification (shown as black dots). A symbol and colour legend is 

shown to the right of the graph. 
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Figure S4.7. Screen data for DEBS Q176 mutants. A library of 147 clones was generated by saturation mutagenesis 

using the NNS degenerate codon at position Q176 of the DEBS-TE. Assays were carried out using E. coli lysate and 

screened by LCMS with the expressed protein products from pJBH09, pET-21c(+) and pRSG33 acting as negative, 

background and positive controls respectively (shown as squares). AUC of hydrolysis (4.2) and macrocycle (4.3) 

products for each clone (shown as dots) was extracted using Mzmine2 and plotted as a scatter plot. A total of 10 

clones were selected for sequencing for mutant identification (shown as black dots). A symbol and colour legend is 

shown to the right of the graph. 
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Figure S4.8. Screen data for DEBS M179 mutants. A library of 147 clones was generated by saturation mutagenesis 

using the NNS degenerate codon at position M179 of the DEBS-TE. Assays were carried out using E. coli lysate and 

screened by LCMS with the expressed protein products from pJBH09, pET-21c(+) and pRSG33 acting as negative, 

background and positive controls respectively (shown as squares). AUC of hydrolysis (4.2) and macrocycle (4.3) 

products for each clone (shown as dots) was extracted using Mzmine2 and plotted as a scatter plot. A total of 10 

clones were selected for sequencing for mutant identification (shown as black dots). A symbol and colour legend is 

shown to the right of the graph. 

 

 

 

 

WT 
Truncation 
WT synonymous 
Mutant 
Background control 
Negative control 
WT control 

0 1×106 2×106 3×106 4×106 5×106

0

1×107

2×107

3×107

4×107

Macrocycle peak area (AU)

H
yd

ro
ly

si
s 

p
e

ak
 a

re
a 

(A
U

)

M179L

M179P

M179P

M179E

M179R

M179P

M179I

M179W



 

229 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4.9. Screen data for DEBS N180 mutants. A library of 147 clones was generated by saturation mutagenesis 

using the NNS degenerate codon at position N180 of the DEBS-TE. Assays were carried out using E. coli lysate and 

screened by LCMS with the expressed protein products from pJBH09, pET-21c(+) and pRSG33 acting as negative, 

background and positive controls respectively (shown as squares). AUC of hydrolysis (4.2) and macrocycle (4.3) 

products for each clone (shown as dots) was extracted using Mzmine2 and plotted as a scatter plot. A total of 10 

clones were selected for sequencing for mutant identification (shown as black dots). A symbol and colour legend is 

shown to the right of the graph. 
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Figure S4.10. Screen data for DEBS L206 mutants. A library of 147 clones was generated by saturation mutagenesis 

using the NNS degenerate codon at position L206 of the DEBS-TE. Assays were carried out using E. coli lysate and 

screened by LCMS with the expressed protein products from pJBH09, pET-21c(+) and pRSG33 acting as negative, 

background and positive controls respectively (shown as squares). AUC of hydrolysis (4.2) and macrocycle (4.3) 

products for each clone (shown as dots) was extracted using Mzmine2 and plotted as a scatter plot. A total of 10 

clones were selected for sequencing for mutant identification (shown as black dots). A symbol and colour legend is 

shown to the right of the graph. 
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Figure S4.11. Screen data for DEBS D210 mutants. A library of 147 clones was generated by saturation mutagenesis 

using the NNS degenerate codon at position D210 of the DEBS-TE. Assays were carried out using E. coli lysate and 

screened by LCMS with the expressed protein products from pJBH09, pET-21c(+) and pRSG33 acting as negative, 

background and positive controls respectively (shown as squares). AUC of hydrolysis (4.2) and macrocycle (4.3) 

products for each clone (shown as dots) was extracted using Mzmine2 and plotted as a scatter plot. A total of 10 

clones were selected for sequencing for mutant identification (shown as black dots). A symbol and colour legend is 

shown to the right of the graph. 
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Figure S4.12. Screen data for DEBS T213 mutants. A library of 147 clones was generated by saturation mutagenesis 

using the NNS degenerate codon at position T213 of the DEBS-TE. Assays were carried out using E. coli lysate and 

screened by LCMS with the expressed protein products from pJBH09, pET-21c(+) and pRSG33 acting as negative, 

background and positive controls respectively (shown as squares). AUC of hydrolysis (4.2) and macrocycle (4.3) 

products for each clone (shown as dots) was extracted using Mzmine2 and plotted as a scatter plot. A total of 10 

clones were selected for sequencing for mutant identification (shown as black dots). A symbol and colour legend is 

shown to the right of the graph. 
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Michaelis-Menten kinetics and example standard curve  

 

 

 

 

 

Figure S4.13. Example standard curve. Single absorbance measurements at 412 nm were taken in a half-area 96-

well plate. Mixtures containing varying concentrations of SNAC thiolate (0 to 150 μM) were prepared in triplicate in 

50 mM of potassium phosphate buffer (pH 7.4) and 12% v/v DMSO with 5 µM enzyme. 4% v/v DTNB reacts with 

SNAC thiolate forming a yellow coloured TNB anion that can be quantified by spectrophotometry.14,16,28,50 

Absorbance readings were plotted against SNAC concentration to yield the above standard curve (mean ± s.d., n = 3 

technical replicates). 

Figure S4.14. Michaelis-Menten kinetics of WT DEBS-TE. WT (5 µM) was incubated with varying concentrations of 

substrate 4.1 (0-800 µM) and initial velocities (v0) measured for 1 hour at 25 °C in a microplate reader at 412 nm 

(mean ± s.d., n = 3 technical replicates). Initial velocities were plotted against substrate concentration and data fitted 

to the Michaelis-Menten model (dashed curve). Parameters of the fit are displayed in the table. 
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Figure S4.15. Michaelis-Menten kinetics of DEBS R32L mutant. Mutant s24 (5 µM) was incubated with varying 

concentrations of substrate 4.1 (0-2 mM) and initial velocities (v0) measured for 1 hour at 25 °C in a microplate 

reader at 412 nm (mean ± s.d., n = 3 technical replicates). Initial velocities were plotted against substrate 

concentration and data fitted to the Michaelis-Menten model (dashed curve). Parameters of the fit are displayed in 

the table. 

Figure S4.16. Michaelis-Menten kinetics of DEBS L35Q mutant. Mutant s26 (5 µM) was incubated with varying 

concentrations of substrate 4.1 (0-1.5 mM) and initial velocities (v0) measured for 1 hour at 25 °C in a microplate 

reader at 412 nm (mean ± s.d., n = 3 technical replicates). Initial velocities were plotted against substrate 

concentration and data fitted to the Michaelis-Menten model (dashed curve). Parameters of the fit are displayed in 

the table. 
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Figure S4.17. Michaelis-Menten kinetics of DEBS Q176A mutant. Mutant s30 (5 µM) was incubated with varying 

concentrations of substrate 4.1 (0-1.5 mM) and initial velocities (v0) measured for 1 hour at 25 °C in a microplate 

reader at 412 nm (mean ± s.d., n = 3 technical replicates). Initial velocities were plotted against substrate 

concentration and data fitted to the Michaelis-Menten model (dashed curve). Parameters of the fit are displayed in 

the table. 

Figure S4.18. Michaelis-Menten kinetics of DEBS Q176M mutant. Mutant s31 (5 µM) was incubated with varying 

concentrations of substrate 4.1 (0-1.5 mM) and initial velocities (v0) measured for 1 hour at 25 °C in a microplate 

reader at 412 nm (mean ± s.d., n = 3 technical replicates). Initial velocities were plotted against substrate 

concentration and data fitted to the Michaelis-Menten model (dashed curve). Parameters of the fit are displayed in 

the table. 
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Figure S4.19. Michaelis-Menten kinetics of DEBS M179P mutant. Mutant s32 (5 µM) was incubated with varying 

concentrations of substrate 4.1 (0-2 mM) and initial velocities (v0) measured for 1 hour at 25 °C in a microplate 

reader at 412 nm (mean ± s.d., n = 3 technical replicates). Initial velocities were plotted against substrate 

concentration and data fitted to the Michaelis-Menten model (dashed curve). Parameters of the fit are displayed in 

the table. 

Figure S4.20. Michaelis-Menten kinetics of DEBS M179R mutant. Mutant s33 (5 µM) was incubated with varying 

concentrations of substrate 4.1 (0-2 mM) and initial velocities (v0) measured for 1 hour at 25 °C in a microplate 

reader at 412 nm (mean ± s.d., n = 3 technical replicates). Initial velocities were plotted against substrate 

concentration and data fitted to the Michaelis-Menten model (dashed curve). Parameters of the fit are displayed in 

the table. 
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Figure S4.21. Michaelis-Menten kinetics of DEBS N180D mutant. Mutant s34 (5 µM) was incubated with varying 

concentrations of substrate 4.1 (0-2 mM) and initial velocities (v0) measured for 1 hour at 25 °C in a microplate 

reader at 412 nm (mean ± s.d., n = 3 technical replicates). Initial velocities were plotted against substrate 

concentration and data fitted to the Michaelis-Menten model (dashed curve). Parameters of the fit are displayed in 

the table. 

Figure S4.22. Michaelis-Menten kinetics of DEBS N180P mutant. Mutant s35 (5 µM) was incubated with varying 

concentrations of substrate 4.1 (0-1.5 mM) and initial velocities (v0) measured for 1 hour at 25 °C in a microplate 

reader at 412 nm (mean ± s.d., n = 3 technical replicates). Initial velocities were plotted against substrate 

concentration and data fitted to the Michaelis-Menten model (dashed curve). Parameters of the fit are displayed in 

the table. 
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Figure S4.23. Michaelis-Menten kinetics of DEBS L206H mutant. Mutant s37 (5 µM) was incubated with varying 

concentrations of substrate 4.1 (0-1.5 mM) and initial velocities (v0) measured for 1 hour at 25 °C in a microplate 

reader at 412 nm (mean ± s.d., n = 3 technical replicates). Initial velocities were plotted against substrate 

concentration and data fitted to the Michaelis-Menten model (dashed curve). Parameters of the fit are displayed in 

the table. 

Figure S4.24. Michaelis-Menten kinetics of DEBS L206S mutant. Mutant s36 (5 µM) was incubated with varying 

concentrations of substrate 4.1 (0-2 mM) and initial velocities (v0) measured for 1 hour at 25 °C in a microplate 

reader at 412 nm (mean ± s.d., n = 3 technical replicates). Initial velocities were plotted against substrate 

concentration and data fitted to the Michaelis-Menten model (dashed curve). Parameters of the fit are displayed in 

the table. 
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Figure S4.25. Michaelis-Menten kinetics of DEBS D210V mutant. Mutant s38 (5 µM) was incubated with varying 

concentrations of substrate 4.1 (0-1.5 mM) and initial velocities (v0) measured for 1 hour at 25 °C in a microplate 

reader at 412 nm (mean ± s.d., n = 3 technical replicates). Initial velocities were plotted against substrate 

concentration and data fitted to the Michaelis-Menten model (dashed curve). Parameters of the fit are displayed in 

the table. 

 

Figure S4.26. Michaelis-Menten kinetics of DEBS D210W mutant. Mutant s39 (5 µM) was incubated with varying 

concentrations of substrate 4.1 (0-1.5 mM) and initial velocities (v0) measured for 1 hour at 25 °C in a microplate 

reader at 412 nm (mean ± s.d., n = 3 technical replicates). Initial velocities were plotted against substrate 

concentration and data fitted to the Michaelis-Menten model (dashed curve). Parameters of the fit are displayed in 

the table. 
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Figure S4.27. Michaelis-Menten kinetics of DEBS Q176M/N180D mutant. Mutant c42 (5 µM) was incubated with 

varying concentrations of substrate 4.1 (0-1 mM) and initial velocities (v0) measured for 1 hour at 25 °C in a 

microplate reader at 412 nm (mean ± s.d., n = 3 technical replicates). Initial velocities were plotted against substrate 

concentration and data fitted to the Michaelis-Menten model (dashed curve). Parameters of the fit are displayed in 

the table. 

 

Figure S4.28. Michaelis-Menten kinetics of DEBS Q176M/M179P mutant. Mutant c43 (5 µM) was incubated with 

varying concentrations of substrate 4.1 (0-1 mM) and initial velocities (v0) measured for 1 hour at 25 °C in a 

microplate reader at 412 nm (mean ± s.d., n = 3 technical replicates). Initial velocities were plotted against substrate 

concentration and data fitted to the Michaelis-Menten model (dashed curve). Parameters of the fit are displayed in 

the table. 
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Figure S4.29. Michaelis-Menten kinetics of DEBS M179P/N180D mutant. Mutant c44 (5 µM) was incubated with 

varying concentrations of substrate 4.1 (0-1 mM) and initial velocities (v0) measured for 1 hour at 25 °C in a 

microplate reader at 412 nm (mean ± s.d., n = 3 technical replicates). Initial velocities were plotted against substrate 

concentration and data fitted to the Michaelis-Menten model (dashed curve). Parameters of the fit are displayed in 

the table. 

Figure S4.30. Michaelis-Menten kinetics of DEBS R32L/Q176M mutant. Mutant c46 (5 µM) was incubated with 

varying concentrations of substrate 4.1 (0-1 mM) and initial velocities (v0) measured for 1 hour at 25 °C in a 

microplate reader at 412 nm (mean ± s.d., n = 3 technical replicates). Initial velocities were plotted against substrate 

concentration and data fitted to the Michaelis-Menten model (dashed curve). Parameters of the fit are displayed in 

the table. 
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Figure S4.31. Michaelis-Menten kinetics of DEBS R32L/N180D mutant. Mutant c47 (5 µM) was incubated with 

varying concentrations of substrate 4.1 (0-1 mM) and initial velocities (v0) measured for 1 hour at 25 °C in a 

microplate reader at 412 nm (mean ± s.d., n = 3 technical replicates). Initial velocities were plotted against substrate 

concentration and data fitted to the Michaelis-Menten model (dashed curve). Parameters of the fit are displayed in 

the table. 

Figure S4.32. Michaelis-Menten kinetics of DEBS R32L/M179P mutant. Mutant c48 (5 µM) was incubated with 

varying concentrations of substrate 4.1 (0-1 mM) and initial velocities (v0) measured for 1 hour at 25 °C in a 

microplate reader at 412 nm (mean ± s.d., n = 3 technical replicates). Initial velocities were plotted against substrate 

concentration and data fitted to the Michaelis-Menten model (dashed curve). Parameters of the fit are displayed in 

the table. 
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Figure S4.33. Michaelis-Menten kinetics of DEBS Q176M/M179P/N180D mutant. Mutant c45 (5 µM) was incubated 

with varying concentrations of substrate 4.1 (0-1 mM) and initial velocities (v0) measured for 1 hour at 25 °C in a 

microplate reader at 412 nm (mean ± s.d., n = 3 technical replicates). Initial velocities were plotted against substrate 

concentration and data fitted to the Michaelis-Menten model (dashed curve). Parameters of the fit are displayed in 

the table. 

Figure S4.34. Michaelis-Menten kinetics of DEBS R32L/M179P/N180D mutant. Mutant c51 (5 µM) was incubated 

with varying concentrations of substrate 4.1 (0-1 mM) and initial velocities (v0) measured for 1 hour at 25 °C in a 

microplate reader at 412 nm (mean ± s.d., n = 3 technical replicates). Initial velocities were plotted against substrate 

concentration and data fitted to the Michaelis-Menten model (dashed curve). Parameters of the fit are displayed in 

the table. 
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Figure S4.35. Michaelis-Menten kinetics of DEBS R32L/Q176M/M179P/N180D mutant. Mutant c52 (5 µM) was 

incubated with varying concentrations of substrate 4.1 (0-1 mM) and initial velocities (v0) measured for 1 hour at 25 

°C in a microplate reader at 412 nm (mean ± s.d., n = 3 technical replicates). Initial velocities were plotted against 

substrate concentration and data fitted to the Michaelis-Menten model (dashed curve). Parameters of the fit are 

displayed in the table. 

 

 

 

 

 

 

 

Figure S4.36. Example absorbance kinetic curves for DEBS R32L/Q176M/M179P/N180D mutant. Mutant c52 (5 

µM) was incubated with 25, 100 and 1000 µM of 4.1 for measurement of initial velocities (v0) for 1 hour at 25 °C in 

a microplate reader at 412 nm (mean ± s.d., n = 3 technical replicates). Note the progress curve with 1000 µM of 4.1 

(red curve) qualitatively attains a plateau much earlier than anticipated, suggesting mutant is irreversibly inactivated.  
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Example LCMS chromatograms for library screen and biochemical assays 

Table S4.2. Normalized product to substrate ratios and fold-change in kcat/KM. Product to substrate ratios were 

calculated by adding the AUC of macrocycle 4.3 and hydrolysis 4.2 products together before dividing by the substrate 

4.1 AUC then normalized to WT. The fold decrease (-) or increase (+) in kcat/KM was calculated by dividing the larger 

value for each mutant compared to the WT. Mutants showing increased product to substrate (P/S) ratios with 

reduced kcat/KM are likely longer-lived catalysts and are colored red.  

Mutant code Mutation  Normalized product to substrate ratio (P/S) Fold change in kcat/KM  

s24 R32L 1.20 - 1.39 

s25 R32M 0.23  - 

s26 L35Q 0.43  - 2.39 

s27 L35R 0.21  - 

s28 A77G 0.07  - 

s29 A77S 0.30 - 

s30 Q176A 1.28  - 1.57 

s31 Q176M 1.81  - 1.27 

s32 M179P 3.34  + 1.40 

s33 M179R 1.26  - 1.31 

s34 N180D 1.97 - 1.77 

s35 N180P 1.14  - 4.65 

s36 L206S 2.38  - 1.34 

s37 L206H 0.73  - 2.69 

s38 D210V 0.25  - 5.53 

s39 D210W 0.56 - 2.83 

s40 T213C 0.48  - 

s41 T213R 0.11  - 

c42 Q176M/N180D 6.94  + 2.42 

c43 Q176M/M179P 3.11  + 1.75 

c44 M179P/N180D 46.0  - 1.50 

c46 R32L/Q176M 0.31  - 2.27 

c47 R32L/N180D 0.60 - 1.38 

c48 R32L/M179P 0.78  - 3.39 

c45 Q176M/N180D/M179P 5.54  + 2.79 

c50 R32L/Q176M/M179P 0.08 - 

c51 R32L/M179P/N180D 1.04  - 1.35 

c52 R32L/Q176M/M179P/N180D 1.76  - 1.17 
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Figure S4.37. Example chromatogram for library screen. (A) Extracted ion chromatogram for library Q176, well 

M1A02 (WT, positive control) E. coli lysate screen assay after 24 hours of incubation with 1 mM of 4.1 in potassium 

phosphate buffer (50 mM, pH 7.4). Trace is an ion extraction for [M + H]+ ions with m/z = 348 (4.3), 366 (4.2) and 

467 (4.1). (B) Mass spectra for substrate 4.1, hydrolysis 4.2 and macrocycle 4.3 products, mass adducts are identified 

in each spectra.  

 

 

 

 



 

247 

 

 

 

 

Figure S4.38. Substrate 4.1 only control 0-hour incubation. (A) Extracted ion chromatogram for substrate 4.1 (1 

mM) only assay after 0 hours of incubation in potassium phosphate buffer (50 mM, pH 7.4). Trace is an ion extraction 

for [M + H]+ ions with m/z = 366 (4.2) and 467 (4.1). (B) Mass spectra for substrate 4.1 and hydrolysis 4.2 product, 

mass adducts are identified in each spectra. Presence of hydrolysis product 4.2 varied among samples due to freeze 

thaw cycles of substrate stock. All dead enzyme controls showed similar results after 0 and 24 hours of incubation. 
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Figure S4.39. Substrate 4.1 only control 20-day incubation. (A) Extracted ion chromatogram for substrate 4.1 (1 

mM) only assay after 20 days of incubation in potassium phosphate buffer (50 mM, pH 7.4). Trace is an ion extraction 

for [M + H]+ ions with m/z = 366 (4.2) and 467 (4.1). (B) Mass spectra for substrate 4.1 and hydrolysis 4.2 product, 

mass adducts are identified in each spectra. Presence of hydrolysis product 4.2 was due to background hydrolysis. 
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Figure S4.40. WT DEBS-TE 24-hour incubation with substrate 4.1. (A) Extracted ion chromatogram for WT (5 µM) 

assay after 24 hours of incubation with 1 mM of 4.1 in potassium phosphate buffer (50 mM, pH 7.4). Trace is an ion 

extraction for [M + H]+ ions with m/z = 440 (4.4), 348 (4.3), 366 (4.2) and 467 (4.1). (B) Mass spectra for substrate 

4.1, hydrolysis 4.2, macrocycle 4.3 and glycerolysis 4.4 products, mass adducts are identified in each spectra.  
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Figure S4.41. DEBS R32L mutant 24-hour incubation with substrate 4.1. (A) Extracted ion chromatogram for mutant 

s24 (5 µM) assay after 24 hours of incubation with 1 mM of 4.1 in potassium phosphate buffer (50 mM, pH 7.4). 

Trace is an ion extraction for [M + H]+ ions with m/z = 440 (4.4), 348 (4.3), 366 (4.2) and 467 (4.1). Mutant shows a 

~1.7-fold increase in M/H ratio over WT DEBS-TE (Table S4.12). (B) Mass spectra for substrate 4.1, hydrolysis 4.2, 

macrocycle 4.3 and glycerolysis 4.4 products, mass adducts are identified in each spectra. 
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Figure S4.42. DEBS L35R mutant 24-hour incubation with substrate 4.1. (A) Extracted ion chromatogram for mutant 

s27 (5 µM) assay after 24 hours of incubation with 1 mM of 4.1 in potassium phosphate buffer (50 mM, pH 7.4). 

Trace is an ion extraction for [M + H]+ ions with m/z = 366 (4.2) and 467 (4.1). (B) Mass spectra for substrate 4.1 and 

hydrolysis 4.2 product, mass adducts are identified in each spectra. All dead enzyme controls and catalytically dead 

mutants showed similar results. 
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Figure S4.43. DEBS Q176M mutant 24-hour incubation with substrate 4.1. (A) Extracted ion chromatogram for 

mutant s31 (5 µM) assay after 24 hours of incubation with 1 mM of 4.1 in potassium phosphate buffer (50 mM, pH 

7.4). Trace is an ion extraction for [M + H]+ ions with m/z = 440 (4.4), 348 (4.3), 366 (4.2) and 467 (4.1). Mutant shows 

a ~2.0-fold increase M/H ratio over WT DEBS-TE (Table S4.12). (B) Mass spectra for substrate 4.1, hydrolysis 4.2, 

macrocycle 4.3 and glycerolysis 4.4 products, mass adducts are identified in each spectra. 

 

 

 



 

253 

 

Figure S4.44. DEBS M179P mutant 24-hour incubation with substrate 4.1. (A) Extracted ion chromatogram for 

mutant s32 (5 µM) assay after 24 hours of incubation with 1 mM of 4.1 in potassium phosphate buffer (50 mM, pH 

7.4). Trace is an ion extraction for [M + H]+ ions with m/z = 440 (4.4), 348 (4.3), 366 (4.2) and 467 (4.1). (B) Mass 

spectra for substrate 4.1, hydrolysis 4.2, macrocycle 4.3 and glycerolysis 4.4 products, mass adducts are identified 

in each spectra. 
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Figure S 4.45. DEBS N180D mutant 24-hour incubation with substrate 4.1. (A) Extracted ion chromatogram for 

mutant s34 (5 µM) assay after 24 hours of incubation with 1 mM of 4.1 in potassium phosphate buffer (50 mM, pH 

7.4). Trace is an ion extraction for [M + H]+ ions with m/z = 440 (4.4), 348 (4.3), 366 (4.2) and 467 (4.1). Mutant shows 

a ~2.2-fold increase in M/H ratio over WT DEBS-TE (Table S4.12). (B) Mass spectra for substrate 4.1, hydrolysis 4.2, 

macrocycle 4.3 and glycerolysis 4.4 products, mass adducts are identified in each spectra. 
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Figure S4.46. DEBS R32L/Q176M mutant 24-hour incubation with substrate 4.1. (A) Extracted ion chromatogram 

for mutant c46 (5 µM) assay after 24 hours of incubation with 1 mM of 4.1 in potassium phosphate buffer (50 mM, 

pH 7.4). Trace is an ion extraction for [M + H]+ ions with m/z = 348 (4.3), 366 (4.2) and 467 (4.1). Mutant shows a 

~2.4-fold increase in M/H ratio over WT DEBS-TE (Table S4.12). (B) Mass spectra for substrate 4.1, hydrolysis 4.2 and 

macrocycle 4.3 products, mass adducts are identified in each spectra. 
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Figure S4.47. DEBS Q176M/M179P mutant 24-hour incubation with substrate 4.1. (A) Extracted ion chromatogram 

for mutant c43 (5 µM) assay after 24 hours of incubation with 1 mM of 4.1 in potassium phosphate buffer (50 mM, 

pH 7.4). Trace is an ion extraction for [M + H]+ ions with m/z = 348 (4.3), 366 (4.2) and 467 (4.1). (B) Mass spectra for 

substrate 4.1, hydrolysis 4.2 and macrocycle 4.3 products, mass adducts are identified in each spectra. 
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Figure S4.48. DEBS Q176M/N180D mutant 24-hour incubation with substrate 4.1. (A) Extracted ion chromatogram 

for mutant c42 (5 µM) assay after 24 hours of incubation with 1 mM of 4.1 in potassium phosphate buffer (50 mM, 

pH 7.4). Trace is an ion extraction for [M + H]+ ions with m/z = 440 (4.4), 348 (4.3), 366 (4.2) and 467 (4.1). Mutant 

shows a ~1.5-fold increase in M/H ratio over WT DEBS-TE (Table S4.12). (B) Mass spectra for substrate 4.1, hydrolysis 

4.2, macrocycle 4.3 and glycerolysis 4.4 products, mass adducts are identified in each spectra. 
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Figure S4.49. DEBS Q176M/M179P/N180D mutant 24-hour incubation with substrate 4.1. (A) Extracted ion 

chromatogram for mutant c45 (5 µM) assay after 24 hours of incubation with 1 mM of 4.1 in potassium phosphate 

buffer (50 mM, pH 7.4). Trace is an ion extraction for [M + H]+ ions with m/z = 440 (4.4), 348 (4.3), 366 (4.2) and 467 

(4.1). (B) Mass spectra for substrate 4.1, hydrolysis 4.2, macrocycle 4.3 and glycerolysis 4.4 products, mass adducts 

are identified in each spectra. 
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Mutant library screen AUC raw data from MZmine2  

Table S4.3. Raw AUC for DEBS R32 mutants. A library of 147 clones was generated by saturation mutagenesis using 

the NNS degenerate codon at position R32 of the DEBS-TE. Assays were carried out using E. coli lysate and screened 

by LCMS with the expressed protein products from pJBH09, pET-21c(+) and pRSG33 acting as negative (M1A04), 

background (M1A03) and positive controls (M1A02) respectively. M1A01 contains recombinantly expressed and 

purified WT DEBS-TE (5 µM) incubated under the same conditions (not shown in scatter plots). Raw AUC of 

macrocycle (4.3), hydrolysis (4.2) products and substrate (4.1) for each mutant (rows) was extracted using MZmine2. 

Row m/z 348 366 467 

Row retention time (mins) 5.58 4.63 4.97 

Row Identity Macrocycle, 4.3 Hydrolysis, 4.2 Substrate, 4.1 

M1A01 6980333.5 18965205 17627019.5 

M1A02 875022 22011440.5 21844368.5 

M1A03 0 15336617 34359051.5 

M1A04 0 23716931.5 19395017.5 

M1A05 0 20718279.5 27830848 

M1A06 327195.5 22171812.5 28349355 

M1A07 850343 28115771 17335168.5 

M1A08 2245134 31052349.5 11355635 

M1A09 0 21508107.5 25444324.5 

M1A10 0 19330438 31191916.5 

M1A11 0 21241640.5 27993767.5 

M1A12 0 24851826 27164871.5 

M1B01 0 16253247.5 33284038 

M1B02 0 15488844.5 35411957.5 

M1B03 0 9564320 38357031 

M1B04 0 16435381.5 32406383.5 

M1B05 0 14336597 35477105.5 

M1B06 773191.5 19627877.5 29494419.5 

M1B07 0 25579234 18896216 

M1B08 338682 23881770.5 20292731.5 

M1B09 324053.5 23210125 17680934 

M1B10 0 19725230.5 26021706 

M1B11 0 18533228 26156387.5 

M1B12 0 26620867.5 24950348.5 

M1C01 0 16741288.5 34439477.5 

M1C02 0 12223447.5 37151094.5 
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M1C03 0 15465880.5 34868074 

M1C04 0 18192363.5 29783174.5 

M1C05 0 17516557.5 33601007 

M1C06 317197 22539896 24540262 

M1C07 0 23828395 20624856 

M1C08 2564950 24095761.5 8473652 

M1C09 632365 21202471.5 17594123 

M1C10 0 22550066.5 24721428.5 

M1C11 0 11660136.5 36754529 

M1C12 0 20076352.5 31079315.5 

M1D01 0 20234510.5 29584541.5 

M1D02 718897 20128267 29387098 

M1D03 0 11458517 35193875 

M1D04 0 16652198 33169730.5 

M1D05 0 12956336.5 33164045 

M1D06 520874.5 21913378.5 27285525 

M1D07 331558.5 20266420 12500980 

M1D08 907283 22158571 4642209.5 

M1D09 456225 24830615.5 15009882 

M1D10 0 22823287 22383150 

M1D11 0 19470835 27167481.5 

M1D12 0 23184056.5 26371100.5 

M1E01 0 6791171.5 42749027 

M1E02 0 20236217 28885026 

M1E03 0 6128165.5 39241788.5 

M1E04 0 21409449.5 30897276.5 

M1E05 1050838.5 18436401.5 37728232 

M1E06 783005 20709097 24884045 

M1E07 528433 23465952 21306669 

M1E08 2464262.5 23928116.5 10531209.5 

M1E09 324978.5 21547391 19289320 

M1E10 0 19955470 23307459 

M1E11 0 19234624 26167715.5 

M1E12 0 22027945 25401361 

M1F01 0 11322037.5 41107865.5 

M1F02 0 14970942.5 33284090 

M1F03 0 16292485 30542531.5 

M1F04 0 12896477.5 35486967 

M1F05 909459.5 24301772.5 20422987.5 

M1F06 585319.5 21538577 28537065 

M1F07 978936 24823379.5 19241125.5 

M1F08 1788198.5 22785526 18403998.5 
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M1F09 684310.5 22185287.5 20896055 

M1F10 345623.5 23921369.5 18520085 

M1F11 0 23981974.5 16193328 

M1F12 0 22107854 29536835 

M1G01 4418932 25668856 13125406 

M1G02 0 29360943.5 10695548.5 

M1G03 0 21814177.5 25053884.5 

M1G04 719624.5 20545485 26503074 

M1G05 667785.5 27594538.5 12998897.5 

M1G06 360279 25179343.5 19388109.5 

M1G07 392326.5 23710882 24536077 

M1G08 737722.5 24026391 20536236 

M1G09 589456 24984423.5 21411217 

M1G10 0 24887626.5 18909975.5 

M1G11 0 23766324 17143567.5 

M1G12 0 27759692 21093721 

M1H01 1385293 29280584 6564949 

M1H02 1181751.5 22602992.5 25705598.5 

M1H03 0 13307216.5 36701105 

M1H04 480626 18002464 32881855.5 

M1H05 558547 24520129 27447351 

M1H06 476897.5 28755462.5 12238426 

M1H07 0 21807011 32531804 

M1H08 2472551.5 31262842.5 11496411 

M1H09 0 28582700 28167082 

M1H10 1061901.5 32348147.5 11203349 

M1H11 325235 30755707.5 20402704.5 

M1H12 0 30730004 36623893.5 

M2A01 0 1634114.5 46658691.5 

M2A02 0 7547967.5 43517713.5 

M2A03 0 16311402.5 39609519.5 

M2A04 0 14592016 40890196 

M2A05 0 14816452.5 40102217.5 

M2A06 622713 18594860.5 39116036 

M2A07 0 15474560.5 36824324.5 

M2B01 0 17320191 32619312 

M2B02 0 18063653 29800528 

M2B03 622130 14647493 35341405 

M2B04 317488 15819595 30435238.5 

M2B05 0 14151594.5 35865397 

M2B06 731805 15714362.5 32383467.5 

M2B07 359232.5 16499585.5 32962277 



 

262 

 

M2C01 255046 16909384.5 33779013 

M2C02 0 15296983 33793845.5 

M2C03 0 8699746 37042326.5 

M2C04 791070 11674572.5 33460315 

M2C05 0 10605444 34431997.5 

M2C06 0 13648022 31766396.5 

M2C07 0 12745237.5 33246886.5 

M2D01 0 17882294 33434418.5 

M2D02 893516 16499699.5 31547935.5 

M2D03 0 18742897 27406751 

M2D04 0 15867864 37001918.5 

M2D05 0 9195545 37828667.5 

M2D06 1637423 19387369 29147162 

M2D07 0 15056118 38863158 

M2E01 0 16262931.5 32789837.5 

M2E02 346873 16583960.5 30147876.5 

M2E03 694614.5 19003909 30665823 

M2E04 0 18053318 37112373 

M2E05 484192.5 15576502 36785557.5 

M2E06 1000965 13994903 35537786 

M2E07 0 15658552 35851745.5 

M2F01 0 17161531.5 32239781 

M2F02 0 13461973.5 34770253.5 

M2F03 485450.5 15168998.5 27714789.5 

M2F04 0 14259198 31503528.5 

M2F05 0 19689225 22991869 

M2F06 0 22640771.5 21964733.5 

M2F07 0 14337153.5 34370915.5 

M2G01 0 13082870.5 34220685 

M2G02 0 14338827.5 33700375 

M2G03 0 17852608 27870427 

M2G04 0 14463632 33383325.5 

M2G05 0 22994631 17814531 

M2G06 0 26833275 6801199 

M2G07 0 13892731 35693979.5 

M2H01 0 13577281 37744518.5 

M2H02 491112.5 14093492.5 35848011 

M2H03 551519 18379753 31276757.5 

M2H04 0 12883248.5 37586348 

M2H05 372849 23480177.5 24813068.5 

M2H06 0 23889155.5 25971566 

 



 

263 

 

Table S4.4. Raw AUC for DEBS L35 mutants. A library of 147 clones was generated by saturation mutagenesis using 

the NNS degenerate codon at position L35 of the DEBS-TE. Assays were carried out using E. coli lysate and screened 

by LCMS with the expressed protein products from pJBH09, pET-21c(+) and pRSG33 acting as negative (M1A04), 

background (M1A03) and positive controls (M1A02) respectively. M1A01 contains recombinantly expressed and 

purified WT DEBS-TE (5 µM) incubated under the same conditions (not shown in scatter plots). Raw AUC of 

macrocycle (4.3), hydrolysis (4.2) products and substrate (4.1) for each mutant (rows) was extracted using MZmine2. 

Row m/z 348 366 467 

Row retention time (mins) 5.57 4.64 4.97 

Row identity Macrocycle, 4.3 Hydrolysis, 4.2 Substrate, 4.1 

M1A01 3790573.5 9614055 2597341.5 

M1A02 615415.5 9862671 20165410.5 

M1A03 0 7823559 19889938 

M1A04 0 9193017.5 20109977.5 

M1A05 0 8984946.5 19320734 

M1A06 0 11940264.5 14817544 

M1A07 0 9161823.5 23990061.5 

M1A08 0 10296933.5 27620678 

M1A09 0 14934370.5 29918997 

M1A10 0 9035782 24253393 

M1A11 0 11577519.5 23529787.5 

M1A12 0 10484256 20095490.5 

M1B01 0 7940301 13637227 

M1B02 0 8207423 16441624.5 

M1B03 0 7349718.5 18539484 

M1B04 314988.5 9023500.5 16678958.5 

M1B05 684061 8359406 16582385 

M1B06 0 10284610.5 14007805 

M1B07 0 14095592 11187877.5 

M1B08 0 14163659.5 10252815.5 

M1B09 0 9910391 14526613 

M1B10 0 12198869.5 12622505.5 

M1B11 0 8720957 17274705.5 

M1B12 0 12609494 10338986.5 

M1C01 0 10348646.5 9999083 

M1C02 0 9716207.5 15623153.5 

M1C03 421570.5 9941856 14660475 

M1C04 1340485 10762476 13866379 

M1C05 0 7801591 15858889.5 
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M1C06 0 8935512 13833233 

M1C07 365196 14142903 5093072 

M1C08 0 10055419.5 12916029.5 

M1C09 0 12187949 7736623 

M1C10 0 12131206.5 7888204 

M1C11 0 14920468 7458013.5 

M1C12 0 11250417 14805483 

M1D01 0 8096456 13551499 

M1D02 0 8286971 16766504 

M1D03 456075.5 6556982.5 12089955.5 

M1D04 347183 7425486 11207932.5 

M1D05 0 5055638 12990140.5 

M1D06 0 7803964.5 12498695 

M1D07 0 11061405 7004892 

M1D08 0 7536949 14488524.5 

M1D09 351004.5 14589102 3416292.5 

M1D10 0 10763081 10189512 

M1D11 0 9994203.5 16465405 

M1D12 520986 8631810 16748418 

M1E01 0 9450075 11757959 

M1E02 0 9348262 16023579 

M1E03 0 7101340.5 12888629 

M1E04 0 7519142.5 13444816.5 

M1E05 0 7293181.5 12999047.5 

M1E06 1142629.5 9973567.5 10829080.5 

M1E07 0 9101673 12897541 

M1E08 0 6096700 17956668.5 

M1E09 0 8303519 14534626.5 

M1E10 0 11388444.5 8466124.5 

M1E11 636316 21123508 11480891 

M1E12 394380.5 9726155.5 16268072.5 

M1F01 0 7685507 12155387.5 

M1F02 0 11537861.5 10774344.5 

M1F03 0 8547945 10626392 

M1F04 0 9581113.5 10398395 

M1F05 0 7927582.5 12780809 

M1F06 338133.5 8811365 12707995 

M1F07 0 5834263 15659911 

M1F08 0 6728201.5 13952894 

M1F09 0 4937192 15323118 

M1F10 0 5823658.5 16840938 

M1F11 0 6939203 19896107 
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M1F12 0 7485151 20199075 

M1G01 0 5382490.5 18422173.5 

M1G02 0 7342172.5 16967262 

M1G03 0 9607299.5 12393125.5 

M1G04 0 10907346 12028833.5 

M1G05 0 7148383 16193431.5 

M1G06 0 10728456.5 14588135 

M1G07 0 8906691.5 17280937 

M1G08 0 7674868.5 16736473.5 

M1G09 0 12657768.5 11944524.5 

M1G10 0 6406140.5 21173293 

M1G11 621990.5 5704999.5 21855066.5 

M1G12 0 8821773 18693672 

M1H01 0 5661660 16533286.5 

M1H02 0 7842024.5 20684485 

M1H03 0 7861618.5 17197370.5 

M1H04 0 13222429 11085130 

M1H05 0 13383905 8574943 

M1H06 0 7679815 21581496 

M1H07 0 11747002.5 16495745.5 

M1H08 0 9192440.5 19595182 

M1H09 0 7157797.5 21172755 

M1H10 0 6822210.5 22092143 

M1H11 0 6631473 23801516.5 

M1H12 0 6944385.5 22184169.5 

M2A01 0 9359122 17867786 

M2A02 1687901.5 30107834 55023497 

M2A03 0 19134707.5 40013435 

M2A04 0 8810793 17197637.5 

M2A05 494028.5 20448102 33907030 

M2A06 0 14201240.5 29964602 

M2A07 0 7956812 19563923.5 

M2B01 0 17603374.5 26201968 

M2B02 353067.5 14887378.5 23658924 

M2B03 1464096.5 18426173 32974413.5 

M2B04 585506.5 16234701.5 24188357.5 

M2B05 0 14077675.5 23699496 

M2B06 0 9202050 28399599.5 

M2B07 0 1846658.5 6784781.5 

M2C01 0 10681189.5 23031090.5 

M2C02 0 10429753 20354406 

M2C03 0 7685308 22009095.5 
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M2C04 0 8773134 18798541.5 

M2C05 0 9925234.5 17868679.5 

M2C06 0 7672059.5 19675444.5 

M2C07 0 5300050 13855573.5 

M2D01 0 11191489.5 29538928 

M2D02 0 11855995 28050153 

M2D03 1043704.5 9807184 17750731.5 

M2D04 0 8568879.5 18464078 

M2D05 0 10045538.5 16873938.5 

M2D06 0 8589552.5 20817459.5 

M2D07 0 3605534 7370688 

M2E01 0 10942954 19065528 

M2E02 0 10461607.5 17808346 

M2E03 0 8618784.5 12774042 

M2E04 0 7192641.5 13937109 

M2E05 0 7421752 14189988 

M2E06 0 5845784 18318607 

M2E07 0 2137511 8119743 

M2F01 0 9678671.5 22348041 

M2F02 0 10714849 19363788 

M2F03 0 7196956.5 10858548 

M2F04 0 6334090.5 19827910.5 

M2F05 0 7525958 18773708.5 

M2F06 0 6689878.5 18434050 

M2F07 0 4350100.5 11067040 

M2G01 0 10423852 29417660 

M2G02 0 8179358.5 25020143.5 

M2G03 0 9962497.5 27531853 

M2G04 0 7578460 16837109.5 

M2G05 0 10142522.5 25400462.5 

M2G06 558373.5 10192935 23967853 

M2G07 596409 6236225.5 15570696 

M2H01 0 4301221 13104726 

M2H02 0 9377856.5 27821026.5 

M2H03 0 10262933.5 27266426.5 

M2H04 0 8756448.5 25474487.5 

M2H05 0 9852615.5 22247301.5 

M2H06 0 513702.5 26126772 
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Table S4.5. Raw AUC for DEBS A77 mutants. A library of 147 clones was generated by saturation mutagenesis using 

the NNS degenerate codon at position A77 of the DEBS-TE. Assays were carried out using E. coli lysate and screened 

by LCMS with the expressed protein products from pJBH09, pET-21c(+) and pRSG33 acting as negative (M1A04), 

background (M1A03) and positive controls (M1A02) respectively. M1A01 contains recombinantly expressed and 

purified WT DEBS-TE (5 µM) incubated under the same conditions (not shown in scatter plots). Raw AUC of 

macrocycle (4.3), hydrolysis (4.2) products and substrate (4.1) for each mutant (rows) was extracted using MZmine2. 

Row m/z 348 366 467 

Row retention time (mins) 5.59 4.65 4.98 

Row identity Macrocycle, 4.3 Hydrolysis, 4.2 Substrate, 4.1 

M1A01 6778661.5 16086805.5 19067426.5 

M1A02 959148.5 27916285.5 28088272 

M1A03 0 30870069.5 23151615.5 

M1A04 0 25104048 30295940 

M1A05 0 35364211.5 47877905 

M1A06 0 21321350.5 34913381 

M1A07 0 28872514.5 64719040.5 

M1A08 0 29095818 39934684 

M1A09 0 32044737.5 15504721 

M1A10 0 32260499 12562634 

M1A11 0 29835294.5 21061771 

M1A12 0 22632064.5 35140128.5 

M1B01 0 18164169.5 27725677 

M1B02 0 23194269 31815900 

M1B03 0 29202593.5 27485784 

M1B04 0 23310594.5 32827693.5 

M1B05 0 27188146 8724239 

M1B06 0 22802723.5 35792569 

M1B07 0 32860937.5 9633724 

M1B08 0 21221053 35729236.5 

M1B09 0 31241693.5 11857141 

M1B10 0 33841647.5 16489992 

M1B11 1844153 28034683 21954019.5 

M1B12 0 18255275 37184654.5 

M1C01 0 13765289.5 34417101 

M1C02 0 19672027.5 37350655.5 

M1C03 0 26089580 31070174 

M1C04 0 18108401 41288745.5 

M1C05 0 25401926 20569967 
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M1C06 0 29217679.5 28782654.5 

M1C07 0 26915510.5 30759007 

M1C08 0 30019448 19141361 

M1C09 0 25186788 32786001 

M1C10 307927 28261472 23550189.5 

M1C11 0 19339749 36888070.5 

M1C12 0 17992329.5 37058891.5 

M1D01 0 15949523 32039797.5 

M1D02 0 23527168.5 33359886.5 

M1D03 0 21901561 39741808 

M1D04 0 23506193.5 35560681 

M1D05 0 26207899 13296917.5 

M1D06 453500 26661931 28222259.5 

M1D07 0 25371455.5 37290446 

M1D08 0 15549181 38476134 

M1D09 268094 28762573.5 26800747 

M1D10 0 23590128.5 34110983.5 

M1D11 0 17363604.5 38512085 

M1D12 0 20150347.5 35735190.5 

M1E01 0 22930305 24529913.5 

M1E02 0 28278522.5 20195249.5 

M1E03 0 29892440.5 27933413 

M1E04 0 26589211.5 23472137 

M1E05 0 23484223 12674690.5 

M1E06 0 31361268.5 15502858.5 

M1E07 0 24486743.5 32200068.5 

M1E08 0 12155577 40350209 

M1E09 0 23204469.5 34433641.5 

M1E10 0 22911897 34784415 

M1E11 0 22254112.5 31895932.5 

M1E12 0 23544188.5 33372382.5 

M1F01 0 24174214 20643876 

M1F02 0 28962212.5 17269629.5 

M1F03 0 23953084 37433846.5 

M1F04 0 22879863 33001929 

M1F05 0 23676901 13795432.5 

M1F06 0 29267145 22233233.5 

M1F07 0 23497268.5 30817939.5 

M1F08 0 21098969.5 36414518.5 

M1F09 0 21154827 36125175 

M1F10 0 23966457.5 34948732.5 

M1F11 0 20751765.5 37154081 
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M1F12 0 15280209.5 41525812 

M1G01 0 16067820 34621047 

M1G02 0 25472361 28666037 

M1G03 0 30110407 26490326 

M1G04 0 23682797.5 32107920.5 

M1G05 0 23325341 18482626.5 

M1G06 2124066 28612515.5 13246600 

M1G07 496401.5 25906353.5 27537858.5 

M1G08 0 23246849.5 30650121.5 

M1G09 0 23771771 32614749 

M1G10 0 18827857 39224366 

M1G11 0 19341518 37585009.5 

M1G12 0 21601454 35312526 

M1H01 0 22259891.5 28225459 

M1H02 0 20989557.5 34830144 

M1H03 0 28556475.5 17012343.5 

M1H04 0 18509614 36001690 

M1H05 0 10003169 877412.5 

M1H06 0 27972947.5 22087948.5 

M1H07 0 21000787.5 29113376.5 

M1H08 0 24658460.5 26174961 

M1H09 0 28626957 9924998.5 

M1H10 0 22758249.5 30007872.5 

M1H11 674137.5 16154236.5 38401643 

M1H12 0 28175238 19732804 

M2A01 0 32089692.5 49935166 

M2A02 672204 32025250.5 51733790 

M2A03 0 26904808 52568888.5 

M2A04 0 26903165 48655690 

M2A05 0 33786969.5 27641790.5 

M2A06 0 22197433 49833249 

M2A07 0 17314108.5 47247110 

M2B01 0 24981183 38383217 

M2B02 0 26389744.5 36431162 

M2B03 0 27510312 37691454.5 

M2B04 0 34376468.5 14417248.5 

M2B05 0 33076794 4721857.5 

M2B06 0 19247654.5 38647967.5 

M2B07 0 16759861.5 43122135.5 

M2C01 0 25238370 36297542 

M2C02 0 22988563.5 34978777 

M2C03 0 29208839.5 28679113 
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M2C04 0 23835183.5 31120898.5 

M2C05 0 21499913.5 36388094 

M2C06 0 22688309.5 35137767.5 

M2C07 0 8129699.5 47842265 

M2D01 0 25039335 34909792 

M2D02 0 10904556.5 45243277 

M2D03 0 21729677.5 36948867 

M2D04 0 10372041.5 45563380.5 

M2D05 0 25827537.5 10081586.5 

M2D06 0 23043578.5 33089893 

M2D07 0 2965645 48172721.5 

M2E01 0 24759290.5 31151398.5 

M2E02 0 16700959 41537600.5 

M2E03 0 13612896.5 39539391 

M2E04 0 28341053 27261385.5 

M2E05 0 26202232.5 24801913 

M2E06 0 29990668 24543244 

M2E07 0 5405713 43490323.5 

M2F01 0 28057078 20490733.5 

M2F02 0 12769799.5 42074895 

M2F03 0 21010891.5 32601443.5 

M2F04 0 9146008 43599792 

M2F05 0 28636735.5 16904765.5 

M2F06 0 30620585.5 11687610.5 

M2F07 0 8895199 44696790 

M2G01 0 28464405.5 20064817.5 

M2G02 0 25033928 28515356.5 

M2G03 0 26779958 28817352.5 

M2G04 0 19248054 35436021 

M2G05 0 19541611.5 38419608 

M2G06 0 27511725.5 28920585.5 

M2G07 0 15704774.5 42477862 

M2H01 0 30682896 19357906 

M2H02 0 18100824.5 41753091 

M2H03 0 13884674.5 43372264 

M2H04 0 25307982 17286842.5 

M2H05 0 25700525 32460841.5 

M2H06 402865.5 24017272 35052143 
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Table S4.6. Raw AUC for DEBS Q176 mutants. A library of 147 clones was generated by saturation mutagenesis using 

the NNS degenerate codon at position Q176 of the DEBS-TE. Assays were carried out using E. coli lysate and screened 

by LCMS with the expressed protein products from pJBH09, pET-21c(+) and pRSG33 acting as negative (M1A04), 

background (M1A03) and positive controls (M1A02) respectively. M1A01 contains recombinantly expressed and 

purified WT DEBS-TE (5 µM) incubated under the same conditions (not shown in scatter plots). Raw AUC of 

macrocycle (4.3), hydrolysis (4.2) products and substrate (4.1) for each mutant (rows) was extracted using MZmine2. 

Row m/z 348 366 467 

Row retention time (mins) 5.57 4.66 5.00 

Row identity Macrocycle, 4.3 Hydrolysis, 4.2 Substrate, 4.1 

M1A01 2254998 6232770.5 3954820.5 

M1A02 520099 10599505.5 20560738 

M1A03 0 7074821.5 22563973 

M1A04 0 12538838.5 39275982.5 

M1A05 1636173.5 14295215 34172196.5 

M1A06 585887 15116553 42182778 

M1A07 0 11099466.5 35895567 

M1A08 0 9483199 36775933.5 

M1A09 0 12968281.5 41141003 

M1A10 400832.5 13509568 46058105.5 

M1A11 332247 11784906.5 41012349.5 

M1A12 0 13096472 40188749 

M1B01 0 6252456.5 14417556.5 

M1B02 931721.5 15006093.5 34409208 

M1B03 648430.5 15131124 41418088 

M1B04 0 10571389 42991857.5 

M1B05 545836.5 12336964 41588956.5 

M1B06 1006935.5 13290211 39122474.5 

M1B07 0 18243051 36196933 

M1B08 0 13840547 38910095.5 

M1B09 0 11874978.5 38575296 

M1B10 0 13977757 40878330.5 

M1B11 0 10571768 37988497.5 

M1B12 650778.5 18788958 30336820.5 

M1C01 0 6384208.5 18450440 

M1C02 322860.5 11502934.5 34758934.5 

M1C03 0 5500401.5 18841593 

M1C04 0 4286708 20589168 

M1C05 0 4484930.5 18562856.5 
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M1C06 485590 5196012.5 19432791.5 

M1C07 0 4671253.5 19124388 

M1C08 0 3561339.5 15026254 

M1C09 0 8471659 35107824.5 

M1C10 0 4625899 19651793.5 

M1C11 0 10516833.5 33545721 

M1C12 937789 12436913.5 33669523.5 

M1D01 0 6608981.5 21528125.5 

M1D02 802542 15576527 37040017 

M1D03 0 5151028.5 19903470 

M1D04 0 4623124 22666758 

M1D05 0 4389885 22220353 

M1D06 0 4575901 20987266.5 

M1D07 0 6087628.5 22312104.5 

M1D08 0 3886698 15101851.5 

M1D09 0 3755536 16552425 

M1D10 0 4026853.5 18803440.5 

M1D11 0 9559410.5 36130524.5 

M1D12 0 7723117.5 36942547.5 

M1E01 0 4035615.5 23422386.5 

M1E02 1416401.5 18170358.5 33265018.5 

M1E03 0 6364058.5 17587897.5 

M1E04 0 4865019 20777022 

M1E05 511367.5 6042273 17475610.5 

M1E06 607733.5 6588103 18884605 

M1E07 0 5112045.5 21321520 

M1E08 0 2611566 19339354.5 

M1E09 0 4179970.5 18865938.5 

M1E10 0 4666927.5 15507254.5 

M1E11 0 11735514 37125349 

M1E12 0 10463317.5 28064856.5 

M1F01 0 7350871 24605703.5 

M1F02 876926.5 17497002.5 31534098.5 

M1F03 411555.5 7510043 17582343.5 

M1F04 349777 6246649 22031692.5 

M1F05 1086757 7543551 15979400 

M1F06 955613.5 7060717.5 18067305 

M1F07 0 4592849 22186546.5 

M1F08 0 4660050.5 21516909 

M1F09 0 5516344.5 19470818 

M1F10 0 4544611.5 15230690.5 

M1F11 0 12890999 38756133 
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M1F12 0 10151466.5 33803532 

M1G01 0 6980234.5 24751064.5 

M1G02 805969 16017521 35345620.5 

M1G03 1366903 18502413 37371926 

M1G04 1481693 17076449 36890575.5 

M1G05 1206154.5 17937363.5 38913845.5 

M1G06 326732.5 14044336.5 39358075.5 

M1G07 652861.5 11981475 41666378.5 

M1G08 0 10355136 41795744.5 

M1G09 0 13831594.5 37445331.5 

M1G10 0 10751227 39953337.5 

M1G11 0 7739143.5 43107213.5 

M1G12 0 9204981 30252864.5 

M1H01 315339 9803779 21279104 

M1H02 4524291.5 17349668.5 34821564 

M1H03 1309049 17981574 39200464.5 

M1H04 680326.5 17539655 39846868.5 

M1H05 1831887 20090051.5 41478861.5 

M1H06 587688 18253977.5 42185921.5 

M1H07 0 12892796 43756198.5 

M1H08 320060 11450004.5 39627084 

M1H09 323012.5 13313102.5 39393081 

M1H10 0 13724616 38113571.5 

M1H11 0 12540438 41474306 

M1H12 433459.5 21140134 50280063 

M2A01 944527.5 20339488.5 55853148 

M2A02 682686 15715068 53481481 

M2A03 0 16208951.5 54997996 

M2A04 0 13369560 50286388.5 

M2A05 0 14088812.5 50527326.5 

M2A06 0 14670829 48892730.5 

M2A07 0 12885852 47616909 

M2B01 0 13270940 44703881.5 

M2B02 0 11876462.5 41984210 

M2B03 0 10957832 43103398.5 

M2B04 0 9707942.5 43530411 

M2B05 0 1957649.5 10170096 

M2B06 0 4666162.5 18999664.5 

M2B07 0 4746534 18349141.5 

M2C01 412546 15753494.5 41731716.5 

M2C02 0 10803291.5 41013393 

M2C03 0 4021727 20070160.5 
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M2C04 0 4134134 20822201.5 

M2C05 0 3535020 14786007.5 

M2C06 0 5189343.5 18321808.5 

M2C07 560991 5737538.5 16308328 

M2D01 0 13394790.5 45887328.5 

M2D02 0 10678942 42397633.5 

M2D03 0 3188364.5 16615127.5 

M2D04 0 3503214 20187227 

M2D05 0 3434348.5 16804811.5 

M2D06 0 3967812.5 18130289 

M2D07 0 5205159.5 18995131 

M2E01 0 14434122.5 44540326.5 

M2E02 0 12929150.5 40787070.5 

M2E03 0 2726966.5 16022058.5 

M2E04 0 3226758 18817900.5 

M2E05 0 3974384.5 18901310 

M2E06 0 4947381.5 17956108.5 

M2E07 0 4592579.5 19279073 

M2F01 0 14102712.5 41523301.5 

M2F02 0 12011793.5 40905186 

M2F03 0 3436412.5 18045087 

M2F04 0 3998164 18956558 

M2F05 0 4040745 18033688.5 

M2F06 0 3445336.5 13553105.5 

M2F07 0 5395508.5 20374148.5 

M2G01 0 14896825 42793847 

M2G02 0 13292750 42360075.5 

M2G03 0 4216860.5 18340378 

M2G04 0 4888272 20056622 

M2G05 0 4337078 19204636.5 

M2G06 0 4804432.5 20198722.5 

M2G07 0 3948189 21225343.5 

M2H01 0 19093037 46971946.5 

M2H02 0 16720538.5 44466879.5 

M2H03 0 12334891 38787580.5 

M2H04 0 13281234.5 38565517 

M2H05 0 15808986.5 42545699 

M2H06 0 14200657 41812117.5 
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Table S4.7. Raw AUC for DEBS M179 mutants. A library of 147 clones was generated by saturation mutagenesis 

using the NNS degenerate codon at position M179 of the DEBS-TE. Assays were carried out using E. coli lysate and 

screened by LCMS with the expressed protein products from pJBH09, pET-21c(+) and pRSG33 acting as negative 

(M1A04), background (M1A03) and positive controls (M1A02) respectively. M1A01 contains recombinantly 

expressed and purified WT DEBS-TE (5 µM) incubated under the same conditions (not shown in scatter plots). Raw 

AUC of macrocycle (4.3), hydrolysis (4.2) products and substrate (4.1) for each mutant (rows) was extracted using 

MZmine2. 

Row m/z 348 366 467 

Row retention time (mins) 5.59 4.63 4.97 

Row identity Macrocycle, 4.3 Hydrolysis, 4.2 Substrate, 4.1 

M1A01 6972535.5 17737249 20826630 

M1A02 729602.5 23836104 25949240 

M1A03 0 20105937.5 33511636 

M1A04 0 24493903 27499543 

M1A05 0 24773510 26087291.5 

M1A06 0 22647082.5 33193164.5 

M1A07 520814 26119400.5 19869098 

M1A08 0 22372146.5 25306692.5 

M1A09 470324.5 26199035.5 22725574.5 

M1A10 0 27651836.5 27425315 

M1A11 721267 28232677.5 20220925.5 

M1A12 0 31193099 9100640.5 

M1B01 0 28423795.5 5275847.5 

M1B02 0 28144254.5 17845570.5 

M1B03 0 29351026.5 11393263 

M1B04 0 28681762 10912621 

M1B05 0 31379060 4469827 

M1B06 302104 30361428 5589327 

M1B07 455237.5 31402247 6561068 

M1B08 0 31160909 1144164.5 

M1B09 0 24149373 29445002.5 

M1B10 0 26948243.5 23725709 

M1B11 0 24422850.5 28708250.5 

M1B12 0 27643251.5 18262645 

M1C01 0 23783451.5 23745635 

M1C02 0 26755200.5 20771191.5 

M1C03 0 28773677 24272431 
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M1C04 0 24430465.5 30722430 

M1C05 0 21337370 34241157.5 

M1C06 563962 29649015.5 14089581.5 

M1C07 3484769 30398576.5 9442278 

M1C08 0 28705274.5 22427483.5 

M1C09 0 29483655.5 14111831 

M1C10 0 21456345.5 32108226 

M1C11 0 23780197 30385044.5 

M1C12 0 28410782 17102493.5 

M1D01 0 22175949.5 27782874.5 

M1D02 0 27838328.5 17069135.5 

M1D03 0 24173016 28834758 

M1D04 0 30113719 16801977 

M1D05 0 23176209.5 35519561.5 

M1D06 0 32011118.5 4049516.5 

M1D07 393529 27378222.5 27224110.5 

M1D08 0 26758412 29136209 

M1D09 0 29803266.5 14487750 

M1D10 0 19884354 35309388.5 

M1D11 0 26296058 25442976.5 

M1D12 0 28679445 18800366 

M1E01 0 24625138 24907070 

M1E02 338449.5 26271788 20177073.5 

M1E03 0 16217744.5 40257988 

M1E04 3109092 29761091 8494937 

M1E05 0 27681105 27994488.5 

M1E06 0 21062679.5 32914399 

M1E07 0 21447417 34772607.5 

M1E08 489329 30906293.5 12965983.5 

M1E09 0 30493465.5 15272411 

M1E10 0 31228948 14241777 

M1E11 0 31219617.5 7284998.5 

M1E12 458680 32877012 4228213.5 

M1F01 0 28634860 8009496 

M1F02 0 27206825.5 16187800 

M1F03 0 28560952.5 19015290.5 

M1F04 0 29883163.5 13754979 

M1F05 0 31907605 4744090 

M1F06 0 26583721.5 26372921 

M1F07 542690 27846857.5 19712675 

M1F08 0 27168325.5 22161084.5 

M1F09 0 24466596 30381320 
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M1F10 0 27750460 17807723.5 

M1F11 0 30236988.5 10251273.5 

M1F12 0 27373114.5 24135523.5 

M1G01 0 29938073.5 5204166 

M1G02 0 25615781.5 28005405 

M1G03 405697 31449673.5 6618227 

M1G04 3764646.5 30780438 2117038 

M1G05 0 29412815.5 16815740.5 

M1G06 0 31840931.5 6219914.5 

M1G07 3890920 30864619.5 1049559 

M1G08 0 32248321 3670959.5 

M1G09 0 28814209 16437510 

M1G10 0 29006260.5 22370650.5 

M1G11 0 31289479.5 11579881.5 

M1G12 0 31647922.5 3770387 

M1H01 0 20215892 11297300.5 

M1H02 422060.5 31040421 9174696 

M1H03 0 29391784.5 5913203 

M1H04 4497462.5 29819924.5 963508.5 

M1H05 3079950 30092406 3057716.5 

M1H06 0 30668255.5 10453030.5 

M1H07 0 31355480.5 10639900 

M1H08 0 32178872.5 5129814 

M1H09 0 31687395.5 749136.5 

M1H10 0 23247963 30722662 

M1H11 0 29707643 12957653.5 

M1H12 0 31214388 7846796 

M2A01 0 26118771 43448071.5 

M2A02 4090811 34049207 34297775.5 

M2A03 0 20854415.5 41107167 

M2A04 0 21584211.5 42537252.5 

M2A05 348371 23743956 44835248 

M2A06 0 22681759 44573636.5 

M2A07 0 10472347.5 44972242 

M2B01 1655295.5 25910272.5 25735877 

M2B02 0 22610577 32972177 

M2B03 0 27416206.5 22757485.5 

M2B04 0 26900636 23230129 

M2B05 0 26627461.5 27248216.5 

M2B06 0 14512767 42383957 

M2B07 0 12207455 43397637.5 

M2C01 0 34142170 3349232 
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M2C02 0 27487923 26996350 

M2C03 0 22055114.5 32167394 

M2C04 0 23663781.5 32038138.5 

M2C05 0 22237662 32942003.5 

M2C06 0 19989769 35433417 

M2C07 0 12754157.5 42218154 

M2D01 0 23036932 34520847.5 

M2D02 0 24205313.5 32041810.5 

M2D03 0 23593143 27579644 

M2D04 0 21333882 34669606.5 

M2D05 0 24438152 29799642.5 

M2D06 0 25288270 23804181.5 

M2D07 1566037.5 18034950 38999262.5 

M2E01 0 22973477.5 31529461 

M2E02 395483.5 21739236.5 34661781.5 

M2E03 0 26784352.5 22562011 

M2E04 0 16520696.5 34407092 

M2E05 0 25975591.5 19428378 

M2E06 2083062.5 27023775.5 17338806.5 

M2E07 0 20963947 33728450.5 

M2F01 0 22964057 34679029.5 

M2F02 0 25150819.5 22222847 

M2F03 0 22891345.5 30554585.5 

M2F04 0 17512658 36395341.5 

M2F05 0 25572964.5 25916684 

M2F06 0 25440908.5 21736549 

M2F07 0 16099901.5 39739213 

M2G01 0 25861463.5 26675465.5 

M2G02 0 12903006 40145062 

M2G03 0 32170004 5107331 

M2G04 0 30477730.5 7160372.5 

M2G05 0 30741499.5 8231400.5 

M2G06 371614 21657279 32063180 

M2G07 0 14505909 42771726 

M2H01 0 22237244 35499502.5 

M2H02 0 27042558 25095116 

M2H03 0 25777645 23776198.5 

M2H04 0 18819755.5 36007444.5 

M2H05 0 27956301 23027413.5 

M2H06 0 10940300 42497313 
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Table S4.8. Raw AUC for DEBS N180 mutants. A library of 147 clones was generated by saturation mutagenesis using 

the NNS degenerate codon at position N180 of the DEBS-TE. Assays were carried out using E. coli lysate and screened 

by LCMS with the expressed protein products from pJBH09, pET-21c(+) and pRSG33 acting as negative (M1A04), 

background (M1A03) and positive controls (M1A02) respectively. M1A01 contains recombinantly expressed and 

purified WT DEBS-TE (5 µM) incubated under the same conditions (not shown in scatter plots). Raw AUC of 

macrocycle (4.3), hydrolysis (4.2) products and substrate (4.1) for each mutant (rows) was extracted using MZmine2. 

Row m/z 348 366 467 

Row retention time (mins) 5.57 4.63 4.96 

Row identity Macrocycle, 4.3 Hydrolysis, 4.2 Substrate, 4.1 

M1A01 3745152 9625547 7588472 

M1A02 530240 8137592 37592471 

M1A03 0 13323647 37038112 

M1A04 0 8634466 35126441 

M1A05 0 13118429 33308943.5 

M1A06 0 8961966 39461104.5 

M1A07 0 7079538 38462580 

M1A08 0 6601955 36186643.5 

M1A09 0 4989894 41067301.5 

M1A10 0 13114245 46580760 

M1A11 312376 15041673 48570269 

M1A12 3236767 15347107 44699086 

M1B01 0 5528598 19113929 

M1B02 0 3876853 40641018.5 

M1B03 0 8103578 38116875.5 

M1B04 0 4728840 41786157.5 

M1B05 0 9589926 42454945 

M1B06 0 6702325 44663086 

M1B07 0 12875000 43255279 

M1B08 389731 18196026 37871106.5 

M1B09 0 9633584 38517908 

M1B10 0 12185880 41766581 

M1B11 318647.5 14024701 41877569.5 

M1B12 980763 14381354 40631118 

M1C01 610930.5 8886187 17389826.5 

M1C02 0 4937233 40048964.5 

M1C03 0 8179426 43302899.5 

M1C04 1060384 7008169 42591629 

M1C05 0 11069268 34658808 
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M1C06 304514.5 13882193 27519503 

M1C07 333119.5 14300429 37396252 

M1C08 357761 15272978 35431448 

M1C09 0 7037164 41791894.5 

M1C10 0 9625359 42123343.5 

M1C11 0 10863659 40696470.5 

M1C12 729320.5 13603157 42945684 

M1D01 0 6737839 28692774.5 

M1D02 0 7777622 36376749 

M1D03 0 11455594 35991404 

M1D04 0 7676439 42180122.5 

M1D05 0 10966088 33373081 

M1D06 0 14274101 39525778.5 

M1D07 358299 14190142 37490715.5 

M1D08 0 21439488 32972202 

M1D09 0 10588038 39275965.5 

M1D10 0 6117593 44820243 

M1D11 0 8269723 42935632 

M1D12 422753 16122517 38280101.5 

M1E01 0 7272951 29055277 

M1E02 0 7451780 32111601 

M1E03 0 9401499 35641641.5 

M1E04 380953.5 9654528 35322884 

M1E05 0 13854367 43280626 

M1E06 0 12568096 39356664 

M1E07 0 12660239 37768443.5 

M1E08 0 14721513 35054556.5 

M1E09 0 12154665 37504962 

M1E10 598066 14559930 37023632.5 

M1E11 0 12988437 38272211.5 

M1E12 0 16161082 41413932.5 

M1F01 0 3135953 34157174.5 

M1F02 0 10382996 31088829 

M1F03 486723 11426349 31039037 

M1F04 989674.5 14607258 43614291 

M1F05 0 9610542 39465978 

M1F06 0 10945770 39895009 

M1F07 0 11552821 38166975 

M1F08 768934.5 15936790 34292965.5 

M1F09 0 9132059 39382276.5 

M1F10 0 10877040 42680430 

M1F11 0 9401497 41943677.5 
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M1F12 0 12821707 41107737 

M1G01 0 4600012 34788915.5 

M1G02 0 12334871 49179065.5 

M1G03 0 3394018 38061291 

M1G04 0 4434718 36012381 

M1G05 0 6894098 36196500 

M1G06 359942 12289252 44014999.5 

M1G07 0 11119999 42280322 

M1G08 457036.5 13724192 36311135 

M1G09 0 8794567 39352904 

M1G10 0 9710935 39745906.5 

M1G11 0 14368210 37098201.5 

M1G12 0 14007099 41532413 

M1H01 0 13971975 31859585 

M1H02 0 15417043 49481759 

M1H03 0 7750859 35285316 

M1H04 0 10561518 43217483.5 

M1H05 0 12112069 43518366 

M1H06 0 15220812 47524803 

M1H07 0 12270782 45115092 

M1H08 0 13991969 42608906 

M1H09 0 13655314 41508482.5 

M1H10 1065929 17862893 45032428.5 

M1H11 0 13096657 38239548.5 

M1H12 0 14417689 39387580.5 

M2A01 0 7840119 36819849.5 

M2A02 0 4044491 29872906.5 

M2A03 0 7067352 39781329 

M2A04 0 13237394 46840396.5 

M2A05 0 18526903 41220649.5 

M2A06 0 13386929 40220630.5 

M2A07 0 17643612 25474589 

M2B01 0 14255930 49511816.5 

M2B02 0 7014580 46776356.5 

M2B03 368380.5 10660741 38653396.5 

M2B04 0 10252919 41409882.5 

M2B05 0 3967339 34673694.5 

M2B06 1121794 16020764 37101801.5 

M2B07 0 12914703 43362778.5 

M2C01 0 13331377 44767199 

M2C02 0 8611022 40277993.5 

M2C03 0 11556930 39229060 
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M2C04 0 8463766 38217902 

M2C05 0 5352076 41602972.5 

M2C06 0 4788503 26272210 

M2C07 0 10695060 39736512.5 

M2D01 0 6826341 33332528 

M2D02 308167 18671336 36548754.5 

M2D03 0 8435262 39887426 

M2D04 0 8310237 40272438.5 

M2D05 0 9443976 38525462 

M2D06 0 13825911 35003311.5 

M2D07 0 12272579 40030897 

M2E01 0 13749909 48846963.5 

M2E02 0 10828314 39583416.5 

M2E03 0 9931972 38347523 

M2E04 0 8406638 40967829.5 

M2E05 0 9833884 37227996 

M2E06 0 9215381 36200527 

M2E07 0 11934781 39031532 

M2F01 0 10112145 46164571.5 

M2F02 0 10040949 41395719.5 

M2F03 0 6431003 44251523 

M2F04 0 5837619 42766892.5 

M2F05 0 11671010 36978035 

M2F06 0 9409412 38350792.5 

M2F07 702276 13915040 36079381 

M2G01 0 4371125 27072506 

M2G02 0 14349400 42228858 

M2G03 0 11074836 39062836 

M2G04 0 8636331 42314160 

M2G05 0 0 0 

M2G06 0 14070290 36221928 

M2G07 0 12716161 39492293 

M2H01 0 11459360 47017717.5 

M2H02 0 7891184 42403886 

M2H03 0 14058419 43032476.5 

M2H04 0 11398888 43044332.5 

M2H05 0 10341060 44832287.5 

M2H06 0 9903592 42902102.5 

 



 

283 

 

Table S4.9. Raw AUC for DEBS L206 mutants. A library of 147 clones was generated by saturation mutagenesis using 

the NNS degenerate codon at positionL206 of the DEBS-TE. Assays were carried out using E. coli lysate and screened 

by LCMS with the expressed protein products from pJBH09, pET-21c(+) and pRSG33 acting as negative (M1A04), 

background (M1A03) and positive controls (M1A02) respectively. M1A01 contains recombinantly expressed and 

purified WT DEBS-TE (5 µM) incubated under the same conditions (not shown in scatter plots). Raw AUC of 

macrocycle (4.3), hydrolysis (4.2) products and substrate (4.1) for each mutant (rows) was extracted using MZmine2. 

Row m/z 348 366 467 

Row retention time (mins) 3.66 2.94 3.22 

Row identity  Macrocycle, 4.3 Hydrolysis, 4.2 Substrate, 4.1 

M1A01 1977389.5 5940917 4372841.5 

M1A02 6648298.5 25115070 6286253.5 

M1A03 0 11013266 22271049.5 

M1A04 0 5427809 7244282 

M1A05 0 15145266 13649646 

M1A06 6912137.5 19686575 7935142.5 

M1A07 0 15117937.5 13923524 

M1A08 0 14267595 22985067 

M1A09 3953505 49936041 3683603.5 

M1A10 0 10536634.5 31500534 

M1A11 0 25428958 8543418.5 

M1A12 0 16966783.5 12804005.5 

M1B01 0 5490821.5 3761366 

M1B02 0 8284199.5 0 

M1B03 0 13840262.5 807935.5 

M1B04 0 5566634 6596677 

M1B05 0 7475130.5 377419 

M1B06 3608555.5 14839200.5 1363380 

M1B07 1009519.5 15906884.5 1584864.5 

M1B08 0 16595567 2730691.5 

M1B09 0 10308828 14639137 

M1B10 0 16289614.5 8967932 

M1B11 1256103.5 15741379 0 

M1B12 437792.5 16194561.5 438426.5 

M1C01 3069094 10724057.5 1710134.5 

M1C02 4403538 16081996 0 

M1C03 0 4691545 6422195.5 

M1C04 0 8851905.5 413719 

M1C05 0 5406048 1811292.5 
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M1C06 937038.5 5387040.5 0 

M1C07 1416687.5 7692856.5 581253.5 

M1C08 0 5536565 7098307.5 

M1C09 0 4566462 8537977 

M1C10 1607023.5 8256271.5 936197.5 

M1C11 485370 18017743.5 0 

M1C12 0 6775383.5 586711.5 

M1D01 0 5024012.5 2276987 

M1D02 0 7758341.5 0 

M1D03 0 8693632 1331381.5 

M1D04 0 9445918.5 806300 

M1D05 0 5085257.5 7208461 

M1D06 0 6139803.5 6098574 

M1D07 489124.5 7904367 979207.5 

M1D08 0 8462614 0 

M1D09 1424681 6825022.5 486175.5 

M1D10 0 4471146 1787915.5 

M1D11 505337.5 19945760 0 

M1D12 0 15019794 0 

M1E01 0 6244963 18348898.5 

M1E02 0 11832298.5 677339.5 

M1E03 0 7647180 844078 

M1E04 1962463.5 8809797.5 370767 

M1E05 1483716 8165764 1929422 

M1E06 0 3805381 3651005 

M1E07 0 3994618 825245.5 

M1E08 0 2473158 2389975 

M1E09 0 4772325.5 0 

M1E10 0 7756327.5 4941932.5 

M1E11 0 7099987.5 18336647.5 

M1E12 524365 16707940 1360071 

M1F01 0 10340849.5 12046229.5 

M1F02 0 10246688.5 10355863 

M1F03 0 7171728.5 5735111.5 

M1F04 0 10424670.5 937506.5 

M1F05 0 8166346.5 3694438.5 

M1F06 0 8998078.5 1896811.5 

M1F07 0 7937552 3865022.5 

M1F08 0 6816957.5 5829735 

M1F09 0 8707074 843152 

M1F10 0 5665133 584947.5 

M1F11 384273 18001761.5 638342.5 
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M1F12 0 14455040 9328021.5 

M1G01 0 4361743.5 7022103 

M1G02 0 17508991 15595592 

M1G03 0 6610886 8757572 

M1G04 0 4383994.5 7992989.5 

M1G05 0 7636258.5 1726291 

M1G06 0 5884984.5 0 

M1G07 507118 8740680 2318497.5 

M1G08 0 9341826.5 0 

M1G09 0 9724063 8420996 

M1G10 0 4206552.5 4415751 

M1G11 449337 16409235 0 

M1G12 0 8640484 16567681 

M1H01 0 9887480 1097394.5 

M1H02 0 5516904.5 6000949.5 

M1H03 0 4753074.5 9208178.5 

M1H04 0 1599125.5 10725308.5 

M1H05 0 7981999 450742.5 

M1H06 0 5280706 6553772.5 

M1H07 0 11538483.5 4962280 

M1H08 471609 16403254 0 

M1H09 0 5707113 5554003.5 

M1H10 0 9031951 13664448.5 

M1H11 0 13735818 1804905 

M1H12 412707 14102688.5 0 

M2A01 1998509 7933028 2247253.5 

M2A02 2226814 9015035 5003931 

M2A03 0 4984074.5 12458317.5 

M2A04 0 7721852.5 26413711.5 

M2A05 0 2693233.5 12542049 

M2A06 0 14527088 20291226.5 

M2A07 3710989.5 22121444 9973814 

M2B01 1160823 12732575 4240774.5 

M2B02 0 4288523 7267119.5 

M2B03 0 5038272 8654534 

M2B04 0 1356071 5777479 

M2B05 0 4861229 5590713 

M2B06 0 7359628 3832004.5 

M2B07 380178 6716336.5 6066245.5 

M2C01 0 11587401 11360198 

M2C02 0 3013438 5539981 

M2C03 0 5863938.5 7255479.5 
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M2C04 0 4173688 8664865 

M2C05 0 7165649 3554846.5 

M2C06 0 6363509.5 5288880.5 

M2C07 0 3179398 2181238 

M2D01 0 8573167 11426455 

M2D02 661573.5 5006944 4366302 

M2D03 0 9345719.5 5477981 

M2D04 0 7415890 5413597.5 

M2D05 0 7699239.5 1304164.5 

M2D06 0 6056627.5 7103185 

M2D07 0 7821794 3297323.5 

M2E01 0 10753316.5 15986090.5 

M2E02 0 7790116.5 638027 

M2E03 0 1222151 1458384.5 

M2E04 0 3494099 1664444.5 

M2E05 0 1848251 3305300.5 

M2E06 0 3788308 1376321 

M2E07 0 4363542.5 5185955.5 

M2F01 0 5941888 6037385 

M2F02 0 7517024.5 2839628.5 

M2F03 0 1989179.5 2261397 

M2F04 0 1687445.5 1049660 

M2F05 0 2996834 7889182.5 

M2F06 0 7342801 3506965 

M2F07 0 5429998 9627084.5 

M2G01 2173976.5 12793875.5 5013111 

M2G02 0 7406805.5 11082598 

M2G03 0 4032941.5 8680366.5 

M2G04 0 3757614.5 6054435.5 

M2G05 890033 7452004.5 2702180.5 

M2G06 0 6836695.5 1643623.5 

M2G07 0 7914620 4990894.5 

M2H01 0 5176620.5 6582368 

M2H02 425728 8726092.5 2249946.5 

M2H03 0 11899204.5 17271731.5 

M2H04 0 11155795.5 389619.5 

M2H05 622909.5 15014182.5 13643206 

M2H06 0 4134373.5 7727648.5 
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Table S4.10. Raw AUC for DEBS D210 mutants. A library of 147 clones was generated by saturation mutagenesis 

using the NNS degenerate codon at position D210 of the DEBS-TE. Assays were carried out using E. coli lysate and 

screened by LCMS with the expressed protein products from pJBH09, pET-21c(+) and pRSG33 acting as negative 

(M1A04), background (M1A03) and positive controls (M1A02) respectively. M1A01 contains recombinantly 

expressed and purified WT DEBS-TE (5 µM) incubated under the same conditions (not shown in scatter plots). Raw 

AUC of macrocycle (4.3), hydrolysis (4.2) products and substrate (4.1) for each mutant (rows) was extracted using 

MZmine2. 

Row m/z 348 366 467 

Row retention time (mins) 5.75 4.83 5.17 

Row identity Macrocycle, 4.3 Hydrolysis, 4.2 Substrate, 4.1 

M1A01 6420470 18889927.5 31257912 

M1A02 364819.5 19965894 60423194 

M1A03 0 15868396.5 50320130 

M1A04 0 15121345 53127853 

M1A05 0 25635616 43718475 

M1A06 0 22110347.5 45617291 

M1A07 0 23689870.5 23292220 

M1A08 0 23457855.5 44721923 

M1A09 0 27225125 29452917 

M1A10 953946 26066406 39339559.5 

M1A11 140586.5 25314133 41533083.5 

M1A12 0 23006889 43748048.5 

M1B01 0 14775040 12618038.5 

M1B02 0 20821637 19903358 

M1B03 0 17892393.5 25242816 

M1B04 0 21498717.5 17334632.5 

M1B05 0 22590231 15352393 

M1B06 0 18003296 28323817 

M1B07 0 17861322 9733683.5 

M1B08 0 20062495.5 14206432 

M1B09 0 25605254 1656074.5 

M1B10 0 20550846.5 18043598 

M1B11 0 16204458 25878901.5 

M1B12 0 15272692.5 22244931 

M1C01 0 16457794 6940729 

M1C02 0 17151377 21672657.5 

M1C03 0 20743865.5 16442513 
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M1C04 0 21672405.5 13390781 

M1C05 0 22489625 11790378 

M1C06 0 21500199 17655758.5 

M1C07 278695.5 19489696.5 4032369 

M1C08 0 19673537 17441513 

M1C09 0 25798671.5 3900212.5 

M1C10 0 20101592.5 19875854.5 

M1C11 0 24281428 5822535 

M1C12 184562 23288384 3614716 

M1D01 0 15172857 9348219 

M1D02 0 17462698.5 15372324.5 

M1D03 0 21485076.5 11157747 

M1D04 0 19873554 12855669 

M1D05 0 24300676.5 9677616.5 

M1D06 0 20315819.5 13490787 

M1D07 0 21206660.5 8646977.5 

M1D08 0 19730809.5 16619749.5 

M1D09 0 24342888.5 5021790 

M1D10 0 20728819.5 13300740.5 

M1D11 0 25052173 1920219.5 

M1D12 0 21015303 11321959.5 

M1E01 0 13425039 11902248 

M1E02 0 16467794 16584754 

M1E03 0 17283018 14403686 

M1E04 0 21096516.5 8474843 

M1E05 0 20958742.5 15202219 

M1E06 0 21501693 11325229.5 

M1E07 638649 17856030 0 

M1E08 0 19903520 13280066 

M1E09 0 21342581.5 14675069 

M1E10 0 22435693 10117908.5 

M1E11 0 21245410 10187788.5 

M1E12 0 18918195.5 14593669 

M1F01 0 15134814 6643804.5 

M1F02 138998 18857976.5 9993107.5 

M1F03 0 18283085 14423806 

M1F04 0 22060802.5 8684158.5 

M1F05 0 20700534 11035166.5 

M1F06 0 22149965.5 8254920 

M1F07 0 20286633 6077890 

M1F08 0 19933407 8355261 

M1F09 0 18796729 15453413 
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M1F10 0 19199653.5 16325400.5 

M1F11 0 21269797 7328254 

M1F12 0 23175528 3900821 

M1G01 0 17515811 2926844 

M1G02 0 19298828.5 8803120 

M1G03 0 19255986 9373149 

M1G04 0 21430705 7768170.5 

M1G05 0 20651690.5 7700382 

M1G06 141753 20995091.5 6347772.5 

M1G07 346527 19996715 4337214 

M1G08 0 18929122 15820646.5 

M1G09 0 20772474.5 8214315 

M1G10 0 19989145 10013489 

M1G11 0 21630429.5 6415782 

M1G12 0 25524695.5 3205877 

M1H01 0 16107209.5 7428123.5 

M1H02 0 19975008.5 7180195.5 

M1H03 0 22085497 5358620.5 

M1H04 0 21861676 6851136.5 

M1H05 0 23613122 2451824 

M1H06 0 21150381 4160566.5 

M1H07 0 17046796 1124635 

M1H08 0 21806206.5 9487784 

M1H09 447602 19171433.5 1440188 

M1H10 0 17033700 3734792 

M1H11 0 17330845.5 327971 

M1H12 0 14316553 285225.5 

M2A01 0 484504.5 47157658 

M2A02 0 15086933.5 24031635.5 

M2A03 0 15417738.5 31173160 

M2A04 0 23729765 16968190 

M2A05 0 16972847.5 39186666.5 

M2A06 0 16375050.5 28328208 

M2A07 0 15707417.5 30258258 

M2B01 0 21112271.5 18073766.5 

M2B02 201501 16776215.5 23863422 

M2B03 0 20715364.5 18260396 

M2B04 0 17697002 22507876.5 

M2B05 0 19808705 19504447 

M2B06 0 17077628 24273951 

M2B07 0 13794642 30738533.5 

M2C01 0 14145013 30522381 
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M2C02 0 19727195 19757649.5 

M2C03 0 20033717.5 20373436 

M2C04 0 17434427.5 24586360.5 

M2C05 0 19968185 17904347 

M2C06 0 11518309.5 34225232 

M2C07 0 13621465.5 33020095 

M2D01 0 19509394 20048604.5 

M2D02 0 22253607.5 13186587.5 

M2D03 0 12691409.5 31508514 

M2D04 0 12690290 30171685 

M2D05 0 23677791.5 5429814.5 

M2D06 0 14227034.5 28345675.5 

M2D07 0 10720438 36274636 

M2E01 0 18920079.5 22397283 

M2E02 0 15963615.5 24998627 

M2E03 0 10029882 34926175 

M2E04 0 24406831.5 6246979 

M2E05 0 24442649 8724820.5 

M2E06 0 14563992.5 29616162.5 

M2E07 0 9454690.5 36744144.5 

M2F01 0 5318602 42362789 

M2F02 0 15562244 26267688 

M2F03 0 16057787.5 26077236 

M2F04 0 13025048.5 31218305.5 

M2F05 1025879 22476115.5 3685671 

M2F06 276003.5 25778446 6762761.5 

M2F07 0 7373435 42400467 

M2G01 0 16945576.5 27563113 

M2G02 0 11223909 34423069 

M2G03 0 15303962 30211588.5 

M2G04 0 18020428 25343859 

M2G05 0 18289370 24640514 

M2G06 0 15794696 28446342.5 

M2G07 0 13674774.5 34117050 

M2H01 0 13729356 32760030 

M2H02 0 17408752.5 23414170 

M2H03 0 20458396.5 20383685 

M2H04 0 14304628 30527634.5 

M2H05 0 16629558 29059501 

M2H06 0 23261902 15727296 
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Table S4.11. Raw AUC for DEBS T213 mutants. A library of 147 clones was generated by saturation mutagenesis 

using the NNS degenerate codon at position T213 of the DEBS-TE. Assays were carried out using E. coli lysate and 

screened by LCMS with the expressed protein products from pJBH09, pET-21c(+) and pRSG33 acting as negative 

(M1A04), background (M1A03) and positive controls (M1A02) respectively. M1A01 contains recombinantly 

expressed and purified WT DEBS-TE (5 µM) incubated under the same conditions (not shown in scatter plots). Raw 

AUC of macrocycle (4.3), hydrolysis (4.2) products and substrate (4.1) for each mutant (rows) was extracted using 

MZmine2. 

Row m/z 348 366 467 

Row retention time (mins) 3.62 2.94 3.20 

Row identity Macrocycle, 4.3 Hydrolysis, 4.2 Substrate, 4.1 

M1A01 1612008.5 4812580.5 2161177 

M1A02 4451061 16799691 4617255.5 

M1A03 0 12662501 25144738 

M1A04 0 15683753 31100693.5 

M1A05 0 15327236.5 40323482.5 

M1A06 0 33219417.5 24670434.5 

M1A07 0 31918354 13636625.5 

M1A08 975409.5 27429769 32213537.5 

M1A09 0 29350711 35175533 

M1A10 0 25967523 35308362.5 

M1A11 2713944.5 27517897.5 2484241 

M1A12 1876156.5 34484023 18186206.5 

M1B01 2059893.5 15087773.5 0 

M1B02 2067141 10250027.5 0 

M1B03 1625979 15431553.5 4138383 

M1B04 0 22182414 7285001 

M1B05 678559.5 23777467 8799749.5 

M1B06 1280255.5 24220867.5 8389462 

M1B07 1932123 36076416 28911704 

M1B08 0 16464053.5 22050572.5 

M1B09 0 13614001 14724050.5 

M1B10 0 15138730.5 24339092 

M1B11 2577075.5 27270124 3256959.5 

M1B12 1028922.5 15256611 17576522.5 

M1C01 377186.5 13770280 0 

M1C02 2043645 19720389 699415.5 

M1C03 574615 8846166.5 941202.5 
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M1C04 518336 17286539 0 

M1C05 2195176.5 9430548.5 0 

M1C06 847356.5 12654073 3022199 

M1C07 0 7341413 1280628.5 

M1C08 521541 7956670.5 922230.5 

M1C09 0 9173103 10059753.5 

M1C10 603513 10678078.5 3909214 

M1C11 1285127 16919355 9897209 

M1C12 1069884.5 28254470 582603 

M1D01 0 5508343.5 5342953.5 

M1D02 0 5381433.5 7907293.5 

M1D03 0 11052382.5 0 

M1D04 0 9848556.5 4025559 

M1D05 0 22214526 12794566.5 

M1D06 1537413.5 11764177.5 635698.5 

M1D07 951268.5 22651141.5 3526904.5 

M1D08 634938 8834074.5 0 

M1D09 0 14863928 24201412.5 

M1D10 0 17742652 21700040.5 

M1D11 0 14197240.5 17286002.5 

M1D12 679907 18744170.5 14433972 

M1E01 1894336.5 17504560 0 

M1E02 0 5770055.5 7722274 

M1E03 0 13931943.5 11700892.5 

M1E04 899316.5 8482325.5 527902.5 

M1E05 1459691.5 16337619 0 

M1E06 0 11600973.5 0 

M1E07 0 9962668 490077 

M1E08 941262 20209641 2288080 

M1E09 0 8834780.5 10348843.5 

M1E10 0 4884409.5 7492163 

M1E11 771480 13657746.5 13272372.5 

M1E12 694376.5 32555771.5 666618.5 

M1F01 0 9227947 1296108 

M1F02 0 11172206.5 0 

M1F03 1935208.5 8471381.5 605047 

M1F04 0 4153716 7454698.5 

M1F05 1840438 8062631.5 0 

M1F06 0 8817590.5 574204.5 

M1F07 0 8461917.5 6583411.5 

M1F08 0 4972656.5 9599574 

M1F09 0 13271558 13982303 
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M1F10 0 12973190 0 

M1F11 522069.5 18803218.5 0 

M1F12 0 14328004 21295078 

M1G01 529988 17013495.5 0 

M1G02 0 8846377.5 832242 

M1G03 458470 18212603 0 

M1G04 0 10002007.5 880549.5 

M1G05 853681.5 22980894 0 

M1G06 0 9753926 5470500.5 

M1G07 783704.5 5890980 5126484 

M1G08 2658605.5 15388811.5 1514061.5 

M1G09 515071 4342632.5 1090032.5 

M1G10 0 900967.5 2197495 

M1G11 526699.5 18768347.5 0 

M1G12 597152 21828704.5 0 

M1H01 0 17236946 4918452 

M1H02 0 16298745 6346572.5 

M1H03 1896150.5 17361506.5 4730008.5 

M1H04 2547968.5 17028235 0 

M1H05 1233883.5 11209741.5 14473833.5 

M1H06 2530890 20166137.5 445683.5 

M1H07 1999754.5 17718188.5 0 

M1H08 4421321.5 19894620.5 5492129 

M1H09 0 13786049 20479933.5 

M1H10 3344357 21377542 4640640 

M1H11 687878.5 23595449 0 

M1H12 0 12542652.5 29596447.5 

M2A01 0 2189798.5 1354860.5 

M2A02 537267.5 2493633.5 1536310 

M2A03 0 14749926 25940392.5 

M2A04 0 943928.5 1349312 

M2A05 0 1040822 0 

M2A06 0 1212426.5 4437625.5 

M2A07 0 953162 2903592 

M2B01 2271229 7981686.5 575656.5 

M2B02 0 3893510 416239.5 

M2B03 0 8113340 4928716 

M2B04 736388 15345477.5 6535535.5 

M2B05 610662 6475438 2631828 

M2B06 3188178.5 10662696.5 4831291 

M2B07 0 4602933.5 11423260.5 

M2C01 0 9647639.5 20733201.5 
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M2C02 0 1988287.5 2809658.5 

M2C03 0 6176065.5 5612894.5 

M2C04 0 6174968.5 0 

M2C05 0 1585379.5 1446055.5 

M2C06 582391 5444623.5 2096305.5 

M2C07 0 5752981 4468573.5 

M2D01 0 2467200 0 

M2D02 1008755 5081001.5 3945292 

M2D03 0 5058412.5 9333151 

M2D04 1110898 7264272 3642889 

M2D05 0 4073497.5 9271936.5 

M2D06 0 2369200 2768248.5 

M2D07 0 3479787 2092206 

M2E01 0 2314289 4108067.5 

M2E02 1506557 8247698.5 2626152.5 

M2E03 0 4172696.5 4957874 

M2E04 0 5007579 8021937 

M2E05 0 4231152 7092620 

M2E06 0 2281498 3547690 

M2E07 0 5931636.5 6653338 

M2F01 0 989056 3632920 

M2F02 1415685.5 8404609.5 4783096 

M2F03 0 7441139 1505746.5 

M2F04 0 5818414 5412806 

M2F05 0 7753644 3922545 

M2F06 0 4648819 7889774 

M2F07 0 3392351 8816154 

M2G01 0 3278019.5 0 

M2G02 1484930.5 10094487.5 11839032.5 

M2G03 0 9478738.5 0 

M2G04 524048.5 7144066.5 875808 

M2G05 0 3855552.5 5517504.5 

M2G06 0 4959965 1524901 

M2G07 0 2163399 4847736.5 

M2H01 0 2517082.5 2596252 

M2H02 0 4802992 3148176 

M2H03 0 762460.5 1242792 

M2H04 0 3169286.5 0 

M2H05 0 4392494 10411569 

M2H06 0 5314006 7989912 
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Biochemical assays raw AUC and product ratios data 

Table S4.12. Raw AUC and product ratios of biochemical assays. A total of 29 DEBS-TE mutants were recombinantly 

expressed and purified for biochemical assays. Each mutant was incubated with 1 mM of substrate 4.1 in potassium 

phosphate buffer (50 mM, pH 7.4) for 22 hours (triplicate dataset). WT DEBS-TE, substrate 4.1 only and heat 

denatured enzyme assays were also prepared similarly to act as positive, background and negative controls 

respectively. Assays were analyzed by LCMS and AUC calculated from ion extracted chromatograms for [M + H]+ ions 

with m/z = 348 (4.3), 366 (4.2) and 467 (4.1). Macrocycle to hydrolysis ratios were calculated by dividing the AUC of 

4.3 to 4.2 then normalized to the WT DEBS-TE ratio. Mutants highlighted in red showed little activity compared to 

their respective dead enzyme controls. 

 AUC   

 Hydrolysis, 4.2 Macrocycle, 4.3 Substrate, 4.1 Macrocycle/Hydrolysis ratio 
Normalized 

Macrocycle/Hydrolysis ratio 

Sample R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3 

4.1 control 202010 164679 101953 0 0 0 20510894 16127260 11434044 0.00 0.00 0.00 0.00 0.00 0.00 

WT 6444885 5434030 2233914 1908527 1659204 714513 13432447 11367805 5297629 0.30 0.31 0.32 1.00 1.00 1.00 

dead WT 192134 228734 117423 0 0 0 19462272 21756153 10886032 0.00 0.00 0.00 0.00 0.00 0.00 

s24 3620085 3609582 3621538 1959517 1883913 1965540 7753166 7556198 7729499 0.54 0.52 0.54 1.83 1.71 1.70 

dead s24 177623 116522 177623 0 0 0 16472422 16519980 16472422 0.00 0.00 0.00 0.00 0.00 0.00 

s25 774538 794575 722273 154394 140725 153388 6888447 6517493 6122442 0.20 0.18 0.21 0.67 0.58 0.66 

dead s25 73208 101814 94349 0 0 0 8096477 7986447 8474191 0.00 0.00 0.00 0.00 0.00 0.00 

s26 2838035 3142147 3345226 152242 217372 259618 12079401 13167620 13386917 0.05 0.07 0.08 0.18 0.23 0.24 

dead s26 246980 236868 226779 0 0 0 17122088 17482411 16699316 0.00 0.00 0.00 0.00 0.00 0.00 

s27 896143 855210 861345 0 0 0 6787795 7117356 6967317 0.00 0.00 0.00 0.00 0.00 0.00 

dead s27 76511 85372 78468 0 0 0 8650423 8401650 7971529 0.00 0.00 0.00 0.00 0.00 0.00 

s28 761101 723992 708314 0 0 0 16580594 16479031 16185370 0.00 0.00 0.00 0.00 0.00 0.00 

dead s28 297329 287780 288925 0 0 0 18850522 19399663 18349794 0.00 0.00 0.00 0.00 0.00 0.00 

s29 2410758 2587922 2671309 169281 175081 173874 14828540 15123269 15179313 0.07 0.07 0.07 0.24 0.22 0.20 

dead s29 550030 557413 561004 0 0 0 16633079 17133701 17145834 0.00 0.00 0.00 0.00 0.00 0.00 

s30 6454400 7469261 3798709 474508 532991 267823 8518069 9707576 6001493 0.07 0.07 0.07 0.25 0.23 0.22 

dead s30 220444 206946 252221 0 0 0 20320930 19552611 11373354 0.00 0.00 0.00 0.00 0.00 0.00 

s31 4998660 4510355 4592355 2880182 2833663 2786949 7224575 6819895 6773142 0.58 0.63 0.61 1.95 2.06 1.90 

dead s31 194366 212056 211638 0 0 0 16922905 17367961 17356910 0.00 0.00 0.00 0.00 0.00 0.00 

s32 1451067 2123851 2820777 376669 550922 718989 911535 1321626 1770791 0.26 0.26 0.25 0.88 0.85 0.80 

dead s32 97599 157608 160935 0 0 0 11170881 17402047 17439706 0.00 0.00 0.00 0.00 0.00 0.00 

s33 5772724 5653562 6037694 0 0 0 7750189 7570876 7674811 0.00 0.00 0.00 0.00 0.00 0.00 
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dead s33 150549 137533 157830 0 0 0 16933074 16081551 17069412 0.00 0.00 0.00 0.00 0.00 0.00 

s34 4427531 4609066 4582005 3078600 3103963 3228069 6354303 6280478 6886187 0.70 0.67 0.70 2.35 2.21 2.20 

dead s34 412505 449602 417275 0 0 0 17126536 16756552 16393458 0.00 0.00 0.00 0.00 0.00 0.00 

s35 5180874 5363407 5797120 0 0 0 7550842 7730365 8582568 0.00 0.00 0.00 0.00 0.00 0.00 

dead s35 305562 305115 245416 0 0 0 18478935 17866650 18153841 0.00 0.00 0.00 0.00 0.00 0.00 

s36 6762696 6770427 7131288 412853 435674 423460 4959790 5041269 5318647 0.06 0.06 0.06 0.21 0.21 0.19 

dead s36 328573 316798 318745 0 0 0 17306130 18002687 17815584 0.00 0.00 0.00 0.00 0.00 0.00 

s37 4367845 4611720 4966286 0 0 0 9951879 10634045 11377572 0.00 0.00 0.00 0.00 0.00 0.00 

dead s37 283943 285357 299985 0 0 0 16877573 177296198 17544564 0.00 0.00 0.00 0.00 0.00 0.00 

s38 1649059 1668687 1574055 0 0 0 11175687 11452528 10384573 0.00 0.00 0.00 0.00 0.00 0.00 

dead s38 139351 136446 124598 0 0 0 14060917 14500520 14139975 0.00 0.00 0.00 0.00 0.00 0.00 

s39 3105157 3025829 2838214 177288 218521 188501 9984287 8981430 9345425 0.06 0.07 0.07 0.19 0.24 0.21 

dead s39 142451 95137 143436 0 0 0 14412247 14819416 14989217 0.00 0.00 0.00 0.00 0.00 0.00 

s40 2695502 2387466 1992419 754454 689337 539146 12264154 11421919 8092469 0.28 0.29 0.27 0.95 0.95 0.85 

dead s40 133429 145782 107559 0 0 0 15657857 17299634 11732152 0.00 0.00 0.00 0.00 0.00 0.00 

s41 982588 929567 757772 0 13141 0 16327863 15210437 10210850 0.00 0.01 0.00 0.00 0.05 0.00 

dead s41 137513 154719 114276 0 0 0 16998178 17804644 11114068 0.00 0.00 0.00 0.00 0.00 0.00 

c42 2972689 3094618 2997202 1414087 1390743 1408557 889280 1399281 1008056 0.48 0.45 0.47 1.61 1.47 1.47 

dead c42 152163 243173 189027 0 0 0 7470896 7533351 6738234 0.00 0.00 0.00 0.00 0.00 0.00 

c43 3816343 3810956 4246217 764596 690443 760470 2509103 2416663 2605688 0.20 0.18 0.18 0.68 0.59 0.56 

dead c43 518513 529982 538464 0 0 0 9851115 9619332 9751386 0.00 0.00 0.00 0.00 0.00 0.00 

c44 5983166 6299223 6498259 973201 995315 1041876 259543 262570 266267 0.16 0.16 0.16 0.55 0.52 0.50 

dead c44 1843625 1817539 1865865 0 0 0 10845519 10384537 10839687 0.00 0.00 0.00 0.00 0.00 0.00 

c45 5821501 5896015 6194566 302785 321119 304367 1760479 1901456 2011657 0.05 0.05 0.05 0.18 0.18 0.15 

dead c45 902512 931161 955611 0 0 0 12672206 12418986 12996987 0.00 0.00 0.00 0.00 0.00 0.00 

c46 652686 614804 784226 496720 480565 519317 6004403 5735082 7210434 0.76 0.78 0.66 2.57 2.56 2.07 

dead c46 143746 147733 76476 0 0 0 7950181 643235 5472606 0.00 0.00 0.00 0.00 0.00 0.00 

c47 1365078 1408306 1200618 477931 488287 459888 5151281 5038247 4740425 0.35 0.35 0.38 1.18 1.14 1.20 

dead c47 134492 111745 97946 0 0 0 8526390 8278331 7985843 0.00 0.00 0.00 0.00 0.00 0.00 

c48 1763815 1859540 1792667 784538 809155 765775 5581926 5410204 5673717 0.44 0.44 0.43 1.50 1.43 1.34 

dead c48 419365 394679 405901 0 0 0 10664106 10111819 10001192 0.00 0.00 0.00 0.00 0.00 0.00 

c50 457474 474650 462155 0 0 0 10230161 10124677 10143732 0.00 0.00 0.00 0.00 0.00 0.00 

dead c50 194001 138820 131338 0 0 0 11029736 10992442 11123481 0.00 0.00 0.00 0.00 0.00 0.00 

c51 3845483 3949824 3906306 712074 729170 698667 7002902 7573704 7522148 0.19 0.18 0.18 0.63 0.60 0.56 

dead c51 191595 174969 164009 0 0 0 13850312 13838741 13987553 0.00 0.00 0.00 0.00 0.00 0.00 

c52 3140438 3198935 3033100 441227 447078 478497 3444130 3392527 3330752 0.14 0.14 0.16 0.47 0.46 0.49 

dead c52 101521 100988 97125 0 0 0 9527859 9230617 9477511 0.00 0.00 0.00 0.00 0.00 0.00 
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CHAPTER 5 : Conclusions and future directions 
 

 

 

5.1 Preface 

As demonstrated in the literature review of Chapter 1, macrocycles are challenging to access,1,2 

spurring the development of many synthetic macrocyclization methodologies.2,3 Researchers have started 

exploring the use of TEs as macrocyclization biocatalysts, showing they can be quite useful.4–20 However, 

other competing reactivities catalyzed by the TE can impact macrocyclization yields and currently there is 

no effective method to predict this reactivity.21–23 Two models were proposed to offer a rational 

framework for understanding TE-mediated macrocyclization: the ICS and CS models. 

While TEs offer significant advantages for macrocycle synthesis, there are a few limitations such 

as competing hydrolysis reactivity and their inherent selectivity that limit our access to certain 

macrocycles. Characterizing new TEs can expand our access to macrocycles and has thus far been 

successful in providing an extensive repertoire of useful TE biocatalysts. The issue pertaining to competing 

hydrolysis off-loading would require protein engineering to optimize reactivity; however, this remains 

largely unaddressed. The work in this thesis aims to expand our current repertoire of TE biocatalysts, 

showcase their use in macrocyclization and address the lack of protein engineering efforts on TEs. Chapter 

2 characterizes two new macrocyclizing NRPS TEs, showcasing their application in the chemoenzymatic 

synthesis of two macrocyclic depsipeptides, thereby expanding our current repertoire of biocatalysts. 

Chapter 3 delves into the characterization of a tandem NRPS TE domain (TE1-TE2), revealing TE1 was 

largely responsible for its activity as well as showing its surprising substrate tolerance for macrocyclization. 
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Finally, Chapter 4 provides the first extensive effort in engineering a PKS TE to optimize its 

macrocyclization activity towards a non-native substrate.  

5.2 Perspective on ICS and CS models 

In Chapter 1, two archetypal models were proposed to act as a rational framework for TE-

mediated macrocyclization. In the ICS model common to PKS TEs, the TE active site is acylated with a 

conformationally disordered substrate, from which the acyl-TE intermediate samples conformations until 

one conducive to macrocycle formation is achieved. Because this sampling occurs in the TE active site, 

structural changes in the protein, like the lid,12 can contribute to biasing the conformational landscape 

towards a product-like conformation. However, water can diffuse in the active site during sampling to 

generate hydrolysis product. In the CS model, more common to NRPS TEs, the substrate pre-organizes 

into a product-like conformation, which is then selected by the TE for loading and macrocyclization.13,24 

Minimal structural rearrangements are required for macrocyclization, making it macrocyclize faster and 

thus limiting water’s ability to hydrolyze these intermediates.  

The macrocycle to hydrolysis (M/H) product ratios serve as a key indicator to determine the 

adherence of one or both models. For instance, the substantial hydrolysis reactivity observed in the DEBS 

and PIK PKS TEs10,20,25–27 (resulting in low M/H ratios) is indicative of the ICS model, which predicts 

substantial competing hydrolysis reactivity. Conversely, a higher M/H ratio points towards the CS model. 

While M/H ratio is a great indicator, other metrics are also useful for applying these models. Instances of 

macrocycle product inhibition and TE-mediate macrocycle hydrolysis (ex: Epo and Srf TEs)9,15 suggest the 

application of the CS model. Such cases likely involve similar binding interactions of the TE with both 

product and substrate, indicating the substrate adopts a product-like conformation as stipulated in our 

CS model. Moreover, spontaneous macrocyclization of a substrate hint at the application of our CS model. 

Such a process would only be feasible if the entropic cost associated with end-to-end contact was met 
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through substrate pre-organization, as demonstrated with patellamide A and tyrocidine (Tyc).28–30 In 

contrast, clear conformational shifts in the TE that sterically control the acyl/peptidyl-TE intermediate 

conformation (ex: Vlm-TE)12 point towards the ICS model as this is indicative of a dynamic sampling of the 

acyl/peptidyl-TE intermediate. In addition, the ability for an ICS TE to bind a conformationally disordered 

substrate can potentially affect the rate of binding, resulting in an increased KM. Thus, TE’s exhibiting larger 

KM are likely to adhere to our ICS model and is consistent with the large KM values obtained for the DEBS 

and PIK TEs.10,20,25–27  

Applying these models to TE-mediated macrocyclization provides a rational framework for 

understanding the observed TE reactivities reported in the literature. As more TEs are characterized, 

further support for these models is anticipated. We utilize the indicators discussed earlier (summarized in 

Table 5.1) to apply these models and rationalize the activities of the TEs characterized in this thesis, which 

are discussed further in this chapter.  

Table 5.1. Summary of key indicators for the ICS and CS models with examples from the literature. Shown is a 

summary of the key indicators used to apply the models to TE examples from the literature. Abbreviations; DEBS, 6-

deoxyerythronolide B; PIK, pikromycin; Vlm, valinomycin; Tyc, tyrocidine; Grs, gramicidin; Sgd, seongsanamide; Srf, 

surfactin; Epo, epothilone; LybB, lysobactin; Rzm, rhizomide. 

Model Indicator TE examples Citations 

ICS 

High KM DEBS, PIK 10,20,25–27 

Low M/H ratio (i.e. substantial hydrolysis) DEBS, PIK 10,20,25–27 

Steric control of acyl/peptidyl-TE intermediate via TE conformational 

changes  
Vlm 12 

CS 

Substrate pre-organization Tyc, Grs, patellamide A 14,28–34 

Macrocycle ring opening Sgd, Srf, Epo 4,9,15 

Spontaneous macrocyclization Tyc, patellamide A 28–30 

Macrocycle product inhibition  - - 

High M/H ratio (i.e. little hydrolysis) Tyc, Grs, Srf, LybB, Sgd, Rzm 4,5,13–15,19,24,33,35 
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5.3 Perspective on NRPS TEs  

The work presented in Chapter 2 establishes the ability for both seongsanamide (Sgd) and 

rhizomide (Rzm) TEs to catalyze formation of 5- and 6-residue depsipeptide macrolactones, respectively, 

using N-acetylcysteamine (SNAC) activated substrate mimics with little competing hydrolysis reactivity 

(Figure 5.1).4,5 Compared to other previously characterized NRPS TEs, Sgd is the only known TE to generate 

a 5-residue macrolactone.4 The only other TE known to form a 6-residue macrolactone is the 

streptogramin forming TE (SnbDE-TE). However, it produces substantial amounts of hydrolysis product 

while the Rzm-TE does not.5,16 These results highlight the benefits of adding new TEs in our repertoire to 

access macrocycles of the desired ring size. While all attempts to synthetically macrolactonize failed,4 the 

Sgd and Rzm TEs were able to form the desired macrolactones without much issue, highlighting the power 

of TEs as macrolactonization biocatalysts. 

Figure 5.1. General catalytic schemes for Rzm, SnbDE and Sgd TEs. (A) Formation of 6-residue macrolactones done 

by Rzm-TE and streptogramin forming TE (SnbDE-TE). SnbDE-TE also forms free acid as a substantial side-product. 

(B) Formation of 5-residue macrolactone done by Sgd-TE. These are the only TEs in the literature shown to form 5- 

and 6-residue macrolactones. Crosse out black arrows indicate failed synthetic macrolactonization attempts. 
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The Sgd-TE has shown promise as a macrocyclization biocatalyst, being the only known TE to 

catalyze formation of a 5-residue macrolactone with little competing hydrolysis reactivity. However, it 

was also shown to catalyze ring-opening of the macrocycle, a rare activity only seen for the epothilone 

(Epo) and surfactin (Srf) TEs.9,15 Given the lactone ester linkage is sterically hindered and Sgd-TE’s ability 

to hydrolyze the macrocycle, it suggests discrete binding of Sgd E in such a way that allows for nucleophilic 

attack of the lactone carbonyl for TE acylation. This would also suggest the Sgd-TE binds to and stabilizes 

a product-like conformation of the substrate (i.e. pre-organized state), aligning with our proposed CS 

model. According to this model, binding of this pre-organized state would drive macrocyclization and thus 

limit water’s ability to hydrolyze the acyl-TE intermediate. This hypothesis is consistent with the limited 

production of seco acid observed during the first time points of the Sgd assay. Similarly, in the Rzm assays, 

very little seco acid was detected during the incubations, aligning well with the expectations set forth in 

our proposed CS model. However, whether the Sgd and Rzm peptide substrates pre-organize has yet to 

be seen and warrants further investigation. 

Because Sgd- and Rzm-TE likely adhere to our proposed CS model, they might exhibit expanded 

substrate scopes similar to the Tyc-TE due to substrate pre-organization.13,24 Systematically substituting 

each residue in the macrolactone to Ala (i.e. Ala scan) of the peptide substrates could provide useful 

insight on residue selectivity for Sgd- and Rzm-TE macrocyclization activity. This experiment would offer 

useful information for a more guided substrate scope study, testing macrocyclization activity against 

peptides with changes in internal nucleophile its stereo-chemical configuration and amino acid identity. 

Additionally, regio-selectivity can be probed by changing the internal nucleophile position to form 

macrocycles of varying sizes. Utilizing the LCMS-based screen established in Chapter 4, substrate scope 

can be extensively explored by employing a large peptide library (on the order of 103 peptides, Figure 5.2) 

in a timely manner.36,37 Although gramicidin (Grs) and Srf-TE ring size scope14,38 and the Tyc-TE substrate 
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scope13,33,35,39 have been investigated, the literature on NRPS TE substrate scope is still underdeveloped. 

These two proposed future studies on the Sgd and Rzm TEs hold the potential to provide crucial insights 

on this underdeveloped topic. Moreover, they would push the boundaries of Sgd- and Rzm-TE as general 

peptide macrocyclization biocatalysts. 

 

Figure 5.2. Overview of proposed peptide library screen.  

The work on Sgd also opens the door to study the bioinformatically predicted P450 (SgdC) 

involved in the formation of the biaryl ether linkage found in Sgd A-D.40 Biaryl ether linkages have been 

found in the macrocyclic natural products vancomycin, catalyzed by P450 embedded in its biosynthetic 

gene cluster.41 Unlike the P450 in vancomycin (ex: OxyB) which requires docking onto X domains for 

oxidative modification (Figure 5.3A), SgdC would act on the released natural product post assembly as the 

gene cluster does not contain any X domains (Figure 5.3B). While the P450 responsible for the biaryl 

coupling (C-C bond) in arylomycin (AryC) also works post assembly,42 SgdC is unique as it catalyzes a biaryl 

ether linkage (C-O-C). Its study would be a great addition to the current repertoire of P450 catalysts for 

oxidative modifications of natural products in vitro.  
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Figure 5.3. Biaryl ether coupling in vancomycin (A) and seongsanamide (B) biosynthesis.  

The preliminary work on the gacamide A (Gac A) tandem TE domain (TE1-TE2) presented in 

Chapter 3 highlights its potential as a versatile peptide macrocyclization biocatalyst. It demonstrated 

catalytic activity on two native-like peptide substrates with varying N-terminal groups (N-Cbz protecting 

group and N-acetyl), suggesting it was tolerant to N-terminal peptide modifications (Figure 5.4A). 

Additionally, it was shown to turnover two de novo peptides, generating non-native 5- and 7-residue 

macrolactones using an internal nucleophile that differed in terms of identity and stereochemical 

configuration (L-Thr) compared to the native D-Ser in the Gac A peptide (Figure 5.4B). In particular, the 

formation of a 7-residue macrolactone using a non-native nucleophile distinguishes it as a unique TE 

biocatalyst.4,5,11,12,15–19 Future studies on the tandem TE’s substrate scope via a similar peptide library 

workflow presented in Figure 5.2 would be a great addition to the literature. In addition, experimentally 

confirming the observed results in Chapter 3 with purified de novo peptides is essential. Furthermore, the 

literature on tandem TE domains often yield conflicting results regarding the activities of the individual 

TEs (i.e. TE1 and TE2),18,19,43 elucidating the specific role of TE2 remains a critical aspect. Conducting 
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experiments using recombinantly purified TE2 as a stand-alone enzyme would provide further insight into 

this elusive TE2 domain. 

 Remarkably, the Gac-TE1-TE2 exhibits characteristics aligning with both ICS and CS models, as 

exemplified by its ability to process both native and non-native peptide substrates. The N-Cbz protected 

peptide substrate was shown to spontaneously macrocyclize. As both Tyc and patellamide A underwent 

spontaneous macrocyclization due to substrate pre-organization,28–30 the Gac N-Cbz peptide likely pre-

organizes, suggesting Gac-TE1-TE2 operates within the framework of our proposed CS model. Conversely, 

non-native 5- and 7-residue macrolactones of de novo peptide substrates were only formed under 

enzymatic conditions. In addition, macrocycle ring opening and spontaneous macrocyclization were not 

observed with these peptides. This suggests that substrate pre-organization is not the driving force for 

macrocyclization catalysis, effectively ruling out the strict application of the CS model. Instead, the 

observed behaviour aligns more closely with our ICS model, wherein the TE biases the conformational 

landscape of a dynamic peptidyl-TE intermediate towards those conducive to macrocyclization. The 

substantial levels of seco acid observed in these assays further support the application of the ICS model.  

 This dual behaviour observed in Gac-TE1-TE2 underscores its inherent flexibility in 

macrocyclization. In addition, it serves as a compelling illustration of how the CS model aptly explains 

scenarios involving substrate pre-organization, while the ICS model offers a broader framework that can 

accommodate scenarios where substrate pre-organization is not the driving force. This coexistence and 

potential interplay between these models provide valuable insights into the diverse strategies employed 

by TEs in macrocyclization catalysis. 
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Figure 5.4. Macrocyclization activity of Gac-tandem domain on various substrates. (A) Formation of the native 5-

residue macrolactone using a D-Ser nucleophile with varying N-terminal protecting group on the peptide substrate. 

(B) Formation of non-native 7- and 5-residue macrolactones using an L-Thr nucleophile of de novo peptide substrates.  
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5.4 Outlook on engineering TEs 

The work on engineering the PKS 6-deoxyerythronolide B (DEBS) TE presented in Chapter 4 

describes the first extensive protein engineering study on a TE to date using an LCMS-based screen of a 

comprehensive 1,323 clone library. We showed that through rational protein design, single mutations 

within the active site are sufficient to yield improvements in macrocyclization activity over the WT. 

Mutations were not synergistic when combined; however, a double mutant retained a similar fold-

improvement in activity compared to its single mutant counterparts. It was proposed that these mutations 

affected the dynamics of the TE by favouring the adoption of “closed” conformations that bias acyl-TE 

sampling towards compact conformers while limiting water’s access to the active site. In addition, key H-

bonding interactions with the substrate’s nucleophilic alcohol, presumed to stabilize the observed 

unreactive cyclic conformation, were likely broken. This likely increases its ability to dynamically sample 

conformations, all of which favour formation of the macrocycle. Using 2,3-diaminoproprionic acid (DAP) 

incorporation technology, acyl-TE intermediates can be trapped via formation of a stable amide bond 

without the need for maturation as seen in acylphosphonate inhibitors.12 Thus, the structural 

determinants for off-loading in WT DEBS-TE and the improved mutants can be elucidated through X-ray 

crystallography. This would serve to confirm the above proposition and is currently being explored by our 

collaborators in Dr. Schmeing’s Lab. Furthermore, computational studies can provide useful insight on TE-

mediated macrocyclization. Molecular dynamic simulation (MDS) and quantum mechanics/molecular 

mechanics (QM/MM) studies performed on the DEBS, PIK and pimaricin TEs underscore the importance 

of hydrophobic packing interactions in macrocyclization,27,44,45 highlighting the value of computational 

studies. With the WT DEBS-TE crystal structure in complex with a substrate mimic shown in Chapter 4, 

this provides a starting point for future computational studies.  
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While the screen could distinguish between active and inactive macrocyclization variants, the 

significant variation in macrocyclization activity of the positive control posed challenges in identifying 

mutants with improved activity over WT. This large variation in the positive control activity suggests 

variations in total protein amount contributes to this, a well documented and long-standing challenge in 

LCMS-based screens.46–48 Protein normalization using a joint superfolder GFP (sfGFP) and DEBS-TE 

construct may minimize variation and improve the screen’s ability to differentiate improved variants from 

WT.46 Reducing screen variability will improve this versatile screening platform, and can serve as a 

springboard for a second-generation DEBS-TE engineering project, focusing on iterative saturation 

mutagenesis of our 9 chosen sites and exploration of distal residues from the active site. Given that ICS 

TEs, such as DEBS, do not rely on substrate driven pre-organization for macrocyclization, they are ideal 

candidates for protein engineering to generate a more general and macrocyclization specific biocatalyst. 

In the coming years, we should see examples of other TEs being engineered through LCMS-based screens. 

A substitution of the active site Ser to Cys (S→C) in the stereo-selective pikromycin (PIK) TE 

domain was enough to yield a variant with improved macrocyclization activity against an epimerized 

pentaketide substrate.27 As both DEBS and PIK TEs are closely related, it would be worth investigating the 

S→C substitution in DEBS and the improved mutants from Chapter 4 to see if a similar activity 

enhancement and stereo tolerance is observed. 
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5.5 Conclusions 

To conclude, the development and use of TEs as macrocyclization biocatalysts is an ever-

expanding field that has been met with great progress. Chapter 2 characterizes and showcases the 

application of two new NRPS TEs as stand-alone macrocyclization biocatalysts in the chemoenzymatic 

synthesis of two depsipeptide macrolactones. Chapter 3 examines the macrocyclic activity and surprising 

substrate tolerance of a tandem NRPS TE domain. Chapter 4 engineered a PKS TE for improved 

macrocyclization activity through rational protein design and an LCMS-based screen. These studies have 

expanded our current repertoire of TE biocatalysts and have provided a versatile platform for improving 

TE activity via protein engineering. 
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ABSTRACT: The total and chemoenzymatic synthesis of the depsipeptide natural product seongsanamide E, 3, is described. The
synthetic C-terminal N-acetylcysteamine thioester of linear natural product 1 was macrolactonized by the excised recombinant
purified seongsanamide thioesterase (Sgd-TE) domain, generating 3. Sgd-TE also effects the ring opening of 3. Chemical synthesis
provided 3 through a macrolactamization strategy. This work confirms the biosynthesis of 3 and demonstrates the power of Sgd-TE
as a biocatalyst.

The seongsanamides (Sgds) make up a family of cyclic
nonribosomal depsipeptides isolated from the marine

sponge-associated bacterium Bacillus safensis KCTC 12796BP.1

There are six known seongsanamides, A−F. A−E are N-
acylated octapeptides with a lactone linkage between the
terminal carboxylate of Tyr8 and the side chain hydroxyl of
Thr4. All five have the L-Leu-D-Ala-D-Tyr-L-Thr-D-Leu-L-Leu-L-
Ile-L-Tyr peptide sequence. Sequencing of the B. safensis
genome identified a nonribosomal peptide synthetase (NRPS)
gene cluster1,2 that encoded two NRPS genes possessing A
domain selectivity,3−6 consistent with these amino acids and E
domains appropriately placed to generate the three D-
configured residues.
On the basis of this putative gene cluster, it is proposed that

a linear NRPS-bound octapeptide is generated and macro-
cyclized seongsanamide E, 3, is then released1 by the C-
terminal thioesterase (TE) domain (Figure 1).7 Ultimately, 3
is proposed to be further cyclized by a P450,8 forming a biaryl
ether linkage between Tyr3 and Tyr8 via oxidative phenol
coupling, generating seongsanamide B (Figure S1). In this
study, we characterized the ability of the TE to macrocyclize
the N-acetylcysteamine (SNAC) derivative of the native linear
peptide substrate. We show the recombinant purified excised
Sgd-TE effectively forms 3, experimentally confirming that the
biosynthetic gene cluster identified by Kim et al.1 is responsible
for seongsanamide biosynthesis. We also show that chemical
macrolactonization does not occur from the linear free acid
substrate but that an authentic macrocycle can be synthesized

via lactamization, successfully completing a total synthesis of 3
and demonstrating the macrolactonizing power of the Sgd-TE.
Lastly, we show that the TE can effect hydrolytic ring opening
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Figure 1. Seongsanamide E TE-mediated formation.
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of 3, a rare enzymatic activity seen for only the epothilone
(Epo) TE.9

Characterization of the excised Sgd-TE domain required
access to an appropriate substrate, an authentic standard of the
natural product, and the recombinant purified TE domain.
Recently, seongsanamides A,10 B,11 and E12 have been
successfully synthesized using a combination of solution and
solid-phase peptide synthesis. We envisioned a similar strategy
for accessing SNAC-activated substrate 1 and authentic natural
product 3.
C-Terminal thioester peptides like 1 are synthetically

challenging.13 While linear unactivated peptides can be
routinely synthesized with automated Fmoc solid-phase
peptide synthesis (SPPS), C-terminal thioesters require
specialized resins14,15 or synthetic modifications.16,17 In our
hands, the most effective approach for accessing the peptidyl-
SNAC thioesters is to install the thioester using solution-phase
chemistry on a protected linear free acid peptide.18,19 Thus, we
generated the on-resin linear protected peptide from hyper-
sensitive 2-Cl-Trt chloride resin20 loaded with the C-terminal
Fmoc-Tyr(OtBu)-OH 4, which was subjected to SPPS under
HBTU/DIEA conditions, subsequent N-terminal Fmoc
deprotection, and acetylation (Scheme 1). Cleavage from the

resin under mild acidic conditions yielded free acid 5, which
was activated as the SNAC thioester. The side chain tBu
protecting groups were removed with TFA, and the substrate,
1, was purified to >95% purity using RP-HPLC [65% yield
from 5 (Figure S41)].
Synthesis of authentic 3 was not possible via a macro-

lactonization strategy. All attempts to generate a macrocycle
from a linear free acid with an unmasked Thr β-hydroxyl group
failed.21 We thus turned our attention to a common alternative
approach for depsipeptide cyclization,22−24 macrolactamiza-
tion. We focused on cyclization through the Ile-Tyr amide
bond. Wang resin loaded with Fmoc-Ile-OH 6 underwent
SPPS under DIC/Oxyma Pure conditions to extend the linear
peptide sequence, incorporating Fmoc-Thr-OH 7 with an

unprotected β-alcohol. On-resin peptide ester 8 was formed
through standard esterification conditions with Boc-Tyr-
(OtBu)-OH, followed by N-terminal deprotection and
acetylation to complete the linear sequence. The peptide was
fully deprotected and cleaved from the resin using TFA to
afford the linear peptide ester. Macrolactamization under dilute
HATU/HOAt coupling conditions generated 3.11,25 Upon
LCMS analysis, two peaks with the same mass were observed
eluting close together. The isomers were separated by RP-
HPLC, and 1H NMR (Figures S43 and S44) confirmed the
first eluting isomer was the natural product seongsanamide E,
3. Coupling conditions known to reduce the level of
epimerization at the Ile α-carbon were screened, though no
difference in product distribution was observed.25 Regardless,
authentic 3 could be isolated in >95% purity by RP-HPLC
[32% yield (Figure S43)].
To obtain recombinant purified Sgd-TE, a synthetic DNA

construct encoding the excised Sgd-TE from the B. safensis
genome was generated.1 This gene was cloned into an
Escherichia coli expression vector under the control of an
inducible T7 promoter and fused to an N-terminal hexa-His
tag. Sgd-TE was overexpressed and purified by metal-affinity
chromatography to high purity [>95% (see Figure S3)].
Enzymatic assays with 1 mM 1 and recombinant purified Sgd-
TE (5 μM) in phosphate buffer (50 mM, pH 7.4) and 7.5%
(v/v) DMSO were performed at room temperature. Aliquots
were taken at varying time points and analyzed by LCMS to
evaluate the product distribution.
Incubation of 1 with Sgd-TE showed formation of

macrocycle 3, confirming that the stand-alone TE is active
(Figure 2). No formation of 3 was observed in the no enzyme
or boiled enzyme control incubations. 3 was readily detected at
the 30 min time point with Sgd-TE (Figure S11). At 1.5 h,
formation of hydrolysis product 2 could be detected above
background in the Sgd-TE incubation (Figure 2B) but not in
the control incubations. At 20 h, significantly more hydrolysis
product was detected in the Sgd-TE incubations (Figure 2C).
Because both 3 and 2 are generated from the same peptidyl-TE
intermediate, the relative product ratios for macrocyclization
and hydrolysis should not change over the course of the
reaction. The observation that the level of hydrolysis increases
with prolonged incubation thus suggested additional reactivity
was occurring (Scheme 2).
As the Epo-TE has been shown to effect ring opening of

epothilone C,9 we hypothesized that Sdg-TE could be effecting
ring opening of 3, ultimately leading to additional hydrolysis
product 2. To test this, 0.5 mM 3 was incubated with Sgd-TE
(5 μM) in phosphate buffer (50 mM, pH 7.4) and 7.5% (v/v)
DMSO at room temperature. LCMS analysis showed the
formation of 2, confirming that Sgd-TE can hydrolyze 3
(Figure 2F).
Sgd-TE consumption of 1 was kinetically characterized. Sgd-

TE (5 μM) was incubated with varying concentrations of 1
(0−750 μM) in phosphate buffer (50 mM, pH 7.4) and 7.5%
(v/v) DMSO. DTNB was also added to each incubation to
continuously track the release of SNAC at 412 nm as substrate
1 is consumed. Incubations were performed for 1 h at room
temperature. Initial velocities were all linear over the time
course of the incubations, and <10% of 1 was consumed.
Fitting these data to the Michaelis−Menten model showed
Sgd-TE to be able to turn over 1 in the presence of DTNB
with a kcat of 0.24 ± 0.02 min−1 and a KM of 190 ± 45.4 μM
[kcat/KM = 21.0 ± 5.3 M−1 s−1 (Figure S5)]. These kinetic

Scheme 1. SPPS of Linear SNAC Substrate 1
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parameters are comparable to those obtained from other
previously characterized NRPS TEs.19,26−32

Macrocyclization is a demanding type of reactivity.
Formation of a macrolactone from a thioester substrate does
not occur spontaneously as demonstrated by the no enzyme
and boiled enzyme negative controls (Figures S18 and S19).
Furthermore, even substrate tolerant macrocyclizing TEs, like
the DEBS-TE,33−39 are unable to macrocyclize 1 (Figure S23).
Thus, the ability of the Sgd-TE to convert the SNAC-activated
analogue of its native substrate 1 into natural product 3
experimentally confirms that the gene cluster identified
through bioinformatic analysis by Kim et al.1 is responsible
for the biosynthesis of the seongsanamide family of natural
products.
Sgd-TE also demonstrates potential as a potent biocatalyst.

While we were ultimately able to perform the total synthesis of
3, macrocyclization proved to be challenging. Macrolactoniza-
tion was not possible under non-enzymatic conditions, a
problem common in depsipeptide total syntheses.11,40−42

Ultimately, we relied on macrolactamization to access
authentic 3 in 32% yield, though the macrocyclization suffered
from unwanted isomerization, presumably due to epimeriza-
tion of the activated ester.25 Sgd-TE, on the contrary, readily
generated the depsipeptide product in an unoptimized 27%
yield through macrolactonization and did not suffer from
epimerization issues, thus proving itself as a powerful
biocatalyst and a promising alternative strategy for depsipep-
tide synthesis.
Lastly, we show that Sgd-TE can ring open its cognate

natural product 3. While the Epo-TE has been shown to ring

open epothilone C,9 other characterized TEs do not
demonstrate this activity.7 In the case of epothilone, the
ester bond is sterically very accessible and is known to be
highly sensitive to hydrolysis, a problem that limits the serum
half-life of epothilone in clinical settings.43,44 In the case of
seongsanamide, the ester is far more hindered and thus more
stable. Ring opening by Sgd-TE suggests a discrete binding of
3, consistent with enzyme−substrate interactions specifically
stabilizing a late transition state for macrocyclization, thus
binding the product in a conformation that enables attack of
the active site Ser on the lactone carbonyl. This is supported by
the low Michaelis constant, which is atypical of macrocyclizing
PKS TEs and more similar to those of macrocyclizing NRPS
TEs,28,45−47 which, at least in the case of the tyrocidine (Tyc)
TE, bind their substrate in a very product-like conforma-
tion.47−49 Interestingly, product inhibition of macrocyclization
might be anticipated from this model; however, our kinetic
characterization fits a Michaelis−Menten model without
recourse to including a product inhibition step.
In summary, using SPPS we have completed the total

synthesis of seongsanamide E 3 through a macrolactamization
strategy. In a complementary biocatalytic strategy using
recombinant purified Sgd-TE, we have effectively macro-
lactonized the SNAC-activated biosynthetic precursor to 3.

Figure 2. Extracted ion chromatograms of biochemical assays. (A)
Substrate 1 only control. The boiled TE control showed a similar
result (see the Supporting Information). Sgd-TE assays after
incubation for (B) 1.5 and (C) 20 h with 1 mM 1. (D) Co-injection
of the Sgd-TE 3 h incubation assay (1 mM 1) with macrocycle
standard 3. (E) Macrocycle 3 only control. The boiled TE control
showed a similar result (see the Supporting Information). (F) Sgd-TE
assay after 20 h with 0.5 mM 3.

Scheme 2. SPPS of Seongsanamide E, 3
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This result confirms the involvement of the previously
identified biosynthetic gene cluster in seongsanamide biosyn-
thesis and shows the power of TEs in accessing macrocycles.
Lastly, we have shown that Sgd-TE can effect ring opening of
the natural product, providing new insights into potential
enzyme substrate interactions driving macrocylization.
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A B S T R A C T

Rhizomides are a family of depsipeptide macrolactones synthesized by a non-ribosomal peptide synthetase 
(NRPS) encoded in the genome of Paraburkholderia rhizoxinica str. HKI 454. In this study, the total and che
moenzymatic synthesis of the depsipeptide rhizomide A is described. Rhizomide A was generated through 
macrolactamization while the linear C-terminal N-acetylcysteamine (SNAC) thioester substrate was synthesized 
through a C-terminal thioesterification strategy. It was shown that the rhizomide A thioesterase (RzmA-TE) is an 
active macrocyclization catalyst, allowing the chemoenzymatic synthesis of rhizomide A. This work further 
showcases the biocatalytic power of TEs in accessing complex macrocyclic natural products.   

Rhizomides (Rzms) are a class of cyclic lipo-depsipeptides encoded 
in the genome of the β-proteobacterium Paraburkholderia rhizoxinica str. 
HKI 454.1,2 The strain-specific megaplasmid pBRH01 contains the 
nonribosomal peptide biosynthetic gene cluster (BGC) responsible for 
the biosynthesis of the rhizomides,1–3 however, under typical cultivation 
conditions this BGC is silent.1 Installing the constitutive apr promoter 
along with the apramycin resistance gene directly upstream of the BGC 
in the native host provided a 70-fold increase in rhizomide production, 
enabling its isolation and structure determination.1 The rhizomides 
show weak antitumor, antifungal, and antibacterial activity, suggesting 
they may have a highly strain specific growth inhibitory activity or play 
a role in intra- or inter-species communication similar to other cyclic 
depsipeptides.4 

The rhizomides are biosynthesized by a single nonribosomal peptide 
synthetase (NRPS) complex (RzmA) that contains 7 modules. It begins 
with a starter condensation (CS) domain responsible for the condensa
tion of acetyl-CoA to a thiolation domain (T) bound L-Leu, yielding the 
peptidyl-enzyme intermediate N-acetyl-L-Leu-T.5–7 Chain extension then 
proceeds with the incorporation of L-Thr, D-Tyr, D-Ala, L-Ala, D-Ala and L- 
Val giving the linear rhizomide A precursor (Fig. 1). Based on the 
structures of rhizomide A-C, the adenylation (A) domains of modules 5 
and 6 are likely promiscuous and can activate the non-native substrates 
L-Ser, to yield the minor products rhizomide B and C (Fig. 1).1 The linear
peptide chain is then passed to a terminal thioesterase (TE) domain,8 

which is hypothesized to be responsible for the cyclization and release of
rhizomides A-C through macrolactonization of the L-Thr2 side-chain
alcohol with the backbone carboxylate of L-Val7 (Fig. 1).

The synthesis of depsipeptides however can be challenging.9–11 

While synthesis of the linear peptidyl chain is typically straight forward, 
macrolactonization has been a longstanding synthetic challenge. Effec
tive macrolactonization reactions, such as the Corey-Nicolau and 
Yamaguchi esterifications routinely struggle to generate cyclic 
depsipeptides12–14 or lead to epimerization of the C-terminal α-carbon 
generating diastereomeric products.15–17 To address this problem, 
alternative sites of ring closure via macrolactamization can be used, 
however, this requires more elaborate branched precursor syn
thesis.18–20 The TEs responsible for macrolactonizing natural products 
during their biosynthesis circumvents these synthetic challenges. We 
have successfully harnessed TEs as biocatalysts for the chemoenzymatic 
synthesis of natural products and new to nature compounds,20–23 

highlighting the power of these enzymes as macrocyclization 
biocatalysts. 

Herein we characterize the ability of the rhizomide TE (RzmA-TE) to 
macrocyclize the linear N-acetylcysteamine (SNAC) derivative of rhi
zomide A, 1. We show the recombinant purified RzmA-TE effectively 
forms the natural product 2, completing the first chemoenzymatic syn
thesis through macrolactonization of the linear SNAC peptide. We also 
synthesized the macrocyclic authentic standard, 2, successfully 
completing the first total synthesis via macrolactamization. 

Characterization of the ability of the excised TE from RzmA to 
macrocyclize a linear substrate into rhizomide A required synthesis of 
both the linear substrate 1 and authentic standard of the natural prod
uct, 2. While linear peptides with C-terminal carboxylates or carbox
amides are routinely synthesized via standard Fmoc solid phase peptide 
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synthesis (SPPS), C-terminal thioester peptides typically require 
specialized strategies.24–26 To access 1 (Scheme 1), Fmoc SPPS using 
HBTU/DIEA conditions was performed on the hypersensitive 2-Cl-Trt 
chloride resin and the full length, N-acetylated linear peptide was 
cleaved from the resin under mildly acidic conditions20 to generate the 
protected peptide with a free carboxylic acid at the C-terminus, 5. So
lution phase chemistry was then used to generate the N-acetyl cyste
amine (SNAC) thioester peptide. Lastly removal of the sidechain tBu 
protecting groups using TFA followed by HPLC purification afforded 
substrate 1 (5 % yield from 5) (Scheme 2). 

As macrolactonization of cyclic depsipeptides is typically chal
lenging, an authentic standard of rhizomide A, 2, was synthesized via 
macrolactamization between L-Val7 and D-Ala6. Branched peptide 7 was 
synthesized using SPPS on Wang resin, incorporating unprotected 
sidechain Fmoc-Thr-OH. On-resin esterification of L-Thr with Boc-Val- 
OH under standard DIC/DMAP conditions afforded the ester in quanti
tative conversion based on LCMS analysis of microcleavages. Subse
quent N-terminus Fmoc deprotection and acetylation afforded peptide 8, 
which was then cleaved off resin and fully deprotected. The crude 
peptide ester underwent macrolactamization under high dilution with 
HATU/HOAt coupling conditions to afford 2 following RP-HPLC 

purification (30 % yield from 8). Comparison of our synthetic material 
with the reported isolation NMR spectra confirmed that our product was 
indistinguishable from rhizomide A (Fig. S21, Table S3), providing a 
total synthesis of rhizomide A and unambiguous confirmation of its 
chemical structure. 

To test the macrocyclization capability of the TE domain from RzmA, 
we expressed and purified the TE domain as a stand-alone protein 
(RzmA-TE). A codon optimized synthetic gene construct encoding the C- 
terminal TE domain from rzmA (Fig. S1) was cloned into a pET-28a(+) 
expression vector under an inducible T7 promoter and fused to an N- 
terminal hexa-His tag. RzmA-TE was overexpressed in Escherichia coli 
BL21(DE3) and purified by metal affinity chromatography to high purity 
(>95 %, Fig. S2). To assay for macrocyclization activity, RzmA-TE (25 
μM) was incubated with 1 (1 mM) in 50 mM of phosphate buffer (pH 
7.4) and analyzed by LCMS for formation of 2. After 3 h of incubation at 
room temperature, 2 was detected (4.7 %, Fig. 2D and S4) and by 24 h 
15 % of 1 was converted to 2 (Fig. 2C and S5). Both the thermally de
natured enzyme and substrate only controls showed no formation of 2 
within 24 h (Fig. 2E and S3). These data are consistent with a TE- 
dependent rate enhancement for macrocyclization, albeit a modest 
enhancement compared to other characterized NRPS TEs such as for 

Fig. 1. Biosynthesis of rhizomides A-C (Rzm). The single reading frame RBRH_RS12370 (rzmA) encodes for the singular NRPS complex, RzmA. RzmA contains 7 
modules, with A domain selectivity consistent with the biosynthesis of rhizomides A-C. Dual C/E domains are appropriately positioned (modules 4, 5 and 7) for 
conversion of loaded L-amino acids to their D-amino acid enantiomers. Module 7 encodes a C-terminal TE domain responsible for macrocyclic release of the final 
natural products. No resistance, transport and tailoring genes have been identified beyond the cluster. Abbreviations; Cs, starter condensation domain; C, 
condensation domain; A, adenylation domain; T, thiolation or peptidyl carrier domain; C/E, dual epimerization-condensation domain; TE, thioesterase domain. 
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tyrocidine and seongsanamide.20,27 In addition, no other products, such 
as hydrolysis, 3, or higher order oligomers, were detected at levels 
greater than the boiled enzyme control, demonstrating the selectivity of 
this macrocyclization biocatalyst. These data show that the RzmA-TE is 
an active macrocyclization biocatalyst and demonstrate the first che
moenzymatic total synthesis of rhizomide A. 

Kinetic characterization of the RzmA-TE with 1 was attempted. Ell
man’s reagent (DTNB), which tracks the release of free thiol during 
loading of 1 on to the enzyme active site Ser, was included in the assay to 
enable spectrophotometric quantification of TE kinetics.28 Unfortu
nately, addition of DTNB into reaction mixtures lead to rapid and irre
versible RzmA-TE inactivation. As DTNB reacts with thiols and RzmA-TE 
has six Cys residues (Fig. S1), we hypothesize that the DTNB forms ad
ducts with one or more of these Cys and inactivates the TE. As such, 
kinetic characterization could not be performed, however, qualitative 
assessment of the extent of product formation in the product distribution 
assays point towards RzmA-TE being kinetically slow compared to other 
characterized depsipeptide forming TEs where a typical specificity 
constant (kcat/KM) is approximately 1–5 mM-1min− 1.20,29,30 This is not 
uncommon however as the calcium dependent antibiotic forming and 
the cereulide forming TE domains are both substantially slower (kcat/KM 
~ 0.1 mM-1min− 1 and 0.02 mM-1min− 1, respectively).22,31 

Macrocyclization is a chemically challenging reaction due to the 
large entropic barrier associated with end-to-end contact.32,33 In addi
tion, it is made more difficult with alcohol nucleophiles, as these require 
activation to become sufficiently nucleophilic for cyclization, particu
larly in an aqueous environment where they must outcompete water. 
Yet, despite the large entropic barrier and the vast excess of water, only 
macrocycle 2 is formed by the RzmA-TE, highlighting the power of TEs 
as specific macrocyclization catalysts. 

In addition to the RzmA-TE, eight other macrolactonizing TEs have 
been used in the chemoenzymatic synthesis of depsipeptides. These TEs 
are from the teixobactin (Txo),34 seongsanamide,20 streptogramin 
(SnbDE),29 surfactin (Srf),30 lysobactin (LydB),35 calcium dependent 
antibiotic,31 valinomycin,21 and cereulide22 biosynthetic pathways. Like 
the RzmA-TE, most TEs can accept SNAC substrates, though the LydB-TE 
requires the more reactive thiophenol thioester.35 Interestingly some are 
also able to process ester substrates such as the Txo-34 and the Srf-TE.30 

These nine TEs generate 4-,34 5-,20 6-,29 8-,30 9-,35 10-,31 and 12-res
idue21,22 depsipeptide products. While both the SnbDE-TE and RzmA-TE 
generate 6-residue macrolactones, only the RzmA-TE catalyzes macro
cyclization without substantial hydrolysis of the substrate. This high
lights the benefit of characterizing multiple TE homologs for 
macrolactonization as their inherent reactivity’s differ. 

In summary, we have completed the first total synthesis of rhizomide 
A, 2, through a macrolactamization strategy from a branched SPPS 
derived peptide. In addition, rhizomide A was synthesized chemo
enzymatically via macrolactonization of the thioester activated precur
sor 1 with the excised RzmA-TE. This work unambiguously confirms the 
structure of rhizomide A and adds to the growing body of work 
demonstrating the utility of TEs as biocatalysts to access complex 
macrocyclic natural products. 
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Scheme 1. Synthesis of SNAC substrate 1.  

Scheme 2. Synthesis of rhizomide A, 2.  
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bmcl.2023.129506. 
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