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Abstract: Modular type I polyketide synthases (PKSs) comprise a family of enzymes that synthesize a diverse class of natural products 

with medicinal applications. The biochemical features of these systems include the extension and processing of polyketide chains in a 

stepwise, stereospecific manner, organized by a series of modules divided into distinct catalytic domains. Previous work revealed that a 

primary hurdle for utilizing PKS modules to create diverse macrolactones hinges on the selectivity of the thioesterase (TE) domain. Herein, 

we generated a novel hybrid 12-membered macrolactone/lactam ring system employing an unnatural amide hexaketide intermediate in 

conjunction with an engineered TE S148C mutant from the pikromycin (Pik) biosynthetic pathway. This unnatural macrocycle was initially 

formed in severely attenuated yields compared to the native product generated from the natural hexaketide substrate. A step-wise directed 

evolution campaign generated Pik TE variants with enhanced selectivity for macrocycle formation over hydrolysis. Over three rounds of 

evolution, a series of mutant Pik TE proteins were identified, and further combinations of beneficial mutations carried from each round 

produced a composite variant with six-fold enhanced isolated yield of the hybrid macrocycle compared to the parent TE enzyme. This 

study offers new insights into the range of amino acid residues, both proximal and distal to the active site that impart improved selectivity 

and yield against the unnatural polyketide substrate and overcoming a key PKS pathway gatekeeper.

 

Introduction 

Macrocyclic scaffolds are found in many natural products from 
diverse sources. These commonly include twelve or more atoms 

in their cyclic framework.1 Synthetic strategies have been 
developed for macrolactonization, and macrolactamization, 
which include transition metal catalyzed coupling reactions, click 
chemistry and ring-closing metathesis.1, 2 A wide variety of these 
molecules have been developed as pharmaceuticals with over 
one hundred FDA approved drugs carrying a macrocyclic core 
(e.g. macrolide and cyclic peptide antibiotics, anthelmintics, 
anticancer agents, immunomodulators); showing their current 
medicinal value and continued promise for future drug discovery 
and development.3, 4 Macrolide antibiotics, including 
erythromycin and its semi-synthetic derivatives (clarithromycin, 
azithromycin, among others) act against bacterial pathogens as 
ribosome inhibitors and have synergistic immunomodulatory 
activity in the human host.5, 6 The macrolide chemical structure 
contains a macrolactone ring possessing one or more sugar 
moieties (amino sugars, deoxy sugars or both) and other 
functionalities such as hydroxyl groups important for their 
mechanism of action in the bacterial ribosome peptidyl 

transferase center.7 Frequently, the structural complexity of 
large-ring macrolactones introduces significant synthetic 
challenges. Options for solving these include total synthesis, 

semi-synthesis and chemoenzymatic strategies.8-17 For 

example, the first total synthesis of erythromycin18-20 in 1981 

reported over 50 synthetic steps and an overall yield of less than 
1%. These large macrocycles exhibit stereochemical and 
structural diversity, which often results in laborious, low yielding 
reaction schemes, possessing a barrier for further diversification 
or pursuing structure-activity relationship studies. Alternatively, 
semi-synthesis has been employed to generate widely used 
antibiotics such as the erythromycin derivatives clarithromycin, 
azithromycin, telithromycin, and others.5, 9, 12, 21 Despite these 
approaches to gain synthetic efficiencies and improve overall 
yields, modifications to the starting material scaffolds are often 
limited by reactive functional groups and selectivity challenges 
at several positions within these intricate ring structures.2, 14, 21-

25  

     Chemoenzymatic synthesis encompasses assembly of 
intermediates from simple building blocks, combined with 
enzyme catalyzed reactions to obtain efficient production of 
novel molecules and pharmaceuticals using aqueous reaction 
conditions, while avoiding toxic reagents, solvents and 

protecting groups.26-31 Although workable synthetic 
methodologies exist for macrolactonization, these are often met 
with unfavorable entropic and enthalpic factors relating to the 
energetics of intramolecular cyclization.15-17, 32 To address the 
challenges of total and semi-synthesis, we have been 
investigating the pikromycin (Pik) biosynthetic pathway 
thioesterase (TE) domain as a key biocatalyst for macrolide 
antibiotic discovery.26, 33 Earlier studies revealed how the Pik TE 
binds its linear substrate and prepares it for cyclization 
reactions. Moreover, it can accommodate hexa- and 
heptaketides in its active site through a hydrophobic chamber 
that include substrate-protein anchoring hydrogen bonds. 
Remarkably, the TE induces a curled conformation of the linear 
polyketide through the hydrophobicity of the surrounding 
residues, coupled with a hydrophilic barrier at the exit site of the 
enzyme channel. This barrier forces the substrate back into the 
active site, and positions the nucleophilic hydroxyl group for 
macrocyclization.34, 35  

     The Pik pathway is comprised of a modular type I PKS that 
selectively catalyzes key transformations on structurally distinct 
intermediates generating a 12-membered macrolactone ring, 
10-deoxymethynolide (10-DML) and a 14-membered 
macrolactone ring, narbonolide (NBL). These megasynthases 
are comprised of modules divided into distinct catalytic domains 
with specific roles.33, 36 Each round of polyketide elongation is 
performed by three main domains, the acyltransferase (AT) that 
selects an extender unit, an acyl carrier protein (ACP) and a 
ketosynthase (KS) that accepts the polyketide chain from an 
upstream ACP domain and catalyzes a decarboxylative Claisen 
condensation reaction. Modules may contain combinations of 
other domains including ketoreductase (KR), dehydratase (DH) 
and enoyl reductase (ER) to transform the β-keto group into 
hydroxyl, alkene or alkane functionalities, respectively.26, 37, 38 At 
the end of the pathway, a terminal module, typically a TE 
domain, catalyzes formation and off-loading of the hydrolyzed or 

cyclized product.38 Developing these enzymes as biocatalysts 
represents a complementary addition to synthetic chemistry for 
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achieving molecular diversification.39-41 Thus, enhancing our 
understanding and improving Pik TE catalysis for 
macrocyclization represents a priority area to explore scalable 
applications of PKS systems.  

     Previous studies on PKS TEs from diverse organisms and 
biosynthetic pathways, as well as engineering efforts to 
understand hydrolysis and cyclization processes have been 
reported.38, 42-62 In a broader context, classifications of TE 
enzyme families based on structure, function, substrate 
specificity, products generated, and catalytic mechanisms 
enable their use as biocatalysts for the synthesis of diverse 
molecules.42, 44, 45, 48, 49, 63 Additionally, various TE evolutionary 
models for enzyme reactivity and selectivity have provided clues 
for altering TE catalysis to form a desired product.42, 48 In some 
cases, TEs can process a wide variety of substrates, while in 
others, they show a high degree of selectivity for specific 
structural features, depending on the TE loading or release step 
considered during the overall off-loading mechanism.42, 48 Thus, 
we envision that understanding TE function through the 
investigation of diverse unnatural substrates can shed light on 
the biocatalytic parameters required for generating a wider 
range of products with high selectivity and efficiency.     

     Previously, we demonstrated the ability to form 12-
membered macrolactones utilizing unnatural pentaketides in 

conjunction with the PikAIII-TE fusion protein.39 Depending on 
substrate structure, the cyclized products were obtained in 9%-
66% isolated yields, with competing hexaketide hydrolysis and 

truncated byproducts formed when using PikAIII-TE WT39 and 

the PikAIII-TE S148C mutant40. The results indicated that Pik TE 
has limited substrate flexibility and often functions as a 

gatekeeper in the processing of unnatural substrates.39-41 
Although diverse unnatural macrolactones of different ring sizes 
have been generated, the introduction of functional groups not 
typically found in polyketide chain elongation intermediates 
often results in failed or inefficient cyclization. Thus, we were 
motivated to deliberately engineer and expand the ability of Pik 
TE to process structurally variant polyketide substrates in the 
pursuit of understanding substrate-TE interactions. Protein 
engineering has been used widely to obtain enzymes with new 

and finely tuned properties,64-67 but has not been applied to 
polyketide macrocyclization catalysts. In this work, we employed 

directed evolution utilizing an amide hexaketide (1) to create and 
assess a library of Pik TE variants leading to a decrease in 
hydrolysis product (2) and efficient formation of a hybrid 
macrolactone/lactam derivative (3) of 10-DML (Scheme 1).33, 68-

70 We identified new variants with enhanced selectivity for 
macrocyclization, which was demonstrated by increased total 
turnover numbers (TTNs), initial reaction rates and isolated 
yields.  

Results  

Chemical Synthesis of Amide Hexaketide Substrate 

Our earlier studies with the native hexaketide demonstrated an 
effective chemoenzymatic strategy for the generation of 10-DML 
when utilizing Pik TE WT (Scheme 1A).70 We then focused on 
simplifying the native hexaketide and altering the 
stereochemistry of the nucleophilic hydroxyl group.39, 40 In 
choosing a new hexaketide target, we were motivated by amide-
containing derivatives of erythromycin that show antibiotic 
activity comparable to azithromycin.71-75 Thus, the impact of 
exchanging a central native C-Me functionality to N-H, creating 
an amide group in the chain-elongation intermediate (Scheme 
1B) became a central objective. This choice was also made to 
assess the impact of a single heteroatom replacement in the 
chain on TE-mediated cyclization. Moreover amide functionality 
is present in over half of FDA approved pharmaceuticals, and 
editing the macrocycle to include a new H-bond donor was also 

a compelling objective for future bioactivity studies.76-81 Robust 
methods are available for amide synthesis, including 
dehydrative condensations between carboxyl and amino 
groups, utilization of condensation reagents, Beckmann 
rearrangements, and Schmidt reaction mechanisms.82, 83 Thus, 
to further pursue diversification of polyketide systems, we 
designed an amide-containing Pik hexaketide analog to explore 
TE-mediated cyclization toward a hybrid ring system (Scheme 
2).  

     The target amide hexaketide (1) was synthesized starting 
with Evan’s aldol condensation84 between (R)-4-benzyl-3-
propionyloxazolidin-2-one (4)85, 86 and aldehyde 5 (generated 
from (S)-3-(Boc-amino)-2-methylpropionic acid) employing 
dibutylboron triflate to give 6. Next, lithium hydroxide cleavage 

Scheme 1 (A) Native hexaketide substrate (derived from an NBOM hydroxyl protected intermediate)70 against Pik TE WT generates 10-
DML. (B) Amide hexaketide (1) against Pik TE WT generates hydrolysis product (2) whereas Pik TE S148C catalyzes formation of the 
hybrid macrolactone/lactam (3) with major hydrolysis product (2). 
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of the Evan’s auxiliary11, 87 afforded 7, followed by trimethylsilyl 
(TMS) diazomethane esterification to make 8. Subsequent 
deprotection of N-Boc enabled coupling with 9 to yield amide 10. 
Hydrolysis with lithium hydroxide (11) followed by 
thioesterification and final cleavage of the silyl ether11 with 
hydrofluoric acid (HF) generated the amide hexaketide (1) 
(Scheme 2).  

Isolation of Novel 12-membered Macrolactone/Lactam Ring 
With the desired substrate 1 in hand, we tested it against Pik TE 

WT and the Pik TE S148C active site mutant.40 Pilot scale 
reactions indicated that Pik TE WT catalyzed exclusive 
formation of the amide hydrolysis product 2 [M+H] = 302 m/z 
(Scheme 1B). Although reaction with Pik TE S148C also 
resulted in majority formation of the seco-acid hydrolysis product 
2, it was accompanied by the mass expected for the hybrid 12-
membered macrolactone/lactam 3 [M+H] = 284 m/z (Scheme 
1B), suggesting potential formation of the desired macrocycle 
(Fig. S1). Subsequent scale-up, high-performance liquid 
chromatography (HPLC) purification and isolation provided a 
13% isolated yield of the macrocyclic compound 3 confirmed by 
NMR (Table S1) and X-ray crystallography (Scheme 1B), which 
verified the molecular architecture and stereochemistry of the 
product (Fig. S24, CCDC Deposition Number 2294580). The 
corresponding hydrolysis product 2 was isolated as a mixture of 
spontaneous degradation products39 that were not further 
characterized. Thus, the Pik TE S148C active site mutant was 
able to catalyze formation of the desired 12-membered ring 3, 
albeit in poor overall yield. As a next step, we decided to pursue 
directed evolution to create additional Pik TE S148C variants 
with enhanced selectivity for the desired macrocycle 3. 

Pik TE Directed Evolution Strategy  
Our objective for reactions using Pik TE S148C with the amide 
hexaketide substrate 1 was to obtain incremental improvements 
in macrocycle formation with a corresponding decrease in 
hydrolysis products screened via liquid chromatography-mass 
spectrometry (LC-MS). To guide the first round of evolution, we 
examined the Pik TE WT X-ray crystal structure34 with a 
covalent pentaketide affinity label (PDB: 2HFJ), and twenty-one 
resides were identified within 6 Å of the substrate in the active 
site region (Fig. 1). The crystal structure-substrate mimic 
complex likely represents a close approximation to the native 
hexaketide substrate covalently bound to Ser148 in the TE 
active site showing the Ser148, Asp176, His268 catalytic triad, 
and revealed the residues likely involved in binding and 
cyclization to generate macrolactone 3. Next, site saturation 
mutagenesis was employed to create thousands of Pik TE 
(S148C) active site region mutants by changing each selected 
residue one by one to all twenty canonical amino acids.34, 88, 89 
Screening 2,016 protein isolates, we identified five single amino 
acid Pik TEs S148C variants (L29M, R160C, A217T, A217Y, 

G222V) with improved macrocycle yields. These variants were 
further confirmed by protein production, purification and 
enzymatic reactions. The Pik TE S148C with additional single 
mutations L29M, A217T and A217Y were identified at the 
expected 6 Å distance from the active site region. However, the 
corresponding G222V and R160C mutations were located 12 Å 
and 20 Å, respectively, distal to the active site as unexpected 
polymerase-generated polymerase chain reaction (PCR) non-
silent mutations. Surprisingly, these amino acid changes 
resulted in enhanced macrolactone ring formation. Next, we 
explored combinations of beneficial mutations from round 1 
(R1), and found that the Pik TE S148C, A217T, G222V variant 
showed 3-fold enhanced activity (39% macrocycle yield based 
on LC-MS) compared to the original Pik TE S148C enzyme (Fig. 
2A). This triple-mutant form of Pik TE was generated by 
combining S148C, with mutation A217T within 6 Å and the 
unexpected non-silent mutation G222V located 12 Å from the 
active site region.  

     Next, we conducted a second round of evolution focused on 
improvement of the optimal first round combined variant Pik TE 
S148C, A217T, G222V. Based on the beneficial G222V we were 
motivated to pursue random mutagenesis in regions more distal 
to the active site. To this end, we employed an error-prone 
polymerase chain reaction (epPCR) strategy to create random 
mutations across the pikAIV TE gene at a higher mutation 
rate.89, 90 In round 2 (R2), we screened 2,880 protein isolates 
and identified sixteen variants with improved production of 
hybrid macrolactone/lactam 3. Assessing the individual 
mutations revealed that the distances of mutated amino acid 
residues relative to the active site region varied from 6 - 20 Å. 
This outcome demonstrated that critical residues impacting Pik 
TE selectivity and turnover can reside at relatively remote 
distances from the active site. The identified variants with 
improved selectivity included single, double, and triple mutations 
added to the original Pik TE R1 variant. These were selected for 
protein production, purification, and confirmation of enhanced 
biocatalytic activity, similar to our approach during R1. For R2, 
we generated the combination TE variant comprised of six 
mutations (Pik TE S148C, A217T, G222V, M271V, Y25C, 
L126V) with a 5.5-fold improvement (71% macrocycle yield 
based on LC-MS) (Fig. 2B).  

     We subsequently reiterated epPCR random mutagenesis 
utilizing the R2 variant for a third round of evolution, following 
the same parameters as the second round. After screening 
1,536 protein isolates, six single amino acid variants (all ~20 Å 
from active site region) were identified with potentially improved 
ring formation. However, further scaleup revealed similar yields 
(71% macrocycle yield based on LC-MS) compared to R2. 
Although these hits and two combination mutants were 
generated (including the combination mutant S148C, A217T, 
G222V, M271V, Y25C, L126V, Q18K, L87Q, A9G, A120V, 

Scheme 2 Chemical synthesis of amide hexaketide (1). 
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E294G, G138W from round 3 (R3) containing 12 mutations by 
combining R2 and the six hits or mutations obtained in R3), none 
resulted in a yield increase and in some cases, a slight reduction 
on macrocyclization was observed (Fig. 2A).  

     To demonstrate  productivity of the engineered Pik TE 
variants at a larger scale, we conducted reactions utilizing ~10 
mg of the amide hexaketide substrate 1. HPLC purification and 
isolation of the desired cyclic product 3 afforded 42% (Pik TE 
R1), 79% (Pik TE R2) and 69% (Pik TE R3) isolated yields (Fig. 
2C).  

Total Turnover Numbers (TTNs), Thermal Shift Assay and 

Initial Rates for Substrate Consumption and Macrolactone 

Formation 

Additional analysis of the Pik TE S148C, R1, R2 and R3 
mutants, including TTNs, thermal shift assay melting 
temperatures (Tm’s), and initial rates for the reactions, revealed 
individual variant’s stability and catalytic performance.91-93 TTN 
enzyme measurements enabled determination of the number of 
catalytic events performed by one biocatalyst active site during 
its lifespan or until its total decay.91, 94, 95 Our results 
demonstrated an increase in TTN for cyclized product compared 
to Pik TE S148C (Fig. 3A). Notably, for the TTNs over the 18-
hour reaction period and 0.2 mol % reduced biocatalyst loading, 
both Pik TE R2 and R3 retained the highest amount of starting 
material among the four enzymes, suggesting potential protein 
deactivation91, 94, 95 (Fig. S8). Interestingly, Pik TE R1 and R3 
exhibited highly similar TTN values, yet Pik TE R1 showed the 
lowest remaining substrate compared to R3. We then performed 
a thermal shift assay using SYPRO orange dye to determine 
protein decay and stability by thermal denaturation of the 

mutants.92, 96 The results indicated that both Pik TE WT and the 
S148C mutant had highly similar Tm values, whereas Pik TE R1 
showed a Tm increase of 0.6 oC. Pik TE R2 and R3 showed a 
decrease in Tm by 5.0 oC and 3.8 oC, respectively, suggesting 
enzyme denaturation occurs at lower temperatures, which 
reflects lower protein stability compared to Pik TE WT, S148C 
and R1 (Fig. 3A). These data help explain the results obtained 
for TTN values, since R1 as the more stable protein had the 
highest TTN value due to greater stability during the 18-hour 
TTN reaction time and 0.2 mol % reduced enzyme loading. Pik 
TE R2 and R3 TTN reactions had considerable amounts of 
starting material remaining, consistent with the deactivation of 
the mutant proteins under the TTN experiment conditions (Fig. 
S8).  

     Additionally, a time course analysis was conducted with all 
four Pik TE mutants, illustrating the differences in selectivity for 
generating the hybrid macrolactone/lactam 3 and hydrolysis 
products over three rounds of directed evolution (Fig. 3B). Initial 
rates for substrate consumption were determined for all Pik TEs, 
revealing similar values across the mutants, suggesting that 
higher concentrations of protein (1.0 mol %) and substrate have 
an impact on the reaction rate compared to TTN values. 
Likewise, initial rates of ring formation were determined, with 
increasing numbers for the evolved variants (Fig. 3A). 
Compared to the initial rate for Pik TE S148C, Pik TE R1 has a 
3.5-fold improvement, followed by Pik TE R2 and Pik TE R3 with 
a ~14-fold enhancement on initial rates for cyclization. These 
results show the increase in selectivity of our evolved Pik TE 
variants for macrocyclization (Fig. 3B). The data also indicates 
that despite the TTN results and thermal shift assay showing Pik 
TE R2 and R3 variants becoming more unstable over time, 
addition of 1.0 mol % of the enzyme hastens the reaction 
sufficiently to generate high quantities of the desired 
macrocyclic product without compromising the % yield.  

 
Pik TE Variants Cysteine 148 to Serine Reversions 
Finally, to query the importance of the Pik TE S148C active site 
mutation in the Pik TE R1 variant, it was reverted to the WT 
catalytic triad bearing Ser148. The enzymatic reaction with the 
amide hexaketide 1 and Pik TE R1 C148Sreversion showed a >10-
fold decrease in ring formation (39% to 3% yield) by LC-MS 
analysis. This result confirms that the S148C mutation is a 
critical starting point for improved activity in the Pik TE R1 
biocatalyst. Moreover, combining the S148C, A217T and G222V 
variants within the Pik TE R1 revealed synergistic effects of the 
combined individual mutations. Similarly, we reverted the Pik TE 
R2 variant back to the C148S WT residue, generating Pik TE R2 

Fig. 1 Pik TE WT (Ser148, Asp176, His268) with covalent 
pentaketide affinity label (PDB: 2HFJ) (yellow). Twenty-one 
residues identified within 6 Å of the substrate in the active site 
region (cyan). Active site catalytic triad (purple).  

 

 

Fig. 2 (A) Pik TE variants from directed evolution confirmed by scale-up protein production, purification and enzymatic reactions analyzed 
in LC-MS. (B) Pik TE WT crystal structure (PDB: 2HFJ) with mutations in cyan depicting Pik TE R2 using PyMOL mutagenesis tool. 
Pentaketide mimic affinity label in yellow and the TE catalytic triad in purple. (C) Fold improvement (% isolated yield) in formation of 
macrocycle 3 from substrate 1 using parental Pik TE S148C and optimized mutants. 
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C148Sreversion. Testing amide hexaketide 1 against the Pik TE R2 
reversion mutant resulted in a decrease from 71% to a 14% yield 
of the macrocycle (Fig. 4A). Despite the attenuated activity of 
the reversion mutants, which confirmed Pik TE S148C as 
foundational to success of the current strategy, these results 
demonstrate gain-of-function for the Pik TE WT (Ser148) and 
could be a potential future avenue to independently generate 
the hybrid macrocyclic product 3 through further directed 
evolution (Fig. 4B).  

Discussion 

Macrolactonization represents a challenging transformation in 
organic synthesis, including unfavorable energetics of 
intramolecular reactions to form rings with more than six 
atoms.15-17 Although the generation of macrolactones and 
macrolides by total and semi-synthesis is feasible, limitations to 
both approaches including the large number of synthetic steps, 
low yields, difficulties for selective addition of diverse functional 
groups and the inherent reactivity of large macrocycles 
represents a compelling area to explore with chemoenzymatic 
synthesis.2, 4, 9, 12, 21-23 The discovery of modular type I PKSs that 
assemble complex natural products like erythromycin and 
pikromycin allowed us to identify pathway enzymes that catalyze 
macrolactonization.33, 39, 40, 70, 97 In these biosynthetic systems, 
the PKS TE domain controls the formation of 12- and 14-

membered ring structures.38 In earlier studies, Pik TE was 
shown to be a catalytic bottleneck for the desired ring closing 
reaction and was identified as a gatekeeper for processing 
unnatural substrates, hence impeding structural diversification 

and production of new macrocycles.39-41 This work 
demonstrates the value of TE directed evolution for macrocycle 
bioengineering to create and enhance the formation of new 
macrocyclic compounds.  

     Previously, the Pik TE S148C mutation revealed enhanced 
reaction kinetics and gain of function for the processing of an 
unnatural hexaketide diastereomer, which led to a shift in 
reaction mechanism between the WT and S148C variant as 
determined by quantum mechanical (QM) methods.40 In our 
case, the S148C mutation is foundational for the generation of 
the hybrid 12-membered macrolactone/lactam ring 3, whereas 
the Pik TE WT leads to exclusive formation of the seco acid 
amide hexaketide. With only two rounds of evolution, the Pik TE 
R2 provided a 6-fold improvement in isolated % yield compared 
to the Ser148Cys starting-point enzyme, enabling construction 

Fig. 3 (A) Analysis for total turnover numbers (TTNs), melting temperatures (Tm, oC), initial rates (µM/min) substrate consumption and 
macrolactone formation for select Pik TE variants. (B) Reaction time courses: substrate and product HPLC peaks shown as area under 
the curve (AUC) as a function of time (min) (see Supplemental Information (SI) data for additional details on AUC versus µM 
concentrations). 

 

Fig. 4 (A) LC-MS % yields and (B) traces for Pik TE WT, Pik TE 
R1 C148Sreversion and Pik TE R2 C148Sreversion highlighting a 
gain of function for the WT enzyme.  
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of a novel cyclic ring system with high productivity and selectivity 
(Fig. 2C). The discrepancy of Pik TE R1 and R2 between 
macrocycle LC-MS % yields (Fig. 2A) and isolated % yields (Fig. 
2C) could be attributed to molecule ionization dependence in 
LC-MS whereas isolated products are purified and quantified by 
weighted mass. For Pik TE R3, the variability in isolated % yield 
could reflect loss of product 3 during reaction workup or HPLC 
purification.  

     Our work benefitted from the Pik TE/substrate mimic crystal 
structure complex,34 which guided us to identify residues within 
the active site region, where site saturation mutagenesis was 
employed in a first round of evolution (Fig. 1). Pik TE R1 
contains the A217T mutation (6 Å from active site region) that 
was shown in the Pik TE structure with two well-ordered water 
molecules coordinated between side chains Gln183 and 
backbone carbonyl of A217, and the C5-hydroxyl group of the 
pentaketide substrate mimic. This region was predicted to form 
a ‘hydrophilic barrier’ to direct the acyl chain back into the TE 
substrate channel hydrophobic environment and guide the 
nucleophilic hydroxyl group toward the active site serine-ester 
bond.34 We reasoned that the A217T could have an additional 
coordination site with the threonine side chain via hydrogen 
bonding interactions with the nucleophilic hydroxyl group. 
Although the G222V mutation is 12 Å from the active site region, 
increasing non-polar or hydrophobic effects of the more distal 
enzyme regions could induce conformational changes near the 
active site that promote cyclization and stability (Fig. 2B). Other 
studies have similarly shown that mutating residues relatively 
distant from the active site can improve enzymatic activity.67, 98-

100  

     The epPCR random mutagenesis strategy enabled us to 
investigate residues from the entire Pik TE sequence. Over the 
course of this study, sixteen mutants were identified that 
improved macrocycle product yields compared to variants 
generated during the first round of directed evolution. Additional 
synergistic effects were observed when combining three of the 
mutations M271V, Y25C, L126V with Pik TE R1 (Fig. 2A). 
Residue Y25 was shown in the Pik TE crystal structure to 
engage in direct interactions with the 12-membered cyclized 
product 10-DML.34 Therefore, we propose that Cys25 might 
promote polar contacts with the unnatural substrate that favor 
product formation. Mutation M271V is positioned behind the 
Asp176 and His268 catalytic triad residues 12 Å distal to the 
structure bound substrate in the active site region, whereas 
L126V is 20 Å away, and to the opposite side of the triad (Fig. 
2B).34 These valine mutations in Pik TE R2 could have 
hydrophobic interactions that create a more hospitable active 
site pocket and nearby regions of the catalytic site, allowing 
macrocyclization to occur more readily and excluding water that 

alleviates competing TE mediated hydrolysis.101 

     Regarding R3 mutations, all resided 20 Å distal to the active 
site region located at the surface of the TE and failed to provide 
higher production of 3, thus revealing the evolutionary limits of 
our current screen. Our most highly optimized mutant Pik TE R2 
(79% isolated yield), contains three valines, two cysteines and 
one threonine mutations added compared to the Pik TE WT (Fig. 
2B). Enzyme performance limits with directed evolution have 

been reported previously.102-104 Although predicting the potential 
benefits of additional mutations or rounds of evolution can be 
difficult, exploring existing mutations and understanding their 
impact on enzyme active site conformation, substrate binding, 
reaction mechanism, including the effects of individual 
mutations and combinations for overall protein stability could be 
informative for future studies.105-107 In addition, complementary 
or parallel trajectories of individual variants can be pursued to 

maximally improve enzyme activities.102, 103, 108, 109 Another 
option is ultra-high-throughput droplet-based microfluidic 

screening to identify further optimized enzymes.110 TTNs were 

chosen as these experiments show the timescale of the enzyme 
activity over the course of its deactivation.91 TTN values for the 
Pik TE variants were experimentally shown to be Pik TE R1 > 
Pik TE R3 > Pik TE R2 > Pik TE S148C (Fig. 3A). We 
hypothesized that this trend may be attributed to enzymatic 
deactivation with increased ring selectivity for R3, and resulting 
elevated TTN values comparable to R1. Thus, although Pik TE 
R1 has a lower selectivity for macrocyclization, it remains active 
for a longer period.111, 112 Our observation of the trend observed 
between TTN and Tm values for the Pik TE variants could be 
rationalized from other studies showing enzymes possessing 
high thermal stability also exhibit superior TTN numbers.91 
Improved thermostability typically indicates that the protein 
retains activity over a longer period of time.113, 114 A study where 
TTNs were estimated using the half-life of glucose 
dehydrogenase from Bacillus subtilis and its mutants 
showcased that in some cases the activity of an enzyme may be 
increased at the expense of another such as the half-life. One 
of the glucose dehydrogenase mutant forms was 19% less 
active than the WT and contained an 80% longer half-life, which 
resulted in a TTN 49% higher than the WT. Although this might 
not always be the case, longer half-lives often resulted in higher 
biocatalyst TTNs.91 The trade-off observed between adding 
novel or improved enzyme functionalities and encountering 
stability issues has been observed frequently in protein 
engineering studies.105, 107, 111, 115 Alternatives to improve the 
stability of the biocatalysts include rounds of evolution targeted 
to increasing the thermostability113, 116-118 and protein 
immobilization strategies.117 Our thermal shift assay analysis 
revealed that Pik TE % yield improvement for macrocyclization 
occurred at the cost of protein stability due to lower Tm values 
from R2 and R3 in comparison to Pik TE WT and the S148C 
mutant (Fig. 3A). Although some degree of enzyme deactivation 
was observed in the thermal shift assay (Fig. 3A), it did not 
significantly impact the enzymatic reactions at both analytical 
and scale-up levels. This was mainly due to employing higher 
enzyme concentrations (1.0 mol %) resulting in complete 
conversion of the substrate within one hour, overcoming 
possible stability challenges present in longer reaction times 
(Fig. 3B).  

     In comparison, the initial rates for substrate consumption by 
the Pik TE S148C, R1, R2, and R3 mutants showed similar 
µM/min values, indicating that an increase in protein 
concentration and substrate had an impact on the rate. 
Moreover, initial rates for compound 3 ring formation 
demonstrated an increase in enzymatic activity and shift in 
selectivity for the engineered TEs (Fig. 3A). In the reaction time 
courses, Pik TE R2 and R3 showed an initial increase in 
macrocycle and hydrolysis products at the onset of the reaction 
and then macrolactone formation surpassed seco-acid 
formation, which could relate to the enzyme mechanism 
parameters that influence hydrolysis or cyclization (Fig. 3B). In 
a previous study, we showed that Pik TE WT followed a 
stepwise addition-elimination mechanism with transient 
formation of a tetrahedral intermediate. By contrast, Pik TE 
S148C followed a concerted acyl substitution process, which is 

lower in energy.40 The new mutations from this directed 
evolution campaign could have an impact on the biocatalyst 
energetic barriers in comparison to both Pik TE WT and 
S148C.34, 35, 101, 119-125 

     The Pik TE S148C catalytic triad mutation was also identified 
as fundamental in Pik TE R1 and Pik TE R2 variants as shown 
in reversion to the WT Ser148. Restoration of the Ser active site 
led to a >10-fold decrease in macrocycle formation (39% to 3% 
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LC-MS yield) in R1 and 5-fold decrease for R2 (71% to 14% LC-
MS yield) (Fig. 4). Previously, the S148C mutation was shown 
to possess improved reaction kinetics for processing and 
accepting a hexaketide substrate with non-native hydroxyl group 
stereochemistry.40  

     Overall, the current study represents a proof-of-concept 
approach for relieving the PKS TE bottleneck in the formation of 
new macrocycles. The results demonstrate that directed 
evolution improved selectivity and productivity in the catalysis of 
an unnatural amide-containing hexaketide substrate 1 and 
offers significant promise for expanding to other substrates with 
diverse functionalities, aiming to generate novel macrolactones, 
macrolactams, depsipeptides, and other TE-mediated 
biosynthetic systems. Moreover, future computational analysis 
through QM, molecular dynamics (MD) calculations and 

machine learning (ML) approaches126-131 could provide new 
mechanistic insights relating to mutations identified in our of 
biocatalyst variants. These approaches could also predict 
additional amino acids that modulate selectivity in TEs beyond 
the amide hexaketide substrate 1. 

Conclusions 

In summary, we have assessed the ability of Pik TE and a library 
of variants to catalyze formation of a hybrid 12-membered 
macrolactone/lactam ring from an unnatural amide hexaketide 
substrate. We employed directed evolution to engineer the Pik 

TE, starting from the previously reported Pik TE S148C mutant40 
for an increase in macrocyclization from 13% up to 79% isolated 
yield. With three rounds of evolution, we generated and 
screened >6,000 mutants through site saturation mutagenesis 
focused on the active site region (R1), and random mutagenesis 
covering the entire protein sequence (R2, R3). We initially 
identified residues of potential importance for cyclization using 
the previously reported Pik TE WT crystal structure with a 
covalently bound pentaketide mimic,34 which enabled target 
residues of interest to be identified for directed evolution. We 
expect that applying computational and ML-based 
approaches40, 126-129 will deepen our mechanistic understanding 
of the cyclization process and the impact of select mutations on 
catalytic productivity. Moreover, our Pik TE variant library will 
provide an ongoing resource to identify efficient biocatalysts for 
varied hexaketide/heptaketide substrates with the goal of 
obtaining novel bioactive macrolides and related molecules. 
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