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Abstract 
 

Engineered Biosynthesis of Terminal Alkynes and Its Applications 
 

by 
 

Xuejun Zhu 
 

Doctor of Philosophy in Chemical Engineering 
 

University of California, Berkeley 
 

Professor Wenjun Zhang, Chair 
 
 

The terminal alkyne functionality is widely used in organic synthesis, pharmaceutical 
science, and materials. It is also a useful moiety in the azide-alkyne [3+2] cycloaddition 
reaction (often known as “click chemistry”), which has recently emerged to be one of the 
most powerful tools in drug discovery and chemical biology. In particular, by tagging 
medicinally active natural products with alkynes and coupling them with subsequent click 
chemistry, researchers have enriched, visualized, and studied the mode of action of natural 
products. Despite the importance of the alkyne functionality, its applications in natural 
product research are limited by the underexplored alkyne biosynthetic tools and tagging 
strategies. 

In this study, we first elucidated an unprecedented carrier protein–dependent terminal 
alkyne biosynthetic pathway in microbes that featured an acyl-acyl carrier protein (ACP) 
synthetase (JamA), a membrane-bound bifunctional desaturase/acetylenase (JamB), and an 
ACP (JamC). We further demonstrated that this enzymatic machinery can be exploited for 
the in situ generation and incorporation of terminal alkynes into two natural product 
scaffolds (a polyketide pyrone, and antimycin, respectively) in Escherichia coli. However, 
JamB showed stringent substrate specificities and weak catalytic activities, which 
restricted its broader applications in synthetic and chemical biology. We addressed these 
limitations in two ways. In silico analysis suggested that this carrier protein–dependent 
terminal alkyne biosynthetic mechanism could be widespread in bacteria. We screened 
additional gene cassettes that are homologous to jamABC and discovered a new terminal 
alkyne biosynthetic pathway comprised of TtuABC from Teredinibacter turnerae T7901. 
Different from JamABC, TtuABC displayed altered substrate specificities and improved 
catalytic activities. Using TtuABC, we further in situ generated and incorporated the alkyne 
functionality into another medicinally important natural product, a peptidyl epoxyketone. 
In a parallel effort, directed evolution was adopted to create a JamB variant with improved 
catalytic efficiency in E. coli. To quickly assess the protein engineering outcomes, we 
developed a new platform for quantifying extracellular alkyne-tagged metabolites through 
a fluorogenic click reaction. Overall, this study not only provides us with alkyne 
biosynthetic tools that are useful in synthetic and chemical biology, but it can also find 
applications in which enzymatic generation of terminal alkynes and in situ click chemistry 
is required or preferred. 
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Chapter 1. Introduction 
 

Parts of this chapter have been adapted from the following with permission: 

Zhu, X., Zhang, W. Tagging polyketides/non-ribosomal peptides with a clickable 

functionality and applications. Front Chem 3:11, (2015). 

 

1.1 Significance of Natural Products 
 

Natural products produced by microbes, plants, and animals have played an 

indispensable role in the history of medicinal and pharmaceutical chemistry. In the past 

two decades, more than one third of small molecule-based drugs approved by the US Food 

and Drug Administration (FDA) were natural products or their derivatives1. Specifically, 

natural products have been widely used to treat nearly all human health conditions, 

including but not limited to infectious, neurological, cardiovascular, metabolic and 

oncological diseases2, 3. Well-known examples of natural products with clinical 

applications include antibiotics, penicillin3, streptomycin4, and vancomycin3; painkiller, 

morphine3; immunosuppressants, tacrolimus (FK-506)5 and rapamycin6; cholesterol-

lowering drug, lovastatin7; anti-parasitic agents, avermectin8 and artemisinin2, 3; anti-

cancer drugs, bleomycin9 and taxol2 (Figure 1-1). It has been estimated that in the time 

frame between 1981 and 2014, ~67% of small-molecule anti-infective drugs and ~83% of 

anti-cancer small molecule treatments are natural products, their derivatives or mimics1. 

Whereas, combinatorial chemistry fails to deliver leads that form the basis for the 

development of successful new drugs, medicinally active natural products have functional 

group arrays and scaffold architectures that offer advanced platforms for the optimization 

of compound activity profiles. 

 
Figure 1-1. Examples of natural products with clinical applications. 
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1.2 Significance of Tagging Natural Products with a Clickable 

Functionality 
 

Although the pharmaceutical value of natural products has been widely recognized, it 

is still challenging to transform medicinally active natural products into drugs due to a lack 

of transforming technology for natural product purification, diversification, and mode of 

action study10. Firstly, sufficient quantities of natural products are required to fully 

characterize their chemical and biological properties. Considering the small amount of 

natural products that are typically obtained by biological fermentation, the preparation 

process can be time-consuming and labor-intensive11. Secondly, natural product-based new 

drug screening requires a library of natural products and their derivatives. However, current 

approaches to generate such library are limited, often relying on complicated chemical 

syntheses12. Due to the structural complexity and chemical lability, it is often challenging 

to synthesize natural product-based library using organic synthesis. Thirdly, most 

medicinally active natural products exert inhibitory functions on specific protein targets, 

and the identification of these protein targets is essential for successful drug development. 

Since the weak specificities and affinities between natural products and protein targets 

complicate the interpretation of experimental data, fishing for the protein targets of natural 

products from an entire proteome depends on the development of sensitive and reliable 

methods11. 

An emerging enabling technology for expanding the natural product research toolkit is 

tagging natural products with a unique chemical handle that can be subjected to further 

click chemistry (Figure 1-2). We will limit our discussion of click chemistry to the most 

widely used azide-alkyne [3+2] cycloaddition reaction, although many strategies and 

applications can also be applied to other clickable pairs13. The recent development of click 

chemistry is paving the way for innovation in biology; it has produced new tools for 

labeling macromolecules, enabling the selective visualization and study of proteins, 

glycans, nucleic acids, and lipids13, 14. Analogously, tagging natural products with a unique 

chemical handle will enable the visualization, enrichment, quantification, and mode of 

action study of natural products through click chemistry with diverse analytical probes. 

Examples of these probes include fluorescent or fluorogenic probes, and other ligands such 

as biotin for bioconjugation. The resulting fluorescent natural products can be visualized 

to trace their cellular locations for biological imaging and for mode of action studies. By 

generating a biotinylated natural product derivative, the protein target of the natural product 

can be purified and characterized, and the interacting site can be further identified using 

proteomics. In addition, azide or alkyne functionalized resins can be used to isolate and 

enrich tagged natural products for new compound discovery. Overall, tagging natural 

products has a profound impact on our ability to address challenging questions in natural 

product biosynthesis, biology, and pharmacology.  
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Figure 1-2. Overview of different strategies for labeling natural products and their 

applications. 

 

1.3 Natural Products Tagging Strategies and Their Applications 
 

This section will discuss current strategies for labeling natural products and their 

applications in natural product research (Figure 1-2). We will limit the scope of this 

discussion to the labeling of polyketides (PKs) and non-ribosomal peptides (NRPs), which 

are the major classes of natural products noted for their functional and chemical diversity.  

 

1.3.1  Tagging Natural Products through Chemical Synthesis 

Chemical synthesis, such as total organic synthesis or semi-synthesis, is a well-adopted 

approach to install a “clickable” functionality on molecular scaffolds of natural products. 

The resulting orthogonally functionalized natural product analogs can be further modified 

through facile and selective chemical transformations for diversification, and more 

interestingly, for application in activity-based protein profiling (ABPP) experiments. For 

example, Cravatt and Sorensen's groups chemically synthesized a library of spiroepoxides 

inspired by natural products such as fumagillin, lumanicin D, and FR901464, and they 

performed in situ proteome reactivity profiling to determine the protein targets15. 

Particularly, an alkyne handle was included in the scaffold of synthetic small molecule 

chemical probes, and two downstream azide-modified reporters were used: a rhodamine-

azide reporter for initial protein target visualization by in-gel fluorescence scanning, and a 

trifunctional rhodamine-biotin-azide reporter for protein target enrichment, 

chromatographic purification, and further mass spectrometry analysis to determine the 

identity of the protein target. Similarly, Sieber's group synthesized alkyne-tagged β-lactams 

as selective chemical probes for the identification of bacterial enzymes involved in 

antibiotic resistance16, 17. These artificial lactam probes were stable enough to resist β-

lactamase hydrolysis, and were successfully used to detect and monitor the activities of 

several resistance-associated proteins by fluorescence scanning and mass spectrometry 

analysis. Similar strategies were also used for the mode of action study of artemisinin. An 

alkyne-tagged artemisinin was semi-synthesized by Tan and Lin’s groups and they coupled 

it with azide-functionalized biotins to identify the protein targets of artemisinin18. They 

further monitored the protein binding in living cells using alkyne-tagged artemisinin 

coupled with fluorescent probes and showed that artemisinin activation was heme 

dependent. It is notable that the sterically inconspicuous alkyne tag allowed the 

introduction of the bulky reporter group after protein binding and cell preparation, enabling 

the click chemistry-based analysis of proteins modified by tagged natural products in living 



4 

 

cells. Alternatively, an azido functionality has also been introduced into the molecular 

scaffolds of natural products. For example, Sulikowski's group installed an azido handle 

into apoptolidins through chemical esterification of apoptolidins A and H obtained from 

microbial fermentation19. These azido-functionalized analogs were shown to be as potent 

as their parent apoptolidins when evaluated by a cell viability assay. In addition, the cellular 

localization of these azido-labeled analogs in H292 human lung carcinoma cells were 

successfully visualized and identified using an alkyne-containing fluorescent reporter. 

These results suggest that development of clickable natural products will help with 

studying the mode of action of natural products and aid in the discovery of new drug targets 

for customized therapeutic interventions. 

 

1.3.2 Tagging Natural Products through Precursor Directed Biosynthesis 

PKs, NRPs and their hybrids are major families of natural products with remarkable 

structural diversity and medicinal potential. These natural products are formed through the 

controlled assembly of simple biosynthetic building blocks with diverse tailoring 

reactions20, 21. PK backbones are constructed by repeated condensations of acyl-CoAs 

catalyzed by polyketide synthases (PKSs) containing the core catalytic domains of 

ketosynthase (KS), which catalyzes decarboxylative Claisen condensations for chain 

elongation; acyltransferase (AT), which selects and loads a building monomer onto the 

PKS; and acyl carrier protein (ACP), which carries the growing polyketide chain (Figure 

1-3A). NRPs are assembled by condensations of amino acid monomers catalyzed by non-

ribosomal peptide synthetases (NRPSs). The core catalytic domains of NRPS include 

condensation (C), adenylation (A), and thiolation (T)domain. C domain catalyzes peptide 

bond formation for chain extension; A domain activates and loads amino acid onto the 

NRPS; and the growing peptide chain is tethered to T domain (Figure 1-3B). A thorough 

understanding of PK/NRP biosynthetic machinery, particularly the substrate promiscuity, 

facilitates the installation of clickable functionalities onto diverse molecular scaffolds of 

PKs/NRPs through biosynthesis.  

 

Figure 1-3. Condensations catalyzed by core domains of PKS (A) and NRPS (B). 

 

Precursor directed biosynthesis (PDB) has been widely used to tag biomolecules, such 

as proteins, glycans, and nucleic acids, based on their promiscuous biosynthetic 
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machinery14. Analogously, this approach represents a promising alternative to chemical 

synthesis for introducing a unique tag into natural product backbones with the 

incorporation of unnatural precursors. Depending on the relaxed substrate specificity of 

PKS and NRPS machinery, precursors with a bioorthogonal handle can be incorporated at 

the loading, extending, or tailoring stage of the biosynthetic pathways. Most downstream 

biosynthetic enzymes are expected to tolerate tagged biosynthetic intermediates, yielding 

predictable labeled natural products22.  

Based on the relaxed substrate specificity of the PKS at the loading stage, Khosla's 

group utilized the PDB approach to make an orthogonally functionalized erythromycin 

analog: 15-propargyl erythromycin A23. After they fed a synthetic terminal alkyne-tagged 

precursor that mimicked the natural diketide starter unit into the engineered biosynthetic 

pathway of erythromycin in Escherichia coli, the precursor was incorporated into the 

polyketide scaffold by the KS domain from module 2 of the 6-deoxyerythronolide B 

synthase (DEBS). This novel erythromycin analog showed comparable antibiotic potency 

as the clinically used erythromycin A in several bioassays. 

The strategy of extender unit engineering, particularly based on a promiscuous AT 

domain that is native or achieved through site-directed mutagenesis, has also led to the 

introduction of a clickable functionality into PKs and PK-NRP hybrids. Although malonyl-

CoA and methylmalonyl-CoA are the most common extender units for PKSs, atypical 

extender units have been found to be incorporated into PKs and PK-NRP hybrids by 

natively promiscuous AT domains. For example, it has been revealed that the AT domain 

embedded in AntD from the antimycin biosynthetic pathway tolerated a wide range of 

atypical fatty acyl extender units with different chain lengths and modifications24-26. Based 

on the relaxed substrate specificities of AntD-AT and AntE (a reductase/decarboxylase 

homolog to generate acylmalonyl-CoAs), Liu's group biosynthesized many terminal 

alkyne-tagged antimycin analogs after feeding alkynoic acids into the culture of 

Streptomyces sp. NRRL 2288 ΔantB, an engineered antimycin producer26. Alternatively, 

an engineered AT domain with an altered substrate profile has also been used for 

incorporating a clickable functionality. Sanchez-Garcia and Schulz's groups found that the 

single V295A mutation of the AT domain from module 6 of DEBS enabled the 

incorporation of 2-propargylmalonyl instead of methylmalonyl as the extender unit, 

yielding a new orthogonally functionalized erythromycin analog: 2-propargylerythromycin 

in Saccharopolyspora erythraea27. This AT engineering strategy could be possibly adopted 

for the engineering of other extending ATs, resulting in the site-selective introduction of a 

tagged extender unit into additional PKs or PK-NRP hybrids. 

Additionally, clickable functionalities can also be installed onto the scaffolds of 

PKs/NRPs at the tailoring stage of the biosynthetic pathways. For example, a promiscuous 

tailoring AT, AntB from the antimycin biosynthetic pathway utilized terminal alkyne-

containing precursors, resulting in terminal alkyne-labeled antimycins both in vitro and in 

vivo26, 28. One of the alkyne-functionalized antimycin analogs was further incubated with 

Hela cells, followed by a reaction with an azide-containing fluorescent reporter for 

visualization26. The efficient binding of this antimycin analog to Hela cells indicated that 

the installation of a terminal alkyne functionality had no significant effect on antimycin to 

recognize its protein target. In a different system, Jakeman's group fed O-propargyl-l-serine 

as the sole nitrogen source to a culture of Streptomyces venezuelae ISP5230, and the 

terminal alkyne functionality was installed onto the jadomycin scaffold non-
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enzymatically29. An eight-membered library of jadomycin triazoles was further generated 

through subsequent reactions with a series of azides and the anti-cancer and antibacterial 

activities of these new compounds were evaluated. Using a similar approach to generate 

natural product derivatives for drug screening, Walsh's group synthesized carbohydrate-

modified cyclic peptides utilizing a promiscuous thioesterase and a facile click chemistry-

based chemical modification30. They first targeted the in vitro enzymatic synthesis of 

terminal alkyne-tagged cyclic tyrocidine derivatives through enzymatic macrocyclization 

of synthetic linear peptide N-acetyl cysteamine (SNAC) thioesters using the promiscuous 

thioesterase domain from the tyrocidine synthetase. The subsequent conjugation to 21 

azido sugars via copper(I)-catalyzed cycloaddition yielded glycosylated cyclic peptides, 

some of which showed an improved therapeutic index compared to the natural tyrocidine. 

This chemoenzymatic approach offered several advantages over purely chemical or 

enzymatic synthesis. On the one hand, enzymes with relaxed substrate specificity could 

catalyze reactions such as macrocyclization which were difficult to achieve through 

chemical synthesis; on the other hand, chemical synthesis was more flexible than 

enzymatic synthesis. For example, enzymatic glycosylation suffered from the lack of 

promiscuous glycosyltransferases and corresponding glycosyl donor substrates. The 

chemoenzymatic strategy thus combines the strengths of both chemical and enzymatic 

approaches and can be widely used for modification of other natural products to search for 

new therapeutics. 

 

1.3.3 Limitations of Current Natural Products Tagging Strategies 

Despite the success with macromolecules, the labeling of natural products has not been 

adequately explored. It is often difficult to tag natural products using total synthesis due to 

their complex structures or using semi-synthesis due to the chemical lability and limited 

supply of natural products. An alternative strategy, PDB, has enabled the incorporation of 

clickable functionalities into various natural products for use with biorthogonal chemistry23, 

26. However, due to the low incorporation efficiency of precursors into natural product 

biosynthetic pathways, the precursors are usually provided in an excessive amount to 

maximize the titers of final products. The coexistence of both diffusible precursors and 

final products with the same chemical handle introduces significant background in the PDB 

production system, making it incompatible with in situ bioorthogonal chemical 

transformations. Therefore, a novel natural product tagging strategy need to be developed 

to overcome the limitations of known methods for tagging natural products with clickable 

handles, which could advance our capabilities in natural product characterization, 

overproduction, and diversification for drug discovery and development.  

 

1.4 Alkyne Biosynthesis 
 

In addition to its importance as a clickable handle, the terminal alkyne is a functionality 

widely used in organic synthesis, pharmaceutical science, and material science31, 32. Many 

acetylenic natural products also contain a terminal alkyne functionality, which seems to be 

crucial for their bioactivity (Figure 1-4)33, 34. For example, carmabin A, isolated from the 

marine cyanobacterium Moorea producens (formerly classified as Lyngbya majuscula), 

exhibited antimalaria activity against the W2 chloroquine-resistant malaria strain (IC50=4.3 
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μM)35, 36. Hantupeptin A from Lyngbya majuscula displayed brine shrimp toxicity at 10 

ppm and strong cytotoxicity against the leukemia cell line MOLT-4 (IC50=32 nM)37. 

Caryoynencin, a polyyne secondary metabolite from the carnation pathogen Burkholderia 

caryophylli, showed a potent antibacterial activity (MIC=0.02-0.63 μg/ml)38, 39.  

 

 
Figure 1-4. Examples of acetylenic natural products. 

 

Alkynes can be formed by acetylenases, a special family of membrane-bound fatty acid 

desaturases that catalyze O2-dependent dehydrogenation of C-C bonds in a di-iron 

dependent mechanism40. The crystal structure of a membrane-bound desaturase stearoyl-

CoA desaturase SCD1 revealed four transmembrane helices capped by a cytosolic domain, 

and nine conserved histidines for holding the dimetal cluster at the active site (Figure 1-

5A)41, 42. Eight of the conserved residues belong to three histidine (His) box motifs that are 

characteristic of membrane-bound desaturases. To enable the dehydrogenation reaction, 

fatty acids need to be first tethered to specific carriers to form fatty acyl-CoA or 

phospholipids. In addition, an electron transport system is also an essential component, 

which can be cytochrome b5-cytochrome b5 reductase-NAD(P)H or ferredoxin-ferredoxin 

reductase-NADPH system (Figure 1-5B)43. 

Hantupeptin A
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Figure 1-5. Structure and biochemistry of membrane-bound desaturases. (A) Crystal 

structure of mouse SCD1 (PDB: 4YMK) is shown in the membrane, with the cytosolic side 

on top. Two metal ions bond to the cytosolic domain are shown as grey spheres. Nine 

conserved histidines for holding the dimetal cluster at the active site are shown in red. (B) 

An electron transport system for a membrane-bound desaturase. 

 

The known acetylenases include Crep1 from Crepis alpina44, CfACET from 

Cantharellus formosus45, CayB/C/E from Burkholderia caryophylli39, Cf_1134/1133/1131 

from Collimonas fungivorans Ter33146, CL2/10 from Chauliognathus lugubris47, etc. To 

date, characterizations of these acetylenases have been limited to bioinformatics or in vivo 

studies through mutagenesis or heterologous expression in yeasts and plants because it is 

notoriously difficult to work with the membrane-bound enzymes in vitro. For example, 

Crep1 was heterologous expressed in Arabidopsis thaliana or Saccharomyces cerevisiae 

for the reconstitution of its acetylenation activity44. Bioinformatics analysis showed that 

like other membrane-bound desaturases, acetylenases contained conserved histidines, 

which were predicted to be essential for the acetylenation activities48. In addition, the 

residues of Crep1 that determined the chemoselectivity, stereoselectivity, and substrate 

recognition were identified using a combination of bioinformatics analysis, site-directed 

mutagenesis, and in vivo heterologous expression in S. cerevisiae48. However, no definitive 

biochemical characterization on the reactions catalyzed by these enzymes is available to 

date.  

A

B

ferredoxin reductase/ 
cytochrome b5 reductase

ferredoxin/ 
cytochrome b5

membrane-bound 
desaturase



9 

 

 

1.5 Motivations for the Engineered Biosynthesis of Terminal Alkynes  
 

Despite the importance of the terminal alkyne functionality and its prevalence in 

synthetic compounds, the biological routes to terminal alkynes are not well understood. 

Elucidation of the bacterial terminal alkyne biosynthetic pathway will enable the 

employment of this functionality in various biological applications where in situ enzymatic 

generation of a terminal alkyne is required or preferred. We are particularly interested in 

building a de novo biosynthesis platform to generate alkyne-tagged natural products 

without the feeding of alkyne precursors to overcome limitations of natural product tagging 

strategies. Chapter 2 will discuss the characterization and engineering of a terminal alkyne 

biosynthetic machinery for tagging a couple of natural product scaffolds. Chapter 3 will 

discuss the enzyme mining for additional alkyne biosynthetic gene clusters. Chapter 4 will 

show that the directed evolution of an alkyne biosynthetic machinery for improved 

catalytic efficiency could be achieved using a novel fluorogenic screening platform. 

Chapter 5 will discuss the future perspective of natural product tagging.
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Chapter 2. De Novo Biosynthesis of Terminal Alkyne-

labeled Natural Products 
 

Parts of this chapter have been adapted from the following with permission: 

Zhu, X., Liu, J., Zhang, W. De novo biosynthesis of terminal alkyne-labeled natural 

products. Nat Chem Biol 11, 115-120 (2015). 

 

2.1 Introduction 
 

Natural products are important small molecules widely used as drugs, pesticides, 

herbicides, and biological probes. Tagging natural products with a unique chemical handle 

enables the visualization, enrichment, quantification, and mode of action study of natural 

products through bioorthogonal chemistry23, 39, 49-51. One prevalent bioorthogonal reaction 

is the triazole-forming azide-alkyne [3+2] cycloaddition, often referred to as “click” 

chemistry. This reaction has enabled selective imaging and study of azide- or alkyne-

labeled glycans, proteins, nucleic acids and lipids. Despite the success with 

macromolecules, the labeling of natural products has not been adequately explored. It is 

often challenging to obtain tagged natural products through total synthesis because of their 

structural complexity, or through semi-synthesis because of their chemical lability and the 

limited supply of most natural products. Alternatively, precursor-directed biosynthesis 

(PDB) may be employed to produce azide- or alkyne-labeled natural products based on the 

promiscuity of biosynthetic machinery. Mainly used as a tool to introduce structural 

diversity, PDB has allowed us and other researchers to generate labeled natural products22, 

23, 26, 28, 29. However, the coexistence of diffusible precursors and final products with the 

same chemical handle introduces significant background in the PDB production system, 

making it incompatible with in situ bioorthogonal chemical transformations. We report 

here the de novo biosynthesis of alkyne-labeled natural products without the feeding of 

alkynoic precursors by characterizing and engineering the novel terminal alkyne synthetic 

machinery that living systems offer. 

Many acetylenic natural products contain a terminal alkyne functionality, which seems 

to be crucial for their bioactivity (Figure 1-4)33. Terminal alkynes can be formed by 

acetylenases, a special family of desaturases that catalyze O2-dependent dehydrogenation 

of C-C bonds in a di-iron dependent mechanism40. Several membrane-bound acetylenases 

have recently been identified from plants, insects, fungi, and bacteria, but all of these 

reports have been limited to bioinformatics or in vivo studies through mutagenesis or 

heterologous expression in yeasts and plants because it is notoriously difficult to work with 

the membrane-bound desaturases in vitro. As a result, no definitive information on the 

acetylenation reactions catalyzed by these enzymes is available. Regardless of these 

challenges, a thorough characterization of terminal alkyne biosynthetic machinery, 

particularly the substrate specificity, is the indispensable first step for utilization of these 

enzymes in the biosynthesis of alkyne-labeled natural products.  

While the genetic basis for the synthesis of most acetylenic natural products is yet to 

be determined, two gene clusters have been identified to be responsible for the synthesis 
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of jamaicamides and carmabins, which are terminal alkyne-bearing PK/NRP hybrids from 

the marine cyanobacteria Moorea producens (formerly classified as Lyngbya majuscula)52, 

53. These findings serve as a starting point for studying the enzymatic machinery involved 

in the biosynthesis of terminal alkynes residing in PK/NRP molecular scaffolds. It is 

proposed that the alkyne functionality of jamaicamide is introduced as a short-chain 

alkynoic starter unit by a three-gene operon: jamABC encoding a homolog of a fatty acyl-

CoA ligase, a membrane-bound fatty acid desaturase, and an acyl carrier protein (ACP), 

respectively (Figure 2-1). A tri-gene cassette camABC highly homologous to jamABC has 

also been identified in the biosynthetic gene cluster of carmabins, suggesting a conserved 

biosynthetic logic in generating the terminal alkyne functionality in both families of 

compounds. JamA particularly prefers 5-hexynoic and 5-hexenoic acid vs. other saturated 

fatty acids in the ATP-PPi exchange assay52, indicating that the JamB-mediated 

desaturation may occur prior to activation by JamA, on the free hexanoic acid. However, 

fatty acids with varying saturation levels (hexanoic, 5-hexenoic, and 5-hexynoic acid) can 

be loaded onto JamC upon activation by JamA54, raising questions about the native 

substrate and reaction timing of JamA and JamB. The use of a free fatty acid or ligation of 

a C6 starter to the ACP prior to dehydrogenation would be unexpected as membrane 

desaturases typically accept CoA or glycerolipid substrates40, 43.  

 

 
Figure 2-1. Map of the jamABC cassette in the jamaicamide biosynthetic gene cluster and 

the proposed biosynthetic pathway for the C6 alkynoic starter unit generation and 

incorporation into jamaicamide B. 

 

Here we elucidated the functions of JamA, B, and C in the biosynthesis of terminal 

alkyne functionality of jamaicamide by both in vitro and in vivo analyses. JamB was 

demonstrated to be a carrier protein-dependent membrane-bound acetylenase/desaturase 

with stringent substrate specificity towards both the acyl group and the acyl carrier. The 

terminal alkyne biosynthetic gene cassette was further co-expressed with biosynthetic 

genes of two different natural products in E. coli for generating terminal alkyne-labeled 

PK and PK/NRP hybrid without the feeding of alkynoic precursors.  
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2.2 Results 
 

2.2.1 Reconstitution of JamABC Activities In Vitro 

To probe the activity of JamABC in terminal alkyne formation, we overexpressed each 

encoding gene in E. coli and purified JamA, JamC and the JamB-containing membrane 

fraction for use in biochemical assays. The membrane fraction purified from the E. coli 

strain transformed with an empty vector was prepared in parallel and used as a negative 

control in JamB assays. We first tested the requirement of a thio-carrier for JamB using 

substrates that included 5-hexenoic acid, 5-hexenoyl-CoA and 5-hexenoyl-JamC. We 

synthesized 5-hexenoyl-CoA enzymatically using ORF35, a promiscuous acyl-CoA ligase 

that we recently identified55. 5-Hexenoyl-JamC (1) was prepared in situ using an enzymatic 

reaction containing JamA, JamC and 5-hexenoic acid (Figure 2-4)54. Although JamB failed 

to act on 5-hexenoic acid or 5-hexenoyl-CoA (Figures 2-2 and 2-3), 5-hexenoyl-JamC was 

converted by JamB to 5-hexynoyl-JamC (2) as detected by LC/high-resolution MS 

(LC/HRMS) analysis (Figure 2-4). Product identity was further confirmed by comparison 

to authentic 2 synthesized using the enzymatic reaction containing JamA, JamC and 5-

hexynoic acid. Control experiments demonstrated that the formation of 2 relied on the 

presence of both JamB and 1. We were able to observe the activity of JamB without the 

addition of an electron transport system and reducing equivalents, indicating that these 

presumably essential components were provided at least to some extent by the partially 

purified JamB-containing membrane fraction from E. coli56. Indeed, the introduction of 

ferredoxin, ferredoxin reductase and NADPH slightly increased the activity of JamB (by 

∼35%), suggesting that the reduced ferredoxin is a likely electron donor for the JamB-

catalyzed desaturation reaction. This result is consistent with observations that in 

cyanobacteria, membrane-bound desaturases typically use ferredoxin instead of 

cytochrome b5 as an electron transport partner56-58 and that ferredoxin is often a required 

cofactor for soluble acyl-ACP desaturases59. We thus confirmed JamB to be what is to our 

knowledge the first terminal acetylenase/desaturase that functions in a microbial PKS-

NRPS pathway to install a terminal alkyne functionality. It is notable that JamB is also to 

our knowledge the first exception to the conventional view that only soluble desaturases 

work on acyl-ACPs, whereas membrane desaturases use acyl-CoAs or lipids as substrates40, 

43, 60. 
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Figure 2-2. JamB activity assay on 5-hexenoic acid. (A) Schematic of attempted 

conversion to 5-hexynoic acid by JamB. (B) GC-MS chromatograms extracted with a 

single ion (m/z=84) showing that 5-hexenoic acid failed to be converted by JamB to 5-

hexynoic acid (trace i). The standard 5-hexynoyl methyl ester is shown in trace ii. Fatty 

acids were all derivatized to the corresponding methyl esters for analysis. (C) Mass 

fragmentation patterns of 5-hexynoyl methyl ester (in red) and the reference 5-hexynoyl 

methyl ester standard from the NIST spectral database (in blue). 

 

 

 
Figure 2-3. JamB activity assay on 5-hexenoyl-CoA. (A) Schematic of 5-hexenoyl-CoA 

preparation by Orf35 and attempted conversion to 5-hexynoyl-CoA by JamB. (B) HRMS 

of 5-hexenoyl-CoA and 5-hexynoyl-CoA synthesized from Orf35-catalyzed enzymatic 

reactions using 5-hexenoic acid and 5-hexynoic acid as the substrate, respectively.  

4.111 min, Scan: 1885 Hex-5-ynoic acid, methyl esterHead to Tail MF=953 RMF=961
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Figure 2-4. JamB activity assay on 5-hexenoyl-JamC. (A) The biosynthetic pathway for 

the C6 alkynoic starter unit generation and incorporation into jamaicamide B. (B) 

LC/HRMS chromatograms showing that 5-hexenoyl-JamC (1) was converted by JamB to 

5-hexynoyl-JamC (2) (ii) with a retention time and mass matching those of the 2 standard 

(i). 2 was undetectable in controls without JamB (iii) or 1 (iv). (C) Deconvoluted masses 

of 1 and 2 in HRMS analysis.  

 

2.2.2 Substrate Specificity of JamB 

As bifunctional desaturases have been observed to catalyze alkyne formation from a 

saturated fatty acyl chain through a four-electron oxidation40, we first examined the activity 

of JamB on hexanoyl-JamC. The conversion from hexanoyl-JamC to 5-hexynoyl-JamC 

was undetectable; instead, we observed the formation of 5-hexenoyl-JamC in trace 

amounts in a reaction catalyzed by JamB (Figure 2-5). We next probed the acyl chain length 

specificity of JamB. Alkenoyl moieties ranging in the chain length from five to eight 

carbons were enzymatically linked to JamC using the promiscuous JamA52 (4-pentenoyl-

JamC and 6-heptenoyl-JamC) or a phosphopantetheinyl transferase Sfp61 (7-octenoyl-

JamC). JamB failed to convert these alkenoyl-JamCs to their corresponding alkynoyl-

JamCs (Figure 2-6), demonstrating the stringent chain length specificity of JamB. In 

addition, although JamA did not discriminate among fatty acid substrates with different 

unsaturation patterns, such as 2-hexenoic, 3-hexenoic and 4-hexenoic acid, LC/HRMS 

analyses of the enzymatic reaction mixtures of these hexenoyl-JamCs and JamB revealed 

no detectable formation of their corresponding hexynoyl-JamCs, suggesting that a terminal 

alkene functionality is required for JamB activity (Figure 2-6). 
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Figure 2-5. JamB activity assay on hexanoyl-JamC. (A) Schematic of hexanoyl-JamC 

preparation by JamA and conversion to 5-hexenoyl by JamB. (B) LC-HRMS 

chromatograms showing that hexanoyl-JamC (1a) was converted by JamB to 5-hexenoyl-

JamC (1) (trace ii) with a retention time and mass matching those of the 1 standard (trace 

i). 1 was undetectable in controls without JamB (trace iii) or 1a (trace iv). (C) Deconvoluted 

masses of 1a and 1 in HRMS analysis. 

 

In addition to the acyl moiety, we further scrutinized the ACP specificity of JamB. We 

purified three heterologous ACPs, including CamC (identity/similarity: 95%/98%), scACP 

(8%/15%) from Streptomyces coeruleorubidus NRRL 18370 and fsACP 

(identity/similarity: 10%/19%) from E. coli BL21 (DE3). As JamA efficiently recognized 

CamC but not the other ACPs (data not shown), we synthesized the three corresponding 5-

hexenoyl-ACPs using JamA, scFadD (a medium-chain fatty acyl-ACP synthetase homolog 

encoded in the same operon as scACP) and Sfp, respectively. The activity of JamB was 

observed toward 5-hexenoyl-CamC but not the other 5-hexenoyl-ACPs (Figure 2-6), 

implying strong protein-protein interactions between the acetylenase/desaturase and the 

dedicated ACP for terminal alkyne synthesis. Genome-mining analysis identified more 

than 80 gene clusters encoding homologs of jamABC across diverse bacterial genera 

(Appendix A), suggesting that the carrier protein–dependent alkyne biosynthetic pathway 

is widespread in bacteria. The functions and substrate specificities of these homologs are 

yet to be determined. 
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Figure 2-6. Substrate specificity of JamB. 

 

2.2.3 Engineered Biosynthesis of Alkyne-tagged Natural Products 

Elucidation of the functions of JamABC in generating a thio-activated, short-chain 

alkynoic moiety defines a portable tri-gene cassette that can be used for in situ generation 

and incorporation of terminal alkynes into various molecular scaffolds through 

biosynthetic pathway engineering. To apply this newly characterized enzymatic machinery 

in E. coli, we first targeted the biosynthesis of terminal alkyne-bearing polyketides through 

starter unit engineering. We selected a type III PKS from the plant Huperzia serrate named 

HsPKS1 to assemble polyketide backbones using malonyl-CoA extender units. HsPKS1 is 

able to accept a variety of starter units, including aromatic and aliphatic (C6–C10) CoA 

thioesters62, suggesting that the recognition of the 5-hexynoyl starter unit would be likely. 

Two plasmids encoding jamABC and hspks1, with each gene regulated by a T7 promoter, 

were transformed into the E. coli BAP1 strain63, yielding the strain XZ1 (Figure 2-7). We 

omitted either jamA, jamB, jamC or hspks1 individually to yield four control strains. The 

resulting strains were grown in shake flask cultures, and after induction with IPTG, the 

strains continued to grow in F1 minimal medium supplemented with 5-hexenoic acid at 

20 °C for 2 d. Analyses of these culture extracts by HPLC and LC/HRMS revealed the 

production of a putative alkyne-labeled polyketide 3 by XZ1 at ∼0.3 mg/L (Figure 2-8), 

which is comparable to the typical polyketide titer in E. coli using similar culture 

conditions64. The product 3 was later revealed to be a new pyrone with the retention time, 

UV spectrum and mass patterns precisely matching those of the standard synthesized by a 

scaled-up enzymatic reaction of HsPKS1 using the 5-hexynoyl starter unit (Table 2-1, 

Appendix B). Compound 3 was presumably formed by condensing the 5-hexynoyl moiety 

with two malonyl-CoAs followed by a spontaneous intramolecular cyclization. It is notable 

that, in addition to 3, a major byproduct 4 bearing a terminal alkene functionality retained 

from the fed alkene precursors was also produced65 (Figure 2-8). Compounds 3 and 4 were 

made in an approximately 1:4 ratio; this efficiency was most likely dictated by the 

nonoptimized activity of the membrane-bound acetylenase/desaturase JamB in this 

heterologous host as HsPKS1 showed no preference toward 5-hexenoyl and 5-hexynoyl 

starter units. 



17 

 

 
Figure 2-7. Schematic of XZ1 strain containing jamABC and hspks1. 

 

The production of 3 by XZ1 coexpressing jamABC and hspks1 confirmed the function 

of this tri-gene cassette (jamABC) in the model organism E. coli and demonstrated the 

feasibility of synthesizing terminal alkyne-labeled natural products by starter unit 

engineering de novo. Omitting JamC completely abolished the production of 3, as 

determined by HPLC and the much more sensitive LC/HRMS analyses (Figure 2-8B and 

2-8C), which further confirmed the necessity of this carrier protein for the desaturation 

activity of JamB. Deletion of JamA decreased the titer of 3 by ∼30-fold, as shown by 

selected MS ion monitoring (Figure 2-8C), indicating that endogenous acyl-ACP 

synthetases of E. coli could complement the activity of JamA, albeit with a much lower 

efficiency. In addition, the reported broad substrate specificity of HsPKS1 rendered the 

engineered E. coli strain XZ1 an excellent reporting system for further probing the fatty 

acyl substrate specificity of JamB. We fed selected fatty acids, such as 4-pentenoic, 6-

heptenoic and 7-octenoic acids, to the E. coli cultures and analyzed culture extracts by both 

selected MS ion monitoring and MS-based comparative metabolomics between XZ1 and 

negative control strains without jamB. This extensive analysis revealed that XZ1 failed to 

produce alkyne-tagged products using these precursors (Figures 2-9, 2-10, 2-11), 

consistent with the in vitro biochemical results showing the strict substrate specificity of 

JamB. 
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Figure 2-8. Engineered biosynthesis of 3 in E. coli. (A) Schematic of 3 formation in E. 

coli. (B) HPLC analysis (285 nm) showing the production of 3 upon co-expression of 

jamABC and hspks1 (i). 4 was the major byproduct upon the feeding of 5-hexenoic acid. 

The standards of 3 and 4 were synthesized in vitro by large-scale enzymatic reactions (vi 

and vii). The absence of jamA (ii), jamB (iii), jamC (iv) or hspks1 (v) significantly 

decreased or abolished the production of 3. (C) LC-HRMS analysis of E. coli cultures fed 

with 5-hexenoic acid. XZ1 showed the production of 3 upon co-expression of jamABC and 

hspks1 (trace i). Deletion of jamA (trace ii) decreased the titer of 3 by ~30-fold. The absence 

of jamB (trace iii), jamC (trace iv), or hspks1 (trace v) completely abolished the production 

of 3. The standard of 3 was shown in trace vi. The calculated mass (m/z =179.0703 [M+H]+) 

with a 10 ppm mass error tolerance was used. 
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Table 2-1. NMR data for the compound 3 in d6-DMSO, 900 MHz. 

 

 
 

Position δC δH (J in Hz) HMBC 

1 163.9   

2 88.5 5.22, s 1, 3, 4 

3 170.5   

3-OH  11.70, s  

4 100.1 5.96, s 2, 3, 5, 6 

5 165.6   

6 31.9 2.51, m 4, 5, 7, 8 

7 25.2 1.72, m 5, 6, 8, 9 

8 17.1 2.20, m 6, 7, 9, 10 

9 83.6   

10 72.0 2.84 , s 8, 9 
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Figure 2-9. LC-HRMS analysis of E. coli cultures fed with 4-pentenoic acid. (A) The 

putative alkyne-bearing product couldn't be produced by strain XZ1 (co-expression of 

jamABC and hspks1, trace i) or the negative control strain (co-expression of jamAC and 

hspks1, trace ii). The positive control (trace iii) was generated by treating HsPKS1 in vitro 

using 4-pentynoic acid. The calculated mass (m/z =165.0546 [M+H]+) with a 10 ppm mass 

error tolerance was used for the extracted ion chromatogram. Preliminary characterization 

of the putative alkyne-bearing product with HRMS (B), UV (C), and a possible structure 

(A) are also shown here. 
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Figure 2-10. LC-HRMS analysis of E. coli cultures fed with 6-heptenoic acid. (A) The 

putative alkyne-bearing product couldn't be produced by strain XZ1 (co-expression of 

jamABC and hspks1, trace i) or the negative control strain (co-expression of jamAC and 

hspks1, trace ii). The positive control (trace iii) was generated by treating HsPKS1 in vitro 

using 6-heptynoic acid. The calculated mass (m/z =193.0859 [M+H]+) with a 10 ppm mass 

error tolerance was used for the extracted ion chromatogram. Preliminary characterization 

of the putative alkyne-bearing product with HRMS (B), UV (C), and a possible structure 

(A) are also shown here. 
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Figure 2-11. LC-HRMS analysis of E. coli cultures fed with 7-octenoic acid. (A) The 

putative alkyne-bearing product couldn't be produced by strain XZ1 (co-expression of 

jamABC and hspks1, trace i) or the negative control strain (co-expression of jamAC and 

hspks1, trace ii). The positive control (trace iii) was generated by treating HsPKS1 in vitro 

using 7-octynoic acid. The calculated mass (m/z =207.1016 [M+H]+) with a 10 ppm mass 

error tolerance was used for the extracted ion chromatogram. Preliminary characterization 

of the putative alkyne-bearing product with HRMS (B), UV (C), and a possible structure 

(A) are also shown here. 

 

We next explored extender unit engineering, an alternative strategy for incorporating 

an alkynoic extender unit into the molecular scaffolds of PKs. Although the majority of 

PKs use malonyl-CoA or methylmalonyl-CoA as extender units, longer-chain fatty acyl 

extender units have been identified in a few modular assembly lines66. We recently 

scrutinized the biosynthetic machinery for antimycin-type depsipeptides and identified a 

minimum set of enzymes (AntCDEFGM) required for generation of the antimycin 

dilactone scaffold24. The hybrid NRPS/PKS assembly line features the formation and 

incorporation of atypical PKS extender units by the actions of a reductase/carboxylase 

homolog AntE and an acyltransferase (AT) domain embedded in AntD. It has been shown 

that an alkynoic extender unit can be recognized by the promiscuous AntE and AntD-AT 

to synthesize an alkyne-labeled antimycin by PDB in Streptomyces26. To eliminate the 

requirement of alkynoic precursors and de novo biosynthesize alkyne-tagged antimycin 

analogs, we coexpressed antCDEFGM and jamABC in the E. coli BAP1 strain (Figure 2-

12), which led to the production of antimycin-type depsipeptides at ∼0.2 mg/L. A major 

alkyne-bearing antimycin analog 5 was produced with a retention time and mass 
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fragmentation patterns matching those of the standard synthesized through PDB (Figure 2-

13, Table 2-2, Appendix C). As expected, the deletion of jamB or antC completely 

abolished the production of 5 (Figure 2-13). The biosynthesis of 5 suggested that 5-

hexynoyl-JamC could enter E. coli fatty acid metabolic pathways for additional processing. 

 

 
Figure 2-12. Schematic of E. coli BAP1 strain containing jamABC and antCDEFGM. 
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Figure 2-13. Engineered biosynthesis of 5 in E. coli. (A) Schematic of 5 formation in E. 

coli. AT, acyltransferase; ACP, acyl carrier protein; TE, thioesterase. (B) Extracted ion 

chromatograms showing the production of 5 upon co-expression of jamABC and 

antCDEFGM (i). The standard of 5 was synthesized by feeding 7-octynoic acid (ii). 

Deletion of jamB (iii) or antC (iv) completely abolished the production of 5. The calculated 

mass (m/z = 417.2020 [M+H]+) with a 10 ppm mass error tolerance was used. C, 

condensation; A, adenylation; T, thiolation; KR, ketoreduction; KS, ketosynthase. 

 

 

Table 2-2. NMR data for the compound 5 in CD3OD, 900 MHz. 

 

 
 

Position δC δH (J in Hz) COSY HMBC 

1 117.00    

2 129.08 7.54, d (7.2) 3 4, 6, 7 

3 117.30 6.67, t (7.2) 2, 4 1 

4 133.35 7.22, t (8.1) 3, 5 2, 6 

5 117.96 6.77, d (8.1) 4 1 

6 149.92    

7 171.10    

1’ 171.21    

2’ 54.60 5.24, d (7.2) 3’ 1’, 3’, 4’ 

3’ 72.06 5.60, quin (6.3, 7.2) 2’, 4’ 1’, 4’, 5’ 
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4’ 15.13 1.32, d (7.2) 3’ 2’, 3’ 

5’ 176.02    

6’ 53.19 2.31, m 7’, 13’ 5’, 13’ 

7’ 29.20 1.65, m 

1.88, m 

6’, 8’ 

6’, 8’ 

5’, 6’, 8’, 13’ 

5’, 6’, 8’ 

8’ 27.12 1.39, m 

1.35, m 

7’, 9’ 

7’, 9’ 

6’, 7’and/or 9’, 10’ 

7’and/or 9’, 10’ 

9’ 29.22 1.51, m 8’, 10’ 7’, 8’, 10’, 11’ 

10’ 18.46 2.16, m 9’ 8’, 9’, 11’, 12’ 

11’ 84.44    

12’ 69.22 2.18, m  10’, 11’ 

13’ 77.57 3.40, m 6’, 14’ 6’, 7’, 14’, 15’ 

14’ 77.34 4.74, m 13’, 15’ 1’, 6’, 13’ 

15’ 18.53 1.40, d (6.3) 14’ 13’ 

 

2.3 Discussion 
 

Despite the importance of terminal alkyne and its prevalence in synthetic compounds, 

the biological routes to this functionality have not been well understood until now. In this 

study, the biochemical characterization of JamA, JamB and JamC resulted in a sequence 

of chemical steps in generating the hexynoic starter unit for jamaicamides: 5-hexenoic acid 

is activated with ATP and loaded onto JamC by JamA, and then it is modified by JamB to 

form a terminal alkyne moiety before the priming of the PKS (Figure 2-4A). This carrier 

protein–dependent terminal alkyne biosynthetic mechanism is most likely adopted in the 

generation of a variety of acetylenic natural products, such as polyynes, as the most 

recently identified polyyne biosynthetic gene clusters contain genes encoding a fatty acyl-

AMP ligase and an ACP in proximity with those encoding desaturases39, 46. In addition, 

although a terminal alkene was shown to be essential for JamB-catalyzed alkyne synthesis 

in the biochemical analysis and E. coli feeding studies, we could not rule out the possibility 

of hexanoic acid as the starting substrate for the system of JamABC in M. producens, owing 

to the substrate promiscuity of JamA and JamB toward the saturated acyl chain. 

Desaturase enzymes have evolved independently twice: the widespread integral 

membrane desaturases are found in endomembrane systems in both prokaryotes and 

eukaryotes, whereas the soluble acyl-ACP desaturases are found in plastids of higher 

plants40. The conjugation of the substrate to an ACP before desaturation is unusual for a 

membrane-bound desaturase, and JamB has a sequence unexpectedly similar to that of a 

microsomal eukaryotic desaturase with 48% amino acid similarity to the Saccharomyces 

cerevisiae Ole1p Δ9-desaturase, despite its prokaryote origin. As plastids are hypothesized 

to be a result of an endosymbiotic event where early photosynthetic prokaryotes invaded a 

primitive eukaryotic host67, the use of ACP in a prokaryotic context, although with few 

examples, can be explained from an evolutionary view. By analogy to soluble acyl-ACP 

desaturases, three conserved histidine boxes (HX4H, HX2HH and QX2HH) are found in 

JamB and probably include the ligands for a di-iron cluster at the catalytic site of the 

enzyme (Figure 2-14)43, 68. It is interesting that although the sequence of JamB is distinct 

from the known Δ5-desaturases from plants, fungi and humans, the third histidine box 
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domain in JamB aligns with the consensus sequence of Δ5-/Δ6-desaturases (QX2HH), 

consistent with the regiospecificity of JamB. The crystal structure of a membrane-bound 

desaturase stearoyl-CoA desaturase SCD1 revealed four transmembrane helices capped by 

a cytosolic domain, and nine conserved histidines for holding the dimetal cluster at the 

active site. The acyl chain of the bound substrate is enclosed in a tunnel buried in the 

cytosolic domain41, 42. However, the lack of a membrane acetylenase crystal structure still 

limits the mechanistic understanding of enzymatic acetylenation reactions. For instance, in 

comparison with a typical desaturase involved in double bond formation, how an 

acetylenase abstracts two hydrogens from adjacent carbon atoms linked by a double bond 

without forming an epoxide remains an intriguing mechanistic question. 

The characterization of JamA, JamB and JamC enabled the de novo biosynthesis of 

terminal alkyne-labeled natural products through pathway engineering in absence of an 

alkynoic precursor. Two different strategies, starter and extender unit engineering, have 

been shown to be successful in labeling natural products owing to the promiscuity of 

PKS/NRPS enzymatic machinery. Starter unit engineering could be generalized to tag 

polyketides and lipopeptides that naturally contain fatty acyl starter units, and extender unit 

engineering using jamABC, antE and antD-AT in other modular assembly lines could lead 

to the site-selective introduction of a terminal alkyne into additional PKs or PK/NRP 

hybrids inside living cells. We have thus built a molecular toolbox that can be adapted to 

install a terminal alkyne functionality in a range of natural products. Although JamB 

seemed to have stringent substrate specificity and limited efficiency in E. coli, screening 

additional homologous gene cassettes from a large collection identified through genome 

mining may yield new enzyme candidates with altered substrate specificities and improved 

efficiency in a targeted production organism (Appendix A). 

In summary, we have provided direct evidence for what is to our knowledge the first 

ACP-dependent terminal acetylenase/desaturase responsible for terminal alkyne synthesis 

by both in vitro and in vivo analyses. We have further demonstrated that this biosynthetic 

pathway can be exploited for the in situ generation and incorporation of terminal alkynes 

into different natural products in E. coli. In addition to directly producing orthogonally 

functionalized natural product analogs that can be subjected to facile chemical modification 

for drug screening, our work may substantially advance the field of natural product 

research through coupling with diverse azido analytical handles. For example, using a 

fluorogenic probe69, 70, in situ detection and quantification of natural products in producing 

cell cultures can be accomplished for what is to our knowledge the first time. Furthermore, 

as azide-alkyne click chemistry continues to serve as a powerful tool in drug discovery and 

chemical biology12, 14, 71, our findings open the door to numerous biological applications in 

which in situ enzymatic generation of a terminal alkyne is required or preferred. 
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Figure 2-14. Predicted membrane topology of JamB. This model shows that JamB contains 

four transmembrane domains with N and C termini oriented to the cytosol. The highlighted 

residues in red represented the conserved histidine regions that are located on the 

cytoplasmic face of the membrane. These conserved histidine regions are believed to 

coordinate an active site di-iron center. The transmembrane regions were predicted by 

TOPCONS (http://topcons.cbr.su.se/). The JamB model was drawn by Protter 

(http://wlab.ethz.ch/protter/start/). 

 

2.4 Materials and Methods 
 

2.4.1 Materials 

Phusion High-Fidelity PCR Master Mix (NEB) was used for PCR reactions. Restriction 

enzymes were purchased from Thermo Scientific. 2-Hexenoic (purity 96%), 3-hexenoic 

(purity 97%), 4-hexenoic (purity 98%), 5-hexenoic (purity 99%), 5-hexynoic (purity 97%) 

and 6-heptenoic (purity 98%) acids were purchased from Alfa Aesar. Hexanoic 

(purity >99.5%), 4-pentenoic (purity 97%), 4-pentynoic (purity 95%), 6-heptynoic (purity 

90%) and 7-octenoic (purity 97%) acids were purchased from Sigma-Aldrich. 7-Octynoic 

acid (purity 95%) was obtained from AfferChem, Inc., NJ, USA. 13C-1,3-labeled malonic 

acid, d6-DMSO and d4-methanol were purchased from Cambridge Isotope Laboratories, 

Inc. LB medium was purchased from EMD Chemicals. Other chemicals were obtained 

from Alfa Aesar or Sigma-Aldrich. 
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2.4.2 Bacterial Strains, Plasmids and DNA Manipulations. 

JamA, jamB and jamC were synthesized individually without codon optimization from 

gBlocks (IDT); camC was synthesized from GenScript with codon optimization for 

expression in E. coli. Hspks1 was provided by I. Abe (University of Tokyo). antD, antGF 

and antM were PCR amplified from genomic DNA extracted from Streptomyces albus. 

AntE was PCR amplified from genomic DNA extracted from Streptomyces ambofaciens. 

AntC was digested from the pET30-antC plasmid using NdeI and XhoI. ScFadD and 

scACP (Genbank accession number: KJ950369) were PCR amplified from genomic DNA 

extracted from Streptomyces coeruleorubidus NRRL 18370. FsACP (Genbank accession 

number CAQ31615) was PCR amplified from E. coli BL21 (DE3). JamA and jamC were 

assembled together as jamAC by overlapping extension PCR with primers pXZ48_F_NcoI, 

pXZ48_R, pXZ48_F and pXZ43_R_BamHI. JamAC was then ligated into pETDuet-1. 

Plasmid constructions were performed using standard protocols. Plasmids were purified 

from E. coli XL1-Blue with a QIAprep Spin Miniprep Kit and confirmed by DNA 

sequencing. 

 

Table 2-3. Primers used in this study. 

Primer Sequence (5’3’) Note 

pXZ5_F_NdeI aaacatATGGAAAACCTGACCGT

GGA 

Used for overexpression of 

CamC in pET-24b 

pXZ5_R_EcoRI aaagaattcggTGCACCAAAATGTT

CGGCCA 

pXZ20_F_NdeI aaacatATGAAGATTTACGGAAT

TTA 

Used for overexpression of 

Sfp in pET-24b 

pXZ20_R_EcoRI aaagaattcggTAAAAGCTCTTCGT

ACGAGA 

pXZ23_F_NdeI aaacatATGAGCAAGCCAGAATT

TTC 

Used for overexpression of 

JamA in pET-24b and 

pCDFDuet-1 pXZ23_R_XhoI aaactcgagACTGGAGACTGCTGC

TCCAC 

pXZ24_F_EcoRI aaagaattcgATGACAATCAAGGG

ATCAGG 

Used for overexpression of 

HsPKS1 in pCDFDuet-1 

pXZ24_R_PstI aaactgcagTCAAATGTTGATACT

TCTCA 

pXZ34_F_NdeI aaacatATGTCAATGCCAATGGA

TGT 

Used for overexpression of 

JamB in pETDuet-1 

pXZ34_R_XhoI aaactcgagTTAAGCTAACTTCTT

AGCTT 

pXZ39_F_NdeI aaacatATGGAAAACTTAACCGT

AGA 

Used for overexpression of 

JamC in pET-24b 

pXZ39_R_XhoI aaactcgagTGCACCAAAGTGCTC

TGCCA 

pXZ43_F_NcoI aaaccATGGAAAACTTAACCGT

AGA 

Used for overexpression of 

JamC in pETDuet-1 
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pXZ43_R_BamHI aaaggatcccgTGCACCAAAGTGC

TCTGCCA 

pXZ48_F_NcoI aaaccatgggcATGAGCAAGCCAG

AATTTTC 

Used for overexpression of 

JamAC in pETDuet-1 

pXZ48_R CCATtgtatatctccTTAACTGGAGA

CTGCTGCTC 

pXZ48_F TTAAggagatatacaATGGAAAACT

TAACCGTAGA 

antEam-Duet-F aaactgcagATGAGAGCGACCCA

AGACCTC 

Used for overexpression of 

AntE in pACYCDuet-1 

antEam-Duet-R tataagcttTCACATCCGGTCCCCG

ACTC 

antM-Duet-F aaacatATGACCACCACCCAGCG

GCA 

Used for overexpression of 

AntM in pACYCDuet-1 

antM-Duet-R aaactcgagTCACAGACCGAGGCC

GACAC 

antD-Duet-F aaagaattcgATGGATGACCCGCA

GGCCCT 

Used for overexpression of 

AntD in pCDFDuet-1 

antD-Duet-R tataagcttTCAGCCGGAGGCCGG

GCGCA 

AntG_NdeI aaacatATGAGCACCATCAGGGA

GTT 

Used for overexpression of 

AntGF in pCDFDuet-1 

antGF-Duet-R aaactcgagTCAGGCGCGCAGCGC

CTTCT 

pZR78_F_NdeI aaacatATGAGCACTATCGAAGA

ACGCG 

Used for overexpression of 

fsACP in pET-24b 

pZR78_R_EcoRI aaagaattcggCGCCTGGTGGCCGT

TGATGT 

pWJ73_F ggtattgagggtcgcATGGACCGGCT

CCACCACC 

Used for overexpression of 

scFadD  in pET30-Xa/LIC 

pWJ73_R agaggagagttagagccTCAGTTGACC

TTGCGTGCGG 

scacp_F_NdeI aaacatATGCCTGCTCCCCTCAC

GCT 

Used for overexpression of 

scACP  in pET-24b 

scacp _R_EcoRI aaagaattcggTGCGGTGACATGGC

CCGCTC 

*restriction site is underlined. 
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Table 2-4. Plasmids used in this study. 

Plasmid Derived from Function 

pXZ5 pET-24b Expression plasmid for CamC 

pXZ20 pET-24b Expression plasmid for Sfp 

pXZ23 pET-24b Expression plasmid for JamA 

pXZ24 pCDFDuet-1 Expression plasmid for HsPKS1 

pXZ27 pCDFDuet-1 Coexpression plasmid for HsPKS1 and JamA 

pXZ30 pCDFDuet-1 Expression plasmid for JamA 

pXZ34 pETDuet-1 Expression plasmid for JamB 

pXZ39 pET-24b Expression plasmid for JamC 

pXZ43 pETDuet-1 Coexpression plasmid for JamB and JamC 

pXZ44 pETDuet-1 Expression plasmid for JamC 

pXZ51 pETDuet-1 Coexpression plasmid for JamAC 

pXZ52 pETDuet-1 Coexpression plasmid for JamAC and JamB 

pXZ53 pCOLADuet-1 Expression plasmid for AntC 

pACYC_antE-antM pACYCDuet-1 Coexpression plasmid for AntE and AntM 

pCDF_antD-antGF pCDFDuet-1 Coexpression plasmid for AntD and AntGF 

pHsPKS1 pQE81L Expression plasmid for HsPKS1 

pWJ3 pET30-Xa/LIC Expression plasmid for Orf35 

pZR78 pET-24b Expression plasmid for fsACP 

pWJ73 pET30-Xa/LIC Expression plasmid for scFadD  

pET24b_scacp pET-24b Expression plasmid for scACP  

 

 

2.4.3 Protein Expression and Purification. 

All soluble proteins purified in this work contained C- or N-terminus His6 tags. The 

expression plasmids were transformed into E. coli BL21 (DE3) or BAP1 for protein 

expression. The cells were grown at 37 °C in 750 ml of LB medium with appropriate 

concentrations of antibiotics to an OD600 of 0.4–0.6. The cells were induced with 0.1 mM 

isopropyl-β-D-thiogalactopyranoside (IPTG) for 16 h at 16 °C. The cells were harvested 

by centrifugation (4,424g, 15 min, 4 °C), resuspended in 30 ml of lysis buffer (50 mM 

HEPES, pH 8.0, 300 mM NaCl, 10 mM imidazole) and lysed by homogenization on ice. 

Cell debris was removed by centrifugation (15,000g, 1 h, 4 °C). Ni-NTA agarose resin was 

added to the supernatant (1.5 ml/L of culture), and the solution was nutated at 4 °C for 1 h. 

The protein-resin mixture was loaded onto a gravity flow column, and proteins were eluted 

with increasing concentrations of imidazole in buffer A (50 mM HEPES, pH 8.0, 300 mM 

NaCl). Purified proteins were concentrated and buffer exchanged into HEPES buffer (50 

mM HEPES, pH 8.0, 100 mM NaCl) with Amicon Ultra filters. The final proteins were 

flash-frozen in liquid nitrogen and stored at −80 °C. Protein concentrations were 

determined by NanoDrop. The approximate protein yields were 2.3 mg/L JamA (67 kDa), 

4.0 mg/L JamC (12 kDa), 4.3 mg/L CamC (13 kDa), 26.9 mg/L scFadD (56 kDa), 4.5 mg/L 

scACP (11 kDa) and 10 mg/L fsACP (10 kDa). 

For JamB expression and purification, plasmid pXZ34 (jamB in pETDuet-1) or the 

empty pETDuet-1 vector was transformed into E. coli BL21 (DE3) cells. The cells were 
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grown at 37 °C in 750 ml of LB medium with 100 μg/ml carbenicillin to an OD600 of 0.4. 

The cells were then induced with 0.1 mM IPTG for 16 h at 16 °C. The cells were harvested 

by centrifugation (4,424g, 15 min, 4 °C), resuspended in 30 ml of HEPES buffer (50 mM 

HEPES, pH 8.0, 100 mM NaCl) and lysed by homogenization on ice. Cell debris was 

removed by centrifugation (10,000g, 10 min, 4 °C). The supernatant was further 

ultracentrifugated (100,000g, 1 h, 4 °C) to collect the cell membrane. The membrane 

fraction was used in the in vitro assays immediately or stored at −80 °C. 

 

2.4.4 Enzymatic Synthesis and Purification of 5-hexenoyl-CoA and 7-octenoyl-CoA. 

For the generation of acyl-CoAs, a typical reaction mixture contained 50 mM HEPES 

(pH 8.0), 2 mM MgCl2, 2 mM ATP, 5 mM fatty acids, 2 mM CoA. The reactions were 

initiated by the addition of 10 μM Orf35. The reaction was quenched with the addition of 

trichloroacetic acid (TCA) to a final concentration of 5% (v/v). Precipitated proteins were 

removed by centrifugation. 5-Hexenoyl-CoA was purified from the supernatant by reverse-

phase HPLC through an Inertsil ODS-4 column (4.6 mm i.d., 250 mm L, GL Sciences Inc.) 

with a linear gradient of 2–95% CH3CN (v/v) over 20 min followed by 5 min in 95% 

CH3CN with 0.1% (v/v) trifluoroacetic acid (TFA) at a flow rate of 1 ml/min. Fractions 

containing the alkenoyl-CoAs were collected manually, concentrated under vacuum and 

dried to white solid using a lyophilizer. 

 

2.4.5 JamB Activity Assay on Acyl-ACPs. 

For the generation of acyl-JamCs, CamC and scACP, a typical 100 μl of reaction 

mixture contained 50 mM HEPES (pH 8.0), 1 mM MgCl2, 1 mM TCEP, 2 mM ATP, 1 

mM fatty acids and 100 μM holo-JamC, holo-CamC or holo-scACP. The reactions were 

initiated by the addition of 5 μM JamA or scFadD. For the generation of 5-hexenoyl-fsACP 

and 7-octenoyl-JamC, a typical 100 μl of reaction mixture contained 50 mM HEPES (pH 

8.0), 1 mM MgCl2, 1 mM TCEP, 2 mM ATP, 1 mM 5-hexenoyl-CoA or 7-octenoyl-CoA 

and 100 μM apo-fsACP or apo-JamC. The reactions were initiated by the addition of 5 μM 

Sfp. All of the reactions were incubated at room temperature for 2 h and then further 

processed in the JamB activity assay. Particularly, 0.1 mM Fe(NH4)2(SO4)2, 500 U of 

catalase and 100 μg of the JamB-containing membrane fraction or the membrane fraction 

purified from the E. coli strain transformed with an empty vector were added to the reaction 

mixtures. For the assay with ferredoxin system, 10 μg of ferredoxin and 0.5 U/ml 

ferredoxin reductase and 0.4 mM NADPH (or 100 μM sodium dithionite was used to 

replace ferredoxin reductase and NADPH) were also added into the reaction mixture. The 

membrane fraction was removed by centrifugation (21,000g, 4 °C) after 20 min of 

incubation. The supernatant was then diluted to a final concentration of 1 μM of ACP, 

which was processed by nanocapillary LC/HRMS analysis using a chip column (Agilent 

Zorbax 300SB-C18 5 μm; separation, 43 mm × 75 μm; enrichment, 4 mm 40 nl) in line 

with a QTOF (Agilent 6510 Q-TOF LC/MS). A linear gradient of 3–70% CH3CN over 60 

min in H2O with 0.1% formic acid at a flow rate of 0.6 μl/min was used for analysis. 

MassHunter Qualitative Analysis software was used to analyze data, and the intact protein 

masses were obtained using a maximum entropy deconvolution algorithm (mass range: 

10,000–17,000 Da; minimum consecutive charge states: 5; minimum protein fit score: 8).  
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2.4.6 JamB Activity Assay on 5-hexenoyl-CoA. 

100 μg of the JamB-containing membrane fraction or the membrane fraction purified 

from the E. coli strain transformed with an empty vector was incubated with 50 mM 

HEPES (pH 8.0), 1 mM MgCl2, 1 mM TCEP, 2 mM ATP, 5 mM 5-hexenoyl-CoA, 0.1 

mM Fe(NH4)2(SO4)2 and 500 U of catalase for 20 min. The reaction was quenched by the 

addition of TCA to a final concentration of 5% (v/v). Precipitated proteins were removed 

by centrifugation. LC/HRMS analysis was performed on an Agilent Technologies 6520 

Accurate Mass QTOF LC/MS with an Agilent Eclipse Plus C18 column (4.6 × 100 mm) 

using a linear gradient of 2–98% CH3CN (v/v) over 20 min followed by 10 min in 98% 

CH3CN supplemented with 0.1% (v/v) formic acid at a flow rate of 0.5 ml/min.  

 

2.4.7 JamB Activity Assay on 5-hexenoic acid. 

A typical reaction contained 50 mM HEPES (pH 8.0), 5 mM 5-hexenoic acid, 1 mM 

MgCl2, 2 mM ATP, 1 mM TCEP, 0.1 mM Fe(NH4)2(SO4)2, 500 U of catalase and 100 μg 

of the JamB-containing membrane fraction or the membrane fraction purified from the E. 

coli strain transformed with an empty vector. The 50-μl reaction was quenched by the 

addition of 6.5 μl 10% (w/v) NaCl and 6.5 μl glacial acetic acid. Fatty acids were extracted 

by the addition of 50 μl ethyl acetate. Methyl esters were generated using a standard 

protocol72. 25 μl of the supernatant was mixed with 225 μl of 30:1 (v/v) methanol and 37% 

HCl and incubated at 45 °C for 1 h. After cooling to room temperature, 125 μl dH2O and 

125 μl hexanes were added. The mixture was vortexed, and 50 μl supernatant was used for 

GC/MS analysis. Typical GC/MS analysis was conducted on a Varian CP-3800 instrument 

equipped with a Varian 320-MS using a Varian factorFOUR capillary column (30 m, 0.25 

mm, DF = 0.25) and helium as the carrier gas (1 ml/min). The method ramped from 50 °C 

to 130 °C at 10 °C/min and was further ramped to 300 °C at 40 °C/min. The mass patterns 

were compared to standards in the NIST library.  

 

2.4.8 Genome Mining Analyses of jamABC. 

Genome mining analyses were performed using Integrated Microbial Genomes 

database (http://img.jgi.doe.gov/) with default parameters. 

 

2.4.9 Biosynthesis of Polyketides in E. coli. 

BAP1/pXZ30+pXZ43, BAP1/pXZ24+pXZ43, BAP1/pXZ27+pXZ34, 

BAP1/pXZ27+pXZ43, BAP1/pXZ27+pXZ44 cells were grown in 250 ml of LB medium 

with 100 μg/ml carbenicillin and 100 μg/ml spectinomycin at 37 °C to an OD600 of 0.4–0.6. 

Subsequently, the cells were harvested and concentrated fivefold into 50 ml fresh F1 

medium (1 L contains 3 g KH2PO4, 6.62 g K2HPO4, 4 g (NH4)2SO4, 150.5 mg MgSO4, 5 g 

glucose, 1.25 ml trace metal solution, 100 μM Fe(NH4)2(SO4)2 and 10 ml 100× vitamin 

solution) supplemented with 100 μg/ml carbenicillin, 100 μg/ml spectinomycin, 0.5 mM 

IPTG and 1 mM alkenoic acid. After 48 h of growth at 20 °C, the culture broth and the cell 

pellets were separated by centrifugation. Polyketides were extracted from cell-free 

supernatant (50 ml) using ethyl acetate. The solvent was removed by rotary evaporation, 

and the residue was redissolved in methanol (1 ml) and analyzed by HPLC and LC/HRMS 

(20 μl injection) with an Agilent Eclipse Plus C18 column (4.6 × 100 mm). A linear 

gradient of 2–95% CH3CN (v/v) over 60 min in H2O supplemented with 0.1% (v/v) TFA 

or formic acid at a flow rate of 0.5 ml/min was used for HPLC analysis or LC/HRMS 
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analysis. LC/HRMS analysis was performed on an Agilent Technologies 6520 Accurate 

Mass QTOF LC/MS. HPLC analysis was performed on an Agilent 1260 HPLC with DAD.  

 

2.4.10 Enzymatic Synthesis of Polyketides. 

Malonyl-CoA was made in situ with MatB using either sodium malonate or 13C-1,3-

labeled malonic acid. A typical reaction contained 100 mM HEPES (pH 8.0), 2 mM MgCl2, 

1 mM TCEP, 20 mM ATP, 100 mM fatty acids, 5 mM CoA, 20 mM sodium malonate, 20 

μM Orf35, 10 μM HsPKS1 and 10 μM MatB. After overnight incubation, the proteins were 

precipitated using a final concentration of 5% (v/v) of TCA. 3 was purified using HPLC 

through an Intertsil ODS-4 column (4.6 mm i.d., 250 mm L, GL Sciences Inc.) with an 

isocratic program of 20% CH3CN (v/v) over 30 min followed by 5 min in 95% CH3CN 

with 0.1% (v/v) TFA at a flow rate of 1 ml/min. Fractions containing 3 were collected 

manually, concentrated under vacuum and dried to white solid using a lyophilizer. NMR 

spectra of 3 were recorded on a Bruker Biospin 900 MHz spectrometer with a cryoprobe 

in d6-dimethyl sulfoxide (d6-DMSO; Cambridge Isotope Laboratories). 4 was purified and 

characterized in a similar way. 

 

2.4.11 Biosynthesis of 5 in E. coli. 

BAP1/pACYC_antE-antM + pCDF_antD-antGF + pXZ53 + pXZ51, 

BAP1/pACYC_antE-antM + pCDF_antD-antGF + pXZ53 + pXZ52, 

BAP1/pACYC_antE-antM + pCDF_antD-antGF + pCOLADuet-1 empty vector + pXZ52 

cells were grown in 500 ml of LB medium with 100 μg/ml carbenicillin, 100 μg/ml 

spectinomycin, 60 μg/ml kanamycin and 25 μg/ml chloramphenicol at 37 °C to an OD600 

of 0.4–0.6. Subsequently, the cultures were supplemented with 0.5 mM IPTG, 1 mM 

anthranilic acid and 1 mM 5-hexenoic acid. After 48 h of growth at 20 °C, the culture broth 

and the cell pellets were separated by centrifugation. Antimycins were extracted from cell-

free supernatant (500 ml) using ethyl acetate. The solvent was removed by rotary 

evaporation, and the residue was redissolved in methanol (0.5 ml) and analyzed by 

LC/HRMS (20 μl injection). LC/HRMS analysis was performed on an Agilent 

Technologies 6520 Accurate Mass QTOF LC/MS with an Agilent Eclipse Plus C18 

column (4.6 × 100 mm). A linear gradient of 25–95% CH3CN (v/v) over 20 min in H2O 

with 0.1% (v/v) formic acid at a flow rate of 0.5 ml/min was used.  

 

2.4.12 Large-scale Production, Purification and Characterization of Standard 5. 

The standard was synthesized through PDB by feeding 1 mM anthranilic acid and 1 

mM 7-octynoic acid into a JL1 strain containing antCDEFGM.73 The culture condition was 

same as described above. 5 was extracted from cell-free supernatant using ethyl acetate. 

The solvent was removed by rotary evaporation and the residue was re-dissolved in 

methanol. 5 was purified using HPLC through an Agilent Eclipse Plus C18 column (4.6 × 

100 mm) with a linear gradient of 25–95% CH3CN (v/v) over 20 min and 95% CH3CN 

(v/v) for a further 5 min in H2O with 0.025% (v/v) TFA at a flow rate of 0.5 ml/min. 

Fractions containing 5 were collected manually, concentrated under vacuum and dried to 

solid using a lyophilizer. LC/HRMS analysis was performed on an Agilent Technologies 

6520 Accurate Mass QTOF LC/MS with an Agilent Eclipse Plus C18 column (4.6 × 100 

mm). A linear gradient of 25–95% CH3CN (v/v) over 20 min in H2O with 0.1% (v/v) 

formic acid at a flow rate of 0.5 ml/min was used. LC/HRMS/MS analysis was performed 
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using the same program described above with the target mass (m/z 417.2020 [M+H]+) and 

a collision energy of 20 V around the retention time (15.6 min ± 1 min). NMR spectra of 

5 were recorded on a Bruker Biospin 900 MHz spectrometer with a cryoprobe in d4-

methanol (CD3OD; Cambridge Isotope Laboratories). 

 

GenBank: Data for scFadD and scACP are deposited under accession number KJ950369. 
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Chapter 3. Bacterial Genome Mining of Enzymatic 

Tools for Alkyne Biosynthesis 
 

Parts of this chapter have been adapted from the following with permission: 

Zhu, X., Su, M., Manickam, K., Zhang, W. Bacterial genome mining of enzymatic tools 

for alkyne biosynthesis. ACS Chem Biol 10, 2785-2793 (2015).  

 

3.1 Introduction 
 

The alkyne is a readily derivatized functionality found in molecules that are widely 

used in chemical synthesis, pharmaceuticals, and materials31, 32. It is a particularly useful 

moiety in azide–alkyne bioorthogonal chemistry, which has emerged as one of the most 

powerful tools in chemical biology12, 14, 74. For example, tagging biomolecules with an 

alkyne functionality and coupling them with bioorthogonal reactions have allowed the 

imaging and mode of action study of biologically important molecules12, 14, 51. Despite the 

importance of the alkyne functionality and its prevalence in synthetic molecules, the 

biological routes to alkynes are poorly understood. Acetylenases are the enzymes 

responsible for alkyne biosynthesis, and they are categorized as a special family of 

membrane-bound desaturases that catalyze the abstraction of hydrogen atoms from C–C 

bonds with the use of a di-iron active site40, 43. However, the notorious challenges in 

working with membrane-bound desaturases have impeded the discovery and mechanistic 

understanding of this family of enzymes. To date, only a limited number of acetylenases 

have been identified, resulting in a shortage of alkyne biosynthetic tools33, 39, 44-47, 75. 

We recently reported the study of JamB, a desaturase/acetylenase that is essential for 

the formation of a terminal alkyne functionality found in the cyanobacterial natural product 

jamaicamide B (Figure 3-1A)52, 75. JamB is embedded in a trigene cassette jamABC that 

encodes an acyl–acyl carrier protein (ACP) synthetase, a membrane-bound 

desaturase/acetylenase, and an ACP, respectively. These three proteins employ an ACP-

dependent pathway to generate the terminal alkyne functionality: JamA activates and loads 

5-hexenoic acid onto JamC54, and the resulting 5-hexenoyl-JamC is modified by JamB to 

yield 5-hexynoyl-JamC as a starter unit for the downstream PKS/NRPS assembly line. The 

specific recognition of the ACP-bound substrate by JamB explains the necessity of the 

colocalization of jamA and jamC with jamB in the same operon. In addition, more than 80 

gene operons homologous to jamABC, including the ones from the carmabin and 

caryoynencin biosynthetic gene clusters (Figure 3-1A), have been identified across diverse 

bacterial genera through genome-mining, indicating that this ACP-dependent pathway is 

likely adopted in the synthesis of a variety of alkyne-bearing natural products39, 53, 75. 

Further in silico analysis revealed that a number of jamABC homologues are clustered with 

genes encoding PKSs/NRPSs, suggesting their possible involvement in generating alkynes 

residing in polyketide/nonribosomal peptide (PK/NRP) molecular scaffolds, and some 

other operons encode multiple desaturases and are probably responsible for polyyne 

biosynthesis39, 46 (Figure 3-1B). Yet the majority of these gene clusters have no known 

associated metabolites. The study of these gene operons homologous to jamABC will thus 
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facilitate the discovery of a variety of alkyne-bearing natural products and lead to the 

expansion of the alkyne biosynthetic toolbox capable of producing acetylenic groups with 

altered substrate specificities and improved efficiency. 

 

 
Figure 3-1. Examples of gene clusters containing jamABC homologues. (A) Three gene 

clusters have been identified for the biosynthesis of acetylenic natural products with a 

terminal alkyne functionality. (B) Examples of the uncharacterized gene clusters that 

contain jamABC homologues. The genes studied in this paper are boxed. 

 

In this chapter, we report the screening of the activities of selected JamA, -B, and -C 

homologues using both in vitro biochemical assays and in vivo heterologous reconstitution 

(Figure 3-2). We previously demonstrated that a carrier protein-bound fatty acyl moiety 

could efficiently serve as the starter unit for a promiscuous type III PKS, and as a result, a 

terminal alkyne-tagged polyketide was produced in E. coli during the coexpression of 

jamABC and hspks175. These results suggested that the E. coli-PKS platform could be a 

useful in vivo reporting system for probing the activities of JamA, -B, and -C homologues. 

In this work, we first determined the substrate preference of JamA homologues toward 

fatty acids of different chain lengths. We then extended the E. coli platform to include a 

variety of type III PKSs with the corresponding chain length specificity of the starter unit 

to reconstitute the activities of JamA, -B, and -C homologues in vivo. Our screening efforts 

resulted in the discovery of new terminal alkyne biosynthetic machinery from 

Teredinibacter turnerae T7901 that specifically recognized C10 fatty acids and led to the 

production of a novel terminal alkyne-bearing polyketide in E. coli with high efficiency. 
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Figure 3-2. Schematic of the strategy used for the reconstitution of JamA, -B, and -C 

homologues. Substrate specificities of JamA homologues were determined by in vitro 

assays, and in vivo reporting systems were used for the study of JamB homologues. 

 

3.2 Results 
 

3.2.1 Eleven Gene Operons Homologous to jamABC Were Targeted for Screening 

A phylogenetic analysis was performed on JamB and its homologues encoded by the 

genes from a finished or permanent draft of sequenced bacterial genomes (Figure 3-3). The 

results revealed that JamB homologues are widespread in bacteria, including cyanobacteria, 

proteobacteria, actinobacteria, and planctomycetes. Among these JamB homologues, we 

selected 11 representative desaturases from different clades for functional investigation. 

The jamABC homologous operon from Pseudomonas fluorescens Pf-5 was cloned from its 

genomic DNA while the other 10 operons were obtained through gene synthesis. 

 

3.2.2 Biochemical Analysis of JamA and -C Homologues for Activation and Loading 

of Fatty Acids of Different Chain Lengths 

To probe the abilities of acyl-ACP synthetases to activate and load various fatty acids 

onto ACPs, we individually cloned jamA and jamC homologues into an expression vector 

encoding a C-terminal His6-tag. The recombinant proteins were overproduced in E. coli 

and purified using Ni-NTA affinity chromatography. The E. coli BAP1 strain containing a 

chromosomal copy of the phosphopantetheinyl transferase Sfp was used for the expression 

of jamC homologues to ensure their posttranslational modification to the pantetheinylated 

forms63. For the JamA homologues that were not soluble in E. coli, a maltose-binding 

protein (MBP) tag was fused onto the N-terminus to possibly promote the folding process76. 

Seven out of 11 pairs of JamA and JamC homologues were successfully purified from E. 

coli as soluble proteins (Figure 3-4). The substrate selectivity of JamA homologues was 

then tested against fatty acids of different chain lengths ranging from C6 to C18 using the 

ACP loading assay, followed by liquid chromatography–high-resolution mass 

spectrometry (LC-HRMS) analysis (Figure 3-5A, Appendix D). Based on the fatty acid 

chain length preferences, JamA homologues were categorized into two groups. Group A 

showed high specificity toward fatty acids of medium-chain length (C6–C12) and included 
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the ones from Burkholderia pseudomallei K96243, Teredinibacter turnerae T7901, 

Schlesneria paludicola DSM 18645, and Cyanothece sp. ATCC 51142. Group B was 

composed of the homologues from Pseudomonas entomophila L48, Pseudomonas 

fluorescens Pf-5, and Inquilinus limosus DSM 16000, which were specific for both 

medium- and long-chain fatty acids (C8–C18). Bioinformatics analysis of these JamA 

homologues showed a close phylogenetic relationship in each group, consistent with our 

in vitro biochemical results (Figure 3-5B). 

 

 
Figure 3-3. A cladogram of JamB and its homologues from cyanobacteria (red), 

proteobacteria (blue), actinobacteria (gray), and planctomycetes (green). Representative 

jamB homologues from different clades, and their neighboring jamA and jamC homologues 

were targeted for screening. The microorganisms containing these jamABC homologues 

are shown next to each clade. 
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Figure 3-4. SDS-PAGE analyses of E. coli purified proteins. Most proteins have a C-

terminal hexahistidine tag except acyl-ACP synthetase from Schlesneria paludicola DSM 

18645, which has an N-terminal 6xHis MBP tag.    
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Figure 3-5. Substrate-dependent ACP loading activity of JamA homologues. (A) 
Biochemical characterization of the substrate specificities of JamA homologues toward 
fatty acids with different chain lengths. The highest conversion by each JamA homologue 
is shown as a relative activity of 100%. (B) A phylogenetic analysis of JamA and its 
homologues. Group A contains the homologues that prefer medium-chain fatty acids, and 
group B contains the ones that prefer medium- to long-chain fatty acids. 
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3.2.3 In Vivo Reconstitution of the Activities of JamA, -B, and -C Homologues Using 

an E. coli-PKS Reporting System 

We previously reported that a promiscuous type III PKS can utilize a carrier protein-

bound fatty acyl starter unit to yield a terminal alkyne-tagged polyketide in E. coli during 

the coexpression of jamABC and hspks175. This E. coli-PKS platform could thus be feasible 

as an in vivo reporting system for probing the activities of JamB homologues with unknown 

substrate preferences. We first extended the E. coli-PKS platform by including additional 

promiscuous type III PKSs that can accept acyl-ACPs of altered fatty acyl chain lengths as 

starter units. HsPKS1 is known to accept medium-chain fatty acyl-ACPs (C6–C11)75, 77, and 

it was thus used for the study of the desaturases that pair with JamA homologues that 

activate medium-chain fatty acids. To study JamB homologues that may recognize long-

chain fatty acyl-ACP substrates, we searched for type III PKSs with activities toward long-

chain fatty acyl-ACP starter units. We tested the in vivo activities of three type III PKSs 

that have been reported to take long-chain fatty acyl-CoAs in vitro, including ORAS from 

Neurospora crassa78, 79, PKS18 from Mycobacterium tuberculosis80, and CsyA from 

Aspergillus oryzae81. Upon overexpression of the individual PKSs with the feeding of long-

chain fatty acids, all three of the type III PKSs enabled the efficient production of 

polyketides in E. coli with fatty acyl starter units ranging in chain length from 10 to 16 

carbons, while PKS18 and CsyA also showed the incorporation of C18 fatty acyl starter 

units (Figure 3-6). The substrate tolerance of these type III PKSs toward ACPs was also 

investigated in vitro. Several lauryl-ACPs were prepared in situ using enzymatic reactions 

containing lauric acid, acyl-ACP synthetases, and their corresponding ACPs and were 

tested as substrates for the type III PKSs. While CsyA poorly recognized these acyl-ACPs, 

ORAS and PKS18 could efficiently utilize all of the lauryl-ACPs to yield the expected 

product. This product identity was further confirmed by comparison to the compound 

synthesized using enzymatic reactions containing lauryl-CoA, malonyl-CoA, and the type 

III PKSs as positive controls (Figure 3-7). Consequently, ORAS and PKS18 were selected 

to replace the role of HsPKS1 in the in vivo reporting system to study the activities of JamB 

homologues that may recognize long-chain fatty acyl-ACP substrates. 
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Figure 3-6. LC-HRMS analysis of E. coli cultures overexpressing ORAS, PKS18, or CsyA 

fed with 9-decenoic acid, lauric acid, myristic acid, palmitic acid and stearic acid. Extracted 

ion chromatograms and HRMS for compound 6, 7, 8, 9, 10 were shown in (A)-(E), 

respectively. The calculated masses (m/z =237.1485, 267.1955, 295.2268, 323.2581, 

351.2894 [M+H]+ for compound 6, 7, 8, 9, 10) with a 10 ppm mass error tolerance were 

used. 
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Figure 3-7. Type III PKS activity assays on acyl-ACPs. ORAS, PKS18, and CsyA were 

used in these assays. Extracted ion chromatograms showing that lauryl-ACPs prepared in 

situ by acyl-ACP synthetases can be efficiently recognized by ORAS (A) and PKS18 (B), 

but poorly by CsyA (C). Compound 7 was prepared enzymatically using type III PKS, 

malonyl CoA and lauryl CoA (A-vi, B-vi, C-vi). The calculated masses (m/z =267.1955 

[M+H]+) with a 10 ppm mass error tolerance were used. 
 

We next built the E. coli platform for the reconstitution of the activities of JamA, -B, 

and -C homologues using the promiscuous type III PKSs HsPKS1, ORAS, or PKS18. E. 

coli BAP1 was transformed with two plasmids encoding hspks1/oras/pks18 and jamABC 

homologues, with the expression of each gene under a T7 promoter. In parallel, we omitted 

the jamB homologue to yield a control strain. The resulting E. coli strains were induced 

with IPTG and grown in shake flasks at 20 °C for 2 days with the supplementation of 

selected fatty acids (Table 3-1). LC-UV-MS and LC-HRMS analyses of these culture 

extracts revealed the production of a putative alkyne-bearing polyketide 11 by the strains 

XZ2, XZ3, and XZ4 that contained ttuABC from T. turnerae T7901 and hspks1/oras/pks18, 

respectively (Figures 3-8, 3-9, 3-10, 3-11, and Table 3-1). Compound 11 was produced 

with a titer of ∼0.5 mg/L when the cultures of XZ2 were fed with 9-decenoic acid, and 

omitting ttuB completely abolished the production of 11 (Figure 3-9B, Table 3-1, and 

Figures 3-9, 3-10, Appendix E). The current titer of compound 11 was comparable to the 

typical polyketide titer in E. coli under similar culture conditions64. Product 11 was further 

purified from large-scale cultures of XZ2 grown in F1 minimal medium, and the molecular 

structure of 11 was confirmed by NMR analysis (Table 3-2). In particular, the presence of 

the terminal alkyne functionality was demonstrated by 1H (δH-14 = 2.73) and 13C NMR 

(δC-13 = 84.5, δC-14 = 71.2), together with strong 1H and 13C heteronuclear single 

quantum correlations (1H, 13C HSQC) of H-14/C-14 and strong 1H and 13C heteronuclear 

multiple-bond correlations (1H, 13C HMBC) of H-14/C-13, H-14/C-12, H-12/C-13, H-

12/C-14, and H-11/C-13. Compound 11 was presumably assembled by the type III PKSs 

7 
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which catalyze the condensation of the 9-decynoyl moiety generated by TtuA, -B, and -C 

with two malonyl-CoAs, followed by a spontaneous intramolecular cyclization (Figure 3-

9A). In addition to 11, we also observed a major byproduct 6 that retains a terminal alkene 

functionality from the 9-decenoyl precursor fed to the cultures of XZ2–4 (Figure 3-9, Table 

3-1). Unfortunately, no production of alkyne-bearing polyketides was observed from the 

culture extracts of the strains that overexpressed hspks1/oras/pks18 and jamABC 

homologues from B. pseudomallei K96243, S. paludicola DSM 18645, C. sp. ATCC 51142, 

P. entomophila L48, P. fluorescens Pf-5, and I. limosus DSM 16000, though these strains 

still produced alkyl or terminal alkene-bearing polyketides in a significant amount (Table 

3-1). SDS-PAGE analyses revealed that the JamB homologues from S. paludicola DSM 

18645, B. pseudomallei K96243, and I. limosus DSM 16000 were poorly or not expressed, 

while the others from C. sp. ATCC 51142, P. entomophila L48, and P. fluorescens Pf-5 

were expressed at a level similar to TtuB (Figure 3-12). Although inactive desaturases 

might be a possible explanation for the failure of terminal alkyne formation in E. coli, we 

cannot rule out the possibility of alternative substrates being required for the JamB 

homologues. It is likely that the fatty acyl moiety has to first be modified by other enzymes 

in the cluster before acetylenation catalyzed by a JamB homologue can further take place. 
 

Table 3-1. In vivo reporting systems developed in this study. 

 

Genes Plasmids Fatty acids fed into 

the cultures 

Major 

polyketides 

Hspks1, jamAC homologs from 

Burkholderia pseudomallei K96243 

pXZ91, 

pXZ88 

5-hexenoic acid 4 

7-octenoic acid 13 

9-decenoic acid 6 

Hspks1, jamABC homologs from 

Burkholderia pseudomallei K96243 

pXZ91, 

pXZ102 

5-hexenoic acid 4 

7-octenoic acid 13 

 

11 6 

7 8 9 

10 

12 4 

13 14 15 

16 
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9-decenoic acid 6 

Hspks1, ttuA, ttuC pXZ92, 

pXZ97 

7-octenoic acid 13 

9-decenoic acid 6 

decanoic acid 12 

nonanoic acid 14 

10-undecenoic 

acid 

15 

Hspks1, ttuA, ttuB, ttuC (note: named as 

strain XZ2) 

pXZ92, 

pXZ101 

7-octenoic acid 13 

9-decenoic acid 6, 11 

decanoic acid 12, 6, 11 

nonanoic acid 14 

10-undecenoic 

acid 

15 

Oras, ttuA, ttuB, ttuC (note: named as 

strain XZ3) 

pXZ174, 

pXZ172 

9-decenoic acid 11, 6 

Pks18, ttuA, ttuB, ttuC (note: named as 

strain XZ4) 

pXZ175, 

pXZ172 

9-decenoic acid 11, 6 

Oras, ttuA, ttuC pXZ159, 

pXZ172 

9-decenoic acid 6 

Pks18, ttuA, ttuC pXZ166, 

pXZ172 

9-decenoic acid 6 

Hspks1, ttuB, ttuC pXZ24, 

pXZ101 

9-decenoic acid 11, 6 

Hspks1, ttuA, ttuB pXZ92, 

pXZ107 

9-decenoic acid 11, 6 

Hspks1, ttuB pXZ24, 

pXZ107 

9-decenoic acid 11, 6 

Hspks1, jamAC homologs from 

Schlesneria paludicola DSM 18645 

pXZ89, 

pXZ94 

5-hexenoic acid 4 

7-octenoic acid 13 

9-decenoic acid 6 

Hspks1, jamABC homologs from 

Schlesneria paludicola DSM 18645 

pXZ89, 

pXZ99 

5-hexenoic acid 4 

7-octenoic acid 13 

9-decenoic acid 6 

Oras, jamAC homologs from 

Schlesneria paludicola DSM 18645 

pXZ159, 

pXZ146 

lauric acid 7 

myristic acid 8 

Oras, jamABC homologs from 

Schlesneria paludicola DSM 18645 

pXZ156, 

pXZ146 

lauric acid 7 

myristic acid 8 

Hspks1, jamAC homologs from 

Cyanothece sp. ATCC 51142 

pXZ96, 

pXZ93 

5-hexenoic acid 4 

7-octenoic acid 13 

9-decenoic acid 6 

Hspks1, jamABC homologs from 

Cyanothece sp. ATCC 51142 

pXZ96, 

pXZ98 

5-hexenoic acid 4 

7-octenoic acid 13 

9-decenoic acid 6 

lauric acid 7 
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Oras, jamAC homologs from 

Cyanothece sp. ATCC 51142 

pXZ159, 

pXZ145 

myristic acid 8 

palmitic acid 9 

Oras, jamABC homologs from 

Cyanothece sp. ATCC 51142 

pXZ155, 

pXZ145 

lauric acid 7 

myristic acid 8 

palmitic acid 9 

Hspks1, jamAC homologs from 

Psudomonas entomphila L48 

pXZ90, 

pXZ95 

5-hexenoic acid 4 

7-octenoic acid 13 

9-decenoic acid 6 

Hspks1, jamABC homologs from 

Psudomonas entomphila L48 

pXZ90, 

pXZ100 

5-hexenoic acid 4 

7-octenoic acid 13 

9-decenoic acid 6 

Oras, jamAC homologs from 

Psudomonas entomphila L48 

pXZ159, 

pXZ147 

lauric acid 7 

myristic acid 8 

palmitic acid 9 

Oras, jamABC homologs from 

Psudomonas entomphila L48 

pXZ157, 

pXZ147 

lauric acid 7 

myristic acid 8 

palmitic acid 9 

Oras, jamAC homologs from Inquilinus 

limosus DSM 16000 

pXZ159, 

pXZ148 

lauric acid 7 

myristic acid 8 

palmitic acid 9 

Oras, jamABC homologs from 

Inquilinus limosus DSM 16000 

pXZ158, 

pXZ148 

lauric acid 7 

myristic acid 8 

palmitic acid 9 

Oras, jamAC homologs from 

Psudomonas fluorescens Pf-5 

(PFL_0261, 0264) 

pXZ159, 

pXZ149 

lauric acid 7 

myristic acid 8 

palmitic acid 9 

Oras, jamABC homologs from 

Psudomonas fluorescens Pf-5 

(PFL_0261, 0262, 0264) 

pXZ160, 

pXZ149 

lauric acid 7 

myristic acid 8 

palmitic acid 9 

Pks18, jamAC homologs from 

Psudomonas fluorescens Pf-5 

(PFL_0261, 0264) 

pXZ166, 

pXZ149 

stearic acid 10 

oleic acid 16 

Pks18, jamABC homologs from 

Psudomonas fluorescens Pf-5 

(PFL_0261, 0262, 0264) 

pXZ163, 

pXZ149 

stearic acid 10 

oleic acid 16 
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Figure 3-8. Schematic of XZ2-4 strains containing ttuABC and hspks1, ttuABC and oras, 

ttuABC and pks18, respectively. 
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Figure 3-9. Biosynthesis of 11 using the in vivo reporting system. (A) Schematic of 11 

formation in E. coli. (B) LC-UV-MS analysis (285 nm) showing the production of 11 upon 

the coexpression of ttuABC and hspks1 and the feeding of 9-decenoic acid (trace i). 6 was 

a major byproduct. The absence of ttuA (trace ii), ttuB (trace iii), ttuC (trace iv), or ttuAC 

(trace v) significantly decreased or abolished the production of 11. 
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Figure 3-10. LC-HRMS analysis of E. coli cultures fed with 9-decenoic acid. XZ2 showed 

the production of 11 upon co-expression of ttuABC and hspks1 (trace i). Deletion of ttuA 

(trace ii) or ttuC (iv) or ttuAC (v) decreased the titer of 11 by ~100-fold. The absence of 

ttuB (trace iii) completely abolished the production of 11. The calculated mass (m/z 

=235.1329 [M+H]+) with a 10 ppm mass error tolerance was used. 

 

 
 

Figure 3-11. LC-HRMS analysis of E. coli cultures fed with 9-decenoic acid. XZ3 and 

XZ4 showed the production of 11 upon co-expression of ttuABC and oras, or the co-

expression of ttuABC and pks18, respectively (trace i and trace iii). The absence of ttuB 

(trace ii and trace iv) completely abolished the production of 11. The calculated mass (m/z 

=235.1329 [M+H]+) with a 10 ppm mass error tolerance was used. 
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Table 3-2. NMR data for the compound 11 in d6-DMSO, 900 MHz.  

 
Position δC δH (J in Hz) COSY 

1 164.0   

2 88.1 5.16, s  

3 170.8   

4 99.9 5.91, s  

5 166.3   

6 32.7 2.41, t (7.2) 7 

7 26.1 1.53, m 6, 8 

8 28.0 1.28, m 7, 9 

9 28.1 1.27, m  8, 10 

10 27.9 1.34, m 9, 11 

11 27.8 1.42, m 10, 12 

12 17.6 2.15, m 11 

13 84.5   

14 71.2 2.73, t (2.7)  

*Arrows represent important 1H- 13C HMBC correlations, and bolded bonds represent 1H- 
1H COSY correlations. 
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Figure 3-12. SDS-PAGE analyses of membrane fractions of E. coli transformed with jamB 

homolog-containing plasmids. SDS-PAGE analyses revealed that the JamB homologs 

from S. paludicola DSM 18645, B. pseudomallei K96243, and I. limosus DSM 16000 were 

poorly or not expressed, while the others from C. sp.  ATCC 51142, P. entomophila L48, 

and P. fluorescens Pf-5 were expressed at a level similar to TtuB.  

 

 

3.2.4 Biochemical Analysis of TtuA, -B, and -C 

Our screening efforts led to the discovery of new terminal alkyne biosynthetic 

machinery consisting of TtuA, -B, and -C. In addition to the reconstitution of its activity in 

vivo, in vitro biochemical characterization was further performed to confirm the functions 

of these three proteins. TtuA shows moderate sequence similarity to JamA 

(identity/similarity = 34%/51%) and was demonstrated to ligate medium-chain fatty acids 

to TtuC (Figure 3-5). To determine the substrate preference of TtuA, we set out to measure 

the kinetic parameters of TtuA toward fatty acids of different chain lengths. Due to the 

strong intrinsic ATPase activity of TtuA, an ACP loading assay followed by LC-HRMS 

analysis was used to obtain the kinetic data of TtuA by monitoring the formation of fatty 

acyl-TtuC. Comparison of the substrate specificity constants of TtuA showed that TtuA 

prefers the C10 fatty acid: the kcat/Km value for decanoic acid (27.73 ± 2.36 min–1 mM–1) 

was higher than those for other fatty acids of different chain lengths (Figure 3-13A, and 

Table 3-3), which is consistent with the observed starter unit for compound 11 biosynthesis. 

 

 

 

75

50

37

25

kDa

Lane Protein Size (aa) Size (kDa)

2 Membrane fraction from E. coli transformed with pETDuet-1 N/A N/A

3 Desaturase from Cyanothece sp. ATCC 51142 323 36

4 Desaturase from Schlesneria paludicola DSM 18645 322 36

5 Desaturase from Pseudomonas entomophila L48 319 36

6 Desaturase from Burkholderia pseudomallei K96243 303 34

7 Desaturase from Teredinibacter turnerae T7901 339 38

8 Desaturase from Inquilinus limosus DSM 16000 328 36

9 Desaturase from Psuedomonas fluorescens Pf5 285 32
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Figure 3-13. Biochemical characterization of TtuA, -B, and -C. (A) ACP loading assays 

monitoring the formation of fatty acyl-TtuC catalyzed by TtuA. TtuA concentration was 

maintained at 2 μM and concentration of TtuC was fixed at 25 μM. (B) LC-HRMS 

chromatograms showing that 9-decenoyl-TtuC (18) was converted by TtuB to 9-decynoyl-

TtuC (17) (trace i). 17 was undetectable in controls without TtuB (trace ii) or TtuC (trace 

iii). (C) Deconvoluted masses of 17 and 18 in HRMS analysis. The mass next to the 

expected one is from the fatty acyl-TtuC with an uncleaved start Met. 

 

 

Table 3-3. Substrate specificity constants of TtuA towards fatty acids of different chain 

lengths. 
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We then tried to reconstitute the activity of TtuB in vitro for terminal alkyne 

biosynthesis. We used the extracted TtuB-containing membrane fraction in enzymatic 

assays and the membrane fraction from E. coli transformed with an empty vector as a 

negative control. LC-HRMS analysis demonstrated that 9-decynoyl-TtuC (17) was 

successfully generated after the incubation of TtuA, -C, and the TtuB-containing 

membrane fraction with 9-decenoic acid and ATP, but it was not detectable in the controls 

without TtuB or TtuC (Figure 3-13B and C). These results unequivocally confirmed the 

role of TtuB as a terminal acetylenase that transforms a terminal alkenoyl-TtuC (18) to a 

terminal alkynoyl-TtuC (17). However, few turnovers were observed, probably due to the 

lack of an efficient electron transport system and reducing equivalents in vitro, although 

the semipurified TtuB-containing membrane fraction could provide these essential 

components to some extent56, 75. 

 

3.2.5 In Vivo Characterization of TtuB Using the E. coli-PKS Reporting System 

Because of the low activity of TtuB in vitro, we decided to take advantage of the in 

vivo reporting system for a detailed investigation of this newly identified acetylenase. We 

prepared two additional E. coli strains by omitting ttuA or ttuC from the strain XZ2. 9-

Decenoic acid was fed to all of the cultures. Deletion of ttuA decreased the titer of 11 by 

∼100-fold, as determined by selected MS ion monitoring, similar to the behavior of the 

jamABC system (Table 3-1 and Figure 3-10)75. To our surprise, omitting ttuC did not 

completely abolish the production of 11; instead, the titer of 11 was decreased by ∼100-

fold (Table 3-1 and Figure 3-10). In addition, the omission of both ttuA and ttuC still 

resulted in the production of a trace amount of 11 (Table 3-1 and Figure 3-10). These results 

show that unlike JamB, the reaction catalyzed by TtuB does not have a stringent 

requirement for the presence of TtuC. TtuB could presumably recognize 9-decenoyl-CoA 

or 9-decenoyl-ACP formed by an acyl-CoA ligase or an acyl-ACP synthetase endogenous 

to E. coli, albeit with a much lower efficiency. 

Since acetylenases are often reported to be able to catalyze two sequential O2-

dependent dehydrogenations of a C–C bond, the first introducing a double bond and then 

a triple bond40, 47, 75. we investigated the activity of TtuB on decanoyl-TtuC by feeding 

decanoic acid into the cultures of XZ2. LC-UV-MS analyses demonstrated that XZ2 was 

capable of producing compounds 11 and 6, while the production of 11 and 6 was 

completely abolished in the control strain without ttuB (Figure 3-14 and Table 3-1). These 

results show that TtuB is essential for the production of both the terminal alkene and alkyne 

functionalities. The production of 12, a byproduct with a saturated fatty acyl starter unit 

was also observed (Figure 3-14, Table 3-1, and Appendix E). Since HsPKS1 has no 

preference for starter units with different terminal functionalities, the efficiency in the 

production of 11, 6, and 12 is most likely determined by the activity of TtuB. Products 11, 

6, and 12 were produced in a ∼ 3:1:3 ratio in E. coli, indicating that TtuB was able to 

transform decanoyl-TtuC to 9-decynoyl-TtuC through a four-electron oxidation in a very 

efficient way (Figure 3-9A). The TtuB-catalyzed conversion of decanoyl-TtuC to 9-

decenoyl-TtuC and of 9-decenoyl-TtuC to 9-decynoyl-TtuC was estimated to be ∼86% 

and ∼75%, respectively (Figure 3-9A).  
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Figure 3-14. In vivo characterization of TtuA, -B, and -C. LC-UV-MS analysis (285 nm) 

showing the production of 11 and 6 by the strain XZ2 upon the feeding of decanoic acid 

(trace i). 12 was the major byproduct. The absence of ttuB (trace ii) abolished the 

production of 11 and 6. Culture extracts of the strain XZ2 fed with 9-decenoic acid is also 

shown for comparison (trace iii). 

 

We next scrutinized the acyl chain length specificity of TtuB by feeding nonanoic acid 

or 10-undecenoic acid to the cultures of XZ2 (Table 3-1). Kinetic data suggested that, 

similar to decanoic acid, 10-undecenoic acid could be effectively activated and loaded onto 

TtuC catalyzed by TtuA, but nonanoic acid was only weakly activated (Table 3-3 and 

Figure 3-13A). No production of the corresponding alkyne-bearing products was observed 

by selected MS monitoring, demonstrating that TtuB has a strict chain length specificity 

toward C10.  

 

3.2.6 Engineered Biosynthesis of an Alkyne-tagged Natural Product 

We next explored the incorporation of an alkynoic moiety into peptidyl epoxyketones, 

a class of medicinally active natural products. Peptidyl epoxyketones possess potent 

proteasome inhibition activities due to the presence of terminal epoxyketone 

pharmacophores. Therefore, these natural products have evolved as promising lead 

structures for the development of anticancer, anti-inflammatory, and antiparasitic drugs. 

We recently identified a minimum set of enzymes (EpnG, EpnH/EpxE, EpnF) required for 

generation of the peptidyl epoxyketones82. The hybrid NRPS/PKS assembly line features 

the incorporation of a variety of aliphatic (C6–C10) CoA thioesters by the actions of the first 

condensation (C) domain embedded in EpnG, suggesting that the recognition of the 9-

decynoyl unit would be likely. To de novo biosynthesize an alkyne-tagged peptidyl 

epoxyketone analog, we coexpressed epnGF, epxE, and ttuABC in the E. coli BAP1 strain 

(Figure 3-15) and fed 9-decenoic acid into the culture. LC-HRMS and LC-HRMS/MS 

analyses of the culture extracts showed the production of a putative alkyne-bearing peptidyl 
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epoxyketone analog 19 (Figure 3-16 and Appendix F) with a retention time and mass 

fragmentation patterns matching those of the compound synthesized through PDB (Figure 

3-16B, trace ii). The presence of the terminal alkyne moiety of 19 was further demonstrated 

using the triazole-forming azide-alkyne [3+2] cycloaddition reaction (Figure 3-17 and 

Appendix G). As expected, the deletion of ttuABC completely abolished the production of 

19 (Figure 3-16B).  

 

 
Figure 3-15. Schematic of E. coli BAP1 strain containing ttuABC, epnF, epnG, and epxE. 
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Figure 3-16. Engineered biosynthesis of 19 in E. coli. (A) Schematic of 19 formation in E. 

coli. C, condensation; A, adenylation; T, thiolation; KS, ketosynthase; AT, acyltransferase; 

ACP, acyl carrier protein; cMT, C-methyltransferase; TE, thioesterase; ACAD, acyl-CoA 

dehydrogenase. (B) Extracted ion chromatograms showing the production of 19 upon co-

expression of ttuABC, epnGF, and epxE. (trace i). The retention time and masses matched 

those of the compound produced by the E. coli strain upon the feeding of 7-octynoic acid 

and the co-expression of epnGF, and epxE (trace ii). Deletion of ttuABC (trace iii) 

completely abolished the production of 19. The calculated mass (m/z = 409.2697 [M+H]+) 

with a 10 ppm mass error tolerance was used.  

 

 

Time (min)

(i) TtuA, ttuB, ttuC, epnG, epxE, epnF
9-decenoic acid feeding 

(iii) EpnG, epxE, epnF
9-decenoic acid feeding 

(ii) EpnG, epxE, epnF
7-octynoic acid feeding 

TtuA

TtuC

TtuC EpnG EpnF

TtuB

EpnH/EpxEA

B 19

19



58 

 

 
Figure 3-17. The triazole-forming azide-alkyne [3+2] cycloaddition reaction of 19 with 

azido-probe 20. (A) Schematic of the triazole-forming azide-alkyne [3+2] cycloaddition 

reaction of 19 with azido-probe 20. (B) Extracted ion chromatograms showing the 

production of 21 upon the reaction with the culture extracts from the E. coli strain that 

coexpressed ttuABC, epnGF, and epxE (trace i), but not with the extracts from the E. coli 

strain that coexpressed epnGF and epxE (trace ii). The calculated mass (m/z = 1215.5465 

[M+H]+) with a 10 ppm mass error tolerance was used.  

 

3.3 Discussion 
 

Following our recent efforts on characterizing the first ACP-dependent terminal alkyne 

biosynthetic machinery from the marine cyanobacteria Moorea producens75, we here have 

screened additional homologous gene cassettes presumably involved in alkyne 

biosynthesis using both in vitro biochemical assays and the E. coli-PKS in vivo reporting 

system. We discovered and characterized a new terminal alkyne biosynthetic pathway from 

T. turnerae T7901 with altered substrate specificity compared to JamABC. Through both 

in vitro and in vivo analyses, we demonstrated that decanoic acid was activated and loaded 

onto TtuC by TtuA, and it was then modified by TtuB to form a terminal alkyne moiety. 

TtuB is thus a bifunctional desaturase/acetylenase that is specific for the C10 fatty acyl 

substrate. TtuB is also able to catalyze two sequential O2-dependent dehydrogenation 

reactions in E. coli. Compared to the JamB studies in which the feeding of hexanoic acid 

only led to the production of a trace amount of the terminal alkyne-bearing polyketide, our 

results from the decanoic acid feeding experiment demonstrate that TtuB is a much more 

efficient bifunctional desaturase/acetylenase than JamB in E. coli.  

Sequence alignment revealed that TtuB shares 44% identity and 60% similarity to 

JamB and has three conserved histidine cluster motifs (HX4H, HX2HH, and QX2HH; 

Figure 3-18). The conserved regions are proposed to be catalytically essential as ligands 

for the di-iron cluster of the enzyme. It is notable that the third histidine box domain in 

i

ii

+

A B

19 21

21

CuSO4, ascorbate

THPTA

11 12           13          14
Time (min)

20
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JamB aligns to the consensus sequence of Δ5-/Δ6-desaturases (QX2HH), consistent with 

the regiospecificity of JamB33, 43, 75. However, this His box is also conserved in TtuB, which 

raises an interesting question about the key residues of terminal acetylenases in 

determining the regiospecificity. TtuB, along with our previously characterized JamB, may 

thus serve as model enzymes for further mechanistic and structural studies of 

desaturases/acetylenases. 

 

 
Figure 3-18. Predicted membrane topology of TtuB. This model shows that TtuB contains 

four transmembrane domains with N and C termini oriented to the cytosol. The highlighted 

residues in blue represented the conserved histidine cluster motifs that are located on the 

cytoplasmic face of the membrane. These conserved histidine regions are believed to 

include the ligands for a diiron cluster at the catalytic site of the enzyme. The 

transmembrane regions were predicted by TOPCONS (http://topcons.cbr.su.se/). The TtuB 

model was drawn by Protter (http://wlab.ethz.ch/protter/start/). 

 

Further bioinformatic analysis showed that ttuABC are in proximity with genes that 

encode a membrane-bound desaturase, a dehydrogenase, and hypothetic proteins (Figure 

3-19), suggesting that they are likely involved in the biosynthesis of a polyyne metabolite 

in T. turnerae T7901. The elucidation of the functions of TtuA, -B, and -C in terminal 
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alkyne biosynthesis thus also facilitates the discovery of the corresponding alkyne-bearing 

natural products from T. turnerae by trapping metabolites from crude mixtures using the 

azide–alkyne bioorthogonal reaction39. Furthermore, this work expands the terminal alkyne 

biosynthetic toolbox that has wide applications in synthetic and chemical biology. 

 

 

 
Figure 3-19. Map of the putative polyyne biosynthetic gene cluster, deduced roles of genes 

as based on sequence homology. 

 

3.4 Materials and Methods 
 

3.4.1 Materials 

Phusion High-Fidelity PCR Master Mix (NEB) was used for PCR reactions. Restriction 

enzymes were purchased from Thermo Scientific. 9-Decenoic acid was purchased from 

Oakwood Chemical. d6-DMSO was purchased from Cambridge Isotope Laboratories, Inc. 

LB medium was purchased from EMD Chemicals. Other chemicals were obtained from 

Alfa Aesar or Sigma-Aldrich. 

 

3.4.2 Phylogenetic Analysis 

We searched for homologues of JamABC within the IMG/JGI database 

(http://img.jgi.doe.gov/) containing finished or permanent draft of sequenced genomes 

using default parameters. A cladogram of JamB homologues was made using default 

parameters in IMG/JGI. MEGA 6.06 was applied for sequence alignment and molecular 

evolutionary analysis of the JamA homologues. The consensus phylogenetic tree was 

constructed using the Neighbor-Joining method tested with Bootstrap with 1000 

replications. 

 

3.4.3 Bacterial Strains, Plasmids, and DNA Manipulations 

Selected genes from Pseudomonas entomophila L48, Burkholderia pseudomallei 

K96243, Burkholderia vietnamiensis G4, Stigmatella aurantiaca DW4/3–1, Cyanothece 

Teredinibacter turnerae T7901

A BCD E F G

1 kb

Gene Deduced role

ttuA acyl-ACP synthetase

ttuB membrane-bound desaturase/ acetylenase

ttuC ACP

ttuD putative membrane-bound desaturase

ttuE hypothetical protein

ttuF putative dehydrogenase

ttuG hypothetical protein
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sp. ATCC 51142, Teredinibacter turnerae T7901, Nocardia brasiliensis ATCC 700358, 

Cyanothece sp. PCC 7425, Schlesneria paludicola DSM 18645, and Inquilinus limosus 

DSM 16000 were synthesized with or without codon optimization as gBlocks (IDT). 

JamABC homologues from Pseudomonas fluorescens Pf-5 were PCR amplified from 

genomic DNA extracted from the bacteria. Pks18 was PCR amplified from genomic DNA 

extracted from Mycobacterium tuberculosis H37Rv. Hspks1, csyA, and oras were provided 

by I. Abe (the University of Tokyo), J. Zhan (Utah State University), and H. Zhao (the 

University of Illinois, Urbana–Champaign), respectively. Plasmid constructions were 

performed using standard protocols. Plasmids were purified from E. coli XL1-Blue with a 

QIAprep Spin Miniprep Kit and confirmed by DNA sequencing. 

 

 

Table 3-4. Genes investigated in this study. 

Name IMG gene ID 

Pseudomonas entomophila L48_acyl-ACP synthetase 638004367 

Pseudomonas entomophila L48_dsaturase 638004366 

Pseudomonas entomophila L48_ACP 638004365 

Burkholderia pseudomallei K96243_acyl-ACP synthetase 637571467 

Burkholderia pseudomallei K96243_desaturase 637571468 

Burkholderia pseudomallei K96243_ACP 637571469 

Burkholderia vietnamiensis G4_acyl-ACP synthetase 640184331 

Burkholderia vietnamiensis G4_desaturase 640184332 

Burkholderia vietnamiensis G4_ACP 640184334 

Stigmatella aurantiaca DW4/3-1_acyl-ACP synthetase 649691020 

Stigmatella aurantiaca DW4/3-1_desaturase 649691018 

Stigmatella aurantiaca DW4/3-1_ACP 649691019 

Cyanothece sp. ATCC 51142_1_acyl-ACP synthetase 641678255 

Cyanothece sp. ATCC 51142_2_desaturase 641678256 

Cyanothece sp. ATCC 51142_3_ACP 641678257 

Teredinibacter turnerae T7901_acyl-ACP synthetase (ttuA) 644917232 

Teredinibacter turnerae T7901_desaturase (ttuB) 644917235 

Teredinibacter turnerae T7901_ACP (ttuC) 644917234 

Nocardia brasiliensis ATCC 700358_acyl-ACP synthetase 2514652943 

Nocardia brasiliensis ATCC 700358_desaturase 2514652944 

Nocardia brasiliensis ATCC 700358_ACP 2514652945 

Cyanothece sp. PCC 7425_acyl-ACP synthetase 643585861 

Cyanothece sp. PCC 7425_desaturase 643585865 

Cyanothece sp. PCC 7425_ACP 643585862 

Schlesneria paludicola DSM 18645_acyl-ACP synthetase 2550737268 

Schlesneria paludicola DSM 18645_desaturase 2550737269 

Schlesneria paludicola DSM 18645_ACP 2550737270 

Inquilinus limosus DSM 16000_acyl-ACP synthetase 2523927253 
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Inquilinus limosus DSM 16000_desaturase 2523927251 

Inquilinus limosus DSM 16000_ACP 2523927252 

Pseudomonas fluorescens Pf-5_acyl-ACP synthetase 637317604 

Pseudomonas fluorescens Pf-5_dsaturase 637317605 

Pseudomonas fluorescens Pf-5_ACP 637317607 

 

Table 3-5.  Primers used in this study. 

Primer Sequence (5’3’) Note 

pXZ60_F_NdeI 
aaacatATGACTAGTATCGCG

CCTGA 

Used for overexpression of 

acyl-ACP synthetase from 

Burkholderia pseudomallei 

K96243 in pET-24b 
pXZ60_R_BamHI 

aaaggatcccgCGCGGTATCGCT

TTCCCATA 

pXZ79_F_NdeI 
aaacatATGAAGAGCGCCACC

TTGAA 

Used for overexpression of 

ACP from Burkholderia 

pseudomallei K96243 in 

pET-24b 
pXZ79_R_HindIII 

aaaaagcttTCGTCCGGCCGAC

AGCTCGG 

pXZ91_R_MfeI 
aaacaattgTCACGCGGTATCGC

TTTCCCATA 

Used for overexpression of 

acyl-ACP synthetase from 

Burkholderia pseudomallei 

K96243 in pCDFDuet-1 

pXZ88_R_KpnI 
aaaggtaccTCGTCCGGCCGAC

AGCTCGG 

Used for overexpression of 

ACP from Burkholderia 

pseudomallei K96243 in 

pETDuet-1 

pXZ102_F_BamHI 
aaaggatccgATGCCGCGTTCCG

CGGTCCG 

Used for overexpression of 

desaturase from Burkholderia 

pseudomallei K96243 in 

pETDuet-1 
pXZ102_R_NotI 

aaagcggccgcTTACGGGGCAA

TGCGCTTTT 

pXZ64_F_BamHI 
aaaggatccgATGAATTCTGTAA

TTGTCGA 

Used for overexpression of 

TtuA in pET-24b  

pXZ64_R_HindIII 
aaaaagcttGCGGACATAACTT

ACCCGCT 

pXZ80_F_NdeI 
aaacatATGACAACTGTAGAA

ACACT 

Used for overexpression of 

TtuC in pET-24b and 

pETDuet-1 
pXZ80_R_XhoI 

aaactcgagTTTCGCGGCAATA

AATTGCG 

pXZ172_F_NcoI 
aaaccatgggcATGACAACTGTA

GAAACACT 

Used for overexpression of 

TtuC in pCDFDuet-1 

pXZ172_R_PstI 
aaactgcagTTTCGCGGCAATA

AATTGCG 

pXZ92_F_MfeI 
aaacaattggATGAATTCTGTAA

TTGTCGA 

Used for overexpression of 

TtuA in pCDFDuet-1 

pXZ92_R_XhoI 
aaactcgagGCGGACATAACTT

ACCCGCT 
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pXZ101_F_NcoI 
aaaccatgggcATGAGTAATACA

TTTGACAA 

Used for overexpression of 

TtuB in pETDuet-1 

pXZ101_R_BamHI 
aaaggatccCTACGCCACTTTG

CGCTTTC 

pXZ67_F 

aacctcgggatcgaggaaaacctgtattttc

agggcgccATGGATGCTCGAA

TTAATAA 

Used for overexpression of 

acyl-ACP synthetase from 

Schlesneria paludicola DSM 

18645 in pSV272.1 

pXZ67_R 

gctagcccgtttgatctcgagtgcggccgca

agcttCTAAACCTCAGAAGAT

TCGGTTT 

psv272.1-F aagcttgcggccgcactcga 

psv272.1-R ggcgccctgaaaatacaggt 

pXZ82_F_NdeI 
aaacatATGATCTCTGCATCG

GACAT 

Used for overexpression of 

ACP from Schlesneria 

paludicola DSM 18645 in 

pET-24b and pETDuet-1 pXZ82_R_XhoI 

aaactcgagTGATCGCACCCGA

CTTTTCTGTTGGCTCACCAG

AA 

pXZ89_F_NdeI aaacatatgggttcttctcaccatca Used for overexpression of 

acyl-ACP synthetase from 

Schlesneria paludicola DSM 

18645  (pCR from pXZ67) in 

pCDFDuet-1 

pXZ89_R_KpnI 
aaaggtaccCTAAACCTCAGAA

GATTCGG 

pXZ99_F_BamHI 
aaaggatccgATGGACGATCAA

ATCATCAC 

Used for overexpression of 

desaturase from Schlesneria 

paludicola DSM 18645 in 

pETDuet-1 
pXZ99_R_HindIII 

aaaaagcttTCATCGATTTTCAC

CCTTCT 

pXZ146_F_NcoI 

ataattttgtttaactttaataaggagatatacc

atgggcATGATCTCTGCATCG

GACAT 

Used for overexpression of 

ACP from Schlesneria 

paludicola DSM 18645 in 

pCDFDuet-1 

pXZ146_R_NotI 

tacgattactttctgttcgacttaagcattatgc

ggccgcTGATCGCACCCGACT

TTTCT 

pXZ61_F_NdeI 

aaacatATGTATTTGTATGACG

ATAATAGAAGAGGCTCAGT

CCCCT 

Used for overexpression of 

acyl-ACP synthetase from 

Cyanothece sp. ATCC 51142 

in pET-24b and pCDFDuet-1 
pXZ61_R_XhoI 

aaactcgagAGCGGTTCTTTTTA

GGGTAA 

pXZ78_F_NdeI 
aaacatATGAATTCTCAACAA

CCCAC 

Used for overexpression of 

ACP from Cyanothece sp. 

ATCC 51142 in pET-24b and 

pETDuet-1 pXZ78_R_XhoI 

aaactcgagATCATTTTCTGCTA

AGTAATGGGATAAACTGTC

AATGGTA 

pXZ145_F_NcoI 
aaaccatgggcATGAATTCTCAA

CAACCCAC 
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pXZ145_R_NotI 
aaagcggccgcATCATTTTCTGC

TAAGTAAT 

Used for overexpression of 

ACP from Cyanothece sp. 

ATCC 51142 in pCDFDuet-1 

pXZ98_F_NcoI 
aaaccatgggcATGTCTGGGAAT

TATAAATT 

Used for overexpression of 

desaturase from Cyanothece 

sp. ATCC  51142  in  

pETDuet-1 
pXZ98_R_BamHI 

aaaggatccTTAAACAATTTTTT

TAGCTT 

pXZ57_F_NdeI 
aaacatATGCCTCATGCCTGTC

TGGC 

Used for overexpression of 

acyl-ACP synthetase from 

Psudomonas entomphila L48 

in pET-24b and pCDFDuet-1 
pXZ57_R_XhoI 

aaactcgagGGCCTGAAGTAAC

TCGCCGC 

pXZ77_F_NdeI 
aaacatATGGATAAGAAGACA

ACGAT 

Used for overexpression of 

ACP from Psudomonas 

entomphila L48 in pET-24b 

and pETDuet-1 
pXZ77_R_XhoI 

aaactcgagAGCTGCAGCAGTC

TCACTGG 

pXZ100_F_NcoI 
aaaccatgggcATGAACATGGA

AGTGCTGCC 

Used for overexpression of 

desaturase from Psudomonas 

entomphila L48 in pETDuet-

1 
pXZ100_R_BamHI 

aaaggatccTTATCCATGTTGCT

CTCCGG 

pXZ147_F_NcoI 
aaaccatgggcATGGATAAGAA

GACAACGAT 

Used for overexpression of 

ACP from Psudomonas 

entomphila L48 in 

pCDFDuet-1 
pXZ147_R_NotI 

aaagcggccgcAGCTGCAGCAG

TCTCACTGG 

pXZ65_F 

tagaaataattttgtttaactttaagaaggaga

tatacatATGACGCCACCGGAT

TCAGG 

Used for overexpression of 

acyl-ACP synthetase from 

Inquilinus limosus DSM 

16000 in pET-24b  

pXZ65_R 

tagcagccggatctcagtggtggtggtggtg

gtgctcgagCGCCGGAGTCCCC

GACGCGT 

pXZ130_F 

tagttaagtataagaaggagatatacatatgg

cagatctcATGACGCCACCGGA

TTCAGG 

Used for overexpression of 

acyl-ACP synthetase from 

Inquilinus limosus DSM 

16000 in pCDFDuet-1 

pXZ114_R 

cgacgtcagcgatcgcgtggccggccgat

atccaattgagCGCCGGAGTCCC

CGACGCGT 

pXZ81_F_NdeI 
aaacatATGACCGATGTAACC

GAGAC 

Used for overexpression of 

ACP from Inquilinus limosus 

DSM 16000 in pET-24b 
pXZ81_R_XhoI 

aaactcgagGGTTTCCTGCCCG

AGACGCT 

pXZ148_F 

ataattttgtttaactttaataaggagatatacc

atgggcATGACCGATGTAACC

GAGAC 

Used for overexpression of 

ACP from Inquilinus limosus 

DSM 16000 in pCDFDuet-1 

pXZ148_R 

tacgattactttctgttcgacttaagcattatgc

ggccgcGGTTTCCTGCCCGAG

ACGCT 
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pXZ123_F 
ATGACAGAACCGCAGACA

GT 

Used for overexpression of 

desaturase from Inquilinus 

limosus DSM 16000 in 

pETDuet-1 
pXZ123_R 

cttaagcattatgcggccgcTTAGCGC

TGCATTTCCTCTT 

pXZ123_Vector_F 
AAGAGGAAATGCAGCGCT

AAgcggccgcataatgcttaag 

pXZ123_Vector_R 

GCGGTTCCGGCGCGGCGCT

GACTGTCTGCGGTTCTGTC

ATcggatcctggctgtggtgat 

pXZ55_F_NdeI aaacatATGAACTACGCCGTG

CCTCG 

Used for overexpression of 

acyl-ACP synthetase from 

Psudomonas fluorescens Pf-5 

(PFL_0261) in pET-24b and 

pCDFDuet-1 

pXZ55_R_XhoI aaactcgagTGACAGGGCATCC

GTAGCAG 

pXZ72_F_NdeI aaacatATGTCCAATTTCATCT

CCAA 

Used for overexpression of 

ACP from Psudomonas 

fluorescens Pf-5 (PFL_0264) 

in pET-24b  
pXZ72_R_XhoI aaactcgagAACTTCGGATGTG

GTCAGTT 

pXZ125_F_EcoRI aaagaattcgATGGCCTGGCTGA

CGGTCGC 

Used for overexpression of 

desaturase from Psudomonas 

fluorescens Pf-5 (PFL_0262) 

in pETDuet-1 
pXZ125_R_HindIII aaaaagcttTCAGCTTTCTGAAG

GTTCTG 

pXZ144_F_NcoI 

ataattttgtttaactttaataaggagatatacc

atgggcATGTCCAATTTCATCT

CCAA 

Used for overexpression of 

ACP from Psudomonas 

fluorescens Pf-5 (PFL_0264) 

in pCDFDuet-1  

pXZ144_R_NotI 

tacgattactttctgttcgacttaagcattatgc

ggccgcAACTTCGGATGTGGT

CAGTT 

pXZ163_F 

atcttagtatattagttaagtataagaaggaga

tatacatATGAACGTCTCAGCT

GAGAG 

Used for overexpression of 

PKS18 in pETDuet-1 

pXZ163_R 

gttcaaatttcgcagcagcggtttctttaccag

actcgagTCACCGTCGGATGAT

GTCGA 

pXZ155_F 

atcttagtatattagttaagtataagaaggaga

tatacatATGGCTGCTTCAACT

GTTGC 

Used for overexpression of 

ORAS in pETDuet-1 

pXZ155_R 

gttcaaatttcgcagcagcggtttctttaccag

actcgagTCAATCCAGTTCAAC

ATTGT 

pXZ152_F_NdeI 
aaacatATGAACGTCTCAGCT

GAGAG 

Used for overexpression of 

PKS18 in pET24b 

pXZ152_R_NotI 
aaagcggccgcCCGTCGGATGA

TGTCGAACA 

*restriction site is underlined. 
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Table 3-6.  Plasmids used in this study. 

Plasmid Derived from Function 

pXZ60 pET-24b Expression plasmid for acyl-ACP synthetase from 

Burkholderia pseudomallei K96243 

pXZ79 pET-24b 

 

Expression plasmid for ACP from Burkholderia 

pseudomallei K96243 

pXZ91 pCDFDuet-1 Coexpression plasmid for HsPKS1 and acyl-ACP 

synthetase from Burkholderia pseudomallei K96243 

pXZ88 pETDuet-1 Expression plasmid for ACP from Burkholderia 

pseudomallei K96243 

pXZ102 pETDuet-1 Coexpression plasmid for desaturase and ACP from 

Burkholderia pseudomallei K96243 

pXZ64 pET-24b Expression plasmid for TtuA 

pXZ80 pET-24b Expression plasmid for TtuC  

pXZ92 pCDFDuet-1 Coexpression plasmid for HsPKS1 and TtuA 

pXZ97 pETDuet-1 Expression plasmid for TtuC 

pXZ101 pETDuet-1 Coexpression plasmid for TtuB and TtuC 

pXZ107 pETDuet-1 Expression plasmid for TtuB 

pXZ174 pETDuet-1 Expression plasmid for TtuB and ORAS 

pXZ175 pETDuet-1 Expression plasmid for TtuB and PKS18 

pXZ172 pCDFDuet-1 Expression plasmid for TtuA and TtuC 

pXZ67 pSV272.1 Expression plasmid for acyl-ACP synthetase from 

Schlesneria paludicola DSM 18645 

pXZ82 pET-24b 

 

Expression plasmid for ACP from Schlesneria paludicola 

DSM 18645 

pXZ89 pCDFDuet-1 Coexpression plasmid for HsPKS1 and acyl-ACP 

synthetase from Schlesneria paludicola DSM 18645 

pXZ94 pETDuet-1 Expression plasmid for ACP from Schlesneria paludicola 

DSM 18645 

pXZ99 pETDuet-1 Coexpression plasmid for desaturase and ACP from 

Schlesneria paludicola DSM 18645 

pXZ156 pETDuet-1 Coexpression plasmid for ORAS and desaturase from 

Schlesneria paludicola DSM 18645 

pXZ146 pCDFDuet-1 Coexpression plasmid for ACP and acyl-ACP synthetase 

from Schlesneria paludicola DSM 18645 

pXZ61 pET-24b Expression plasmid for acyl-ACP synthetase from 

Cyanothece sp. ATCC 51142 

pXZ78 pET-24b Expression plasmid for ACP from Cyanothece sp. ATCC 

51142 

pXZ96 pCDFDuet-1 Coexpression plasmid for HsPKS1 and acyl-ACP 

synthetase from Cyanothece sp. ATCC 51142 

pXZ93 pETDuet-1 Expression plasmid for ACP from Cyanothece sp. ATCC 

51142 
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pXZ98 pETDuet-1 Coexpression plasmid for desaturase and ACP from 

Cyanothece sp. ATCC 51142 

pXZ155 pETDuet-1 Coexpression plasmid for ORAS and desaturase from 

Cyanothece sp. ATCC 51142 

pXZ145 pCDFDuet-1 Coexpression plasmid for acyl-ACP synthetase and ACP 

from Cyanothece sp. ATCC 51142 

pXZ57 pET-24b Expression plasmid for acyl-ACP synthetase from 

Psudomonas entomphila L48 

pXZ77 pET-24b Expression plasmid for ACP from Psudomonas 

entomophila L48 

pXZ90 pCDFDuet-1 Coexpression plasmid for HsPKS1 and acyl-ACP 

synthetase from Psudomonas entomphila L48 

pXZ95 pETDuet-1 Expression plasmid for ACP from Psudomonas 

entomophila L48 

pXZ100 pETDuet-1 Coexpression plasmid for desaturase and ACP from 

Psudomonas entomophila L48 

pXZ157 pETDuet-1 Coexpression plasmid for ORAS and desaturase from 

Psudomonas entomophila L48 

pXZ147 pCDFDuet-1 Coexpression plasmid for ACP and acyl-ACP synthetase 

from Psudomonas entomphila L48 

pXZ65 pET-24b 

 

Expression plasmid for acyl-ACP synthetase from 

Inquilinus limosus DSM 16000 

pXZ81 pET-24b Expression plasmid for ACP from Inquilinus limosus 

DSM 16000 

pXZ158 pETDuet-1 

 

Coexpression plasmid for ORAS and desaturase from 

Inquilinus limosus DSM 16000 

pXZ148 pCDFDuet-1 

 

Coexpression plasmid for ACP and acyl-ACP synthetase 

from Inquilinus limosus DSM 16000 

pXZ55 pET-24b Expression plasmid for acyl-ACP synthetase from 

Psudomonas fluorescens Pf-5 (PFL_0261) 

pXZ72 pET-24b 

 

Expression plasmid for ACP from Psudomonas 

fluorescens Pf-5 (PFL_0264) 

pXZ160 pETDuet-1 Coexpression plasmid for ORAS and desaturase from 

Psudomonas fluorescens Pf-5 (PFL_0262) 

pXZ163 pETDuet-1 Coexpression plasmid for PKS18 and desaturase from 

Psudomonas fluorescens Pf-5 (PFL_0262) 

pXZ149 pCDFDuet-1 Expression plasmid for acyl-ACP synthetase (PFL_0261) 

and ACP (PFL_0264) from Psudomonas fluorescens Pf-5 

pXZ24 pCDFDuet-1 Expression plasmid for HsPKS1 

Oras pET15b Expression plasmid for ORAS from H. Zhao 

CsyA pET28a Expression plasmid for CsyA from J. Zhan 

pXZ159 pETDuet-1 Expression plasmid for ORAS 

pXZ166 pETDuet-1 Expression plasmid for PKS18 

pXZ152 pET24b Expression plasmid for PKS18 
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3.4.4 Protein Expression and Purification 

Soluble proteins purified in this work contained C-terminus hexahistidine tags or were 

fused with N-terminally His-tagged MBP. The expression plasmids were transformed into 

E. coli BL21-Gold (DE3) or BAP1 for protein expression. The cells were grown at 37 °C 

in 750 mL of LB medium with appropriate concentrations of antibiotics to an OD600 of 

0.4–0.6, followed by the induction with 0.1 mM isopropyl-β-d-thiogalactopyranoside 

(IPTG) for 16 h at 16 °C. The cells were harvested by centrifugation (4424g, 15 min, 4 °C), 

resuspended in 30 mL of lysis buffer (50 mM HEPES, pH 8.0, 300 mM NaCl, 10 mM 

imidazole), and lysed by homogenization on ice. Cell debris was removed by centrifugation 

(15 000g, 1 h, 4 °C). Ni-NTA agarose resin was added to the supernatant (1.5 mL/L of 

culture), and the solution was nutated at 4 °C for 1 h. The protein–resin mixture was loaded 

onto a gravity flow column, and proteins were eluted with increasing concentrations of 

imidazole in buffer A (50 mM HEPES, pH 8.0, 300 mM NaCl). Purified proteins were 

concentrated and buffer exchanged into HEPES buffer (50 mM HEPES, pH 8.0, 100 mM 

NaCl) with Vivaspin Turbo centrifugal concentrators. The final proteins were flash-frozen 

in liquid nitrogen and stored at −80 °C. Protein concentrations were determined by 

NanoDrop. The approximate recombinant protein yields for JamA homologues from 

Pseudomonas fluorescens Pf-5 (68 kDa), Pseudomonas entomophila L48 (63 kDa), 

Burkholderia pseudomallei K96243 (63 kDa), Cyanothece sp. ATCC 51142 (70 kDa), 

Teredinibacter turnerae T7901 (72 kDa), Inquilinus limosus DSM 16000 (94 kDa), and 

Schlesneria paludicola DSM 18645 (109 kDa) were 19.8 mg/L, 3.8 mg/L, 3.8 mg/L, 4.7 

mg/L, 1.7 mg/L, 1.2 mg/L, and 3.2 mg/L, respectively. The approximate protein yields for 

JamC homologues from Pseudomonas fluorescens Pf-5 (13 kDa), Pseudomonas 

entomophila L48 (10 kDa), Burkholderia pseudomallei K96243 (11 kDa), Cyanothece sp. 

ATCC 51142 (12 kDa), Teredinibacter turnerae T7901 (10 kDa), Inquilinus limosus DSM 

16000 (10 kDa), and Schlesneria paludicola DSM 18645 (10 kDa) were 7.0 mg/L, 4.6 

mg/L, 4.5 mg/L, 3.4 mg/L, 4.0 mg/L, 5.9 mg/L, and 5.3 mg/L, respectively. 

For expression and purification of JamB homologues, plasmid containing jamB 

homologue or the empty pETDuet-1 vector was transformed into E. coli BL21-Gold (DE3) 

cells. The cells were grown at 37 °C in LB medium with 100 μg/mL carbenicillin to an 

OD600 of 0.4. The cells were then induced with 0.1 mM IPTG for 16 h at 16 °C. The cells 

were harvested by centrifugation (4424g, 15 min, 4 °C), resuspended in HEPES buffer (50 

mM HEPES, pH 8.0, 100 mM NaCl), and lysed by homogenization on ice. Cell debris was 

removed by centrifugation (10 000g, 10 min, 4 °C). The supernatant was further processed 

by ultracentrifugation (100 000g, 1 h, 4 °C) to collect the cell membrane. The membrane 

fractions from ttuB-overexpressing strain or E. coli transformed with a empty vector were 

used in the in vitro assays immediately. 

 

3.4.5 ACP Loading Assay 

For the initial screening of possible substrates for acyl-ACP synthetases, a typical 

reaction mixture contained 50 mM HEPES (pH 8.0), 2 mM MgCl2, 2 mM ATP, 1 mM 

TCEP, 5 mM fatty acids, and 10–100 μM holo-ACP. The reactions were initiated by the 

addition of 10–20 μM acyl-ACP synthetase. All of the reactions were incubated at RT 

overnight. For the kinetic studies of TtuA, a typical assay contained, in a total volume of 

100 μL, 50 mM HEPES (pH 8.0), 1 mM TCEP, 2 mM ATP, 2 mM MgCl2, 25 μM TtuC, 2 

or 5 μM TtuA (2 μM of TtuA for assays with nonanoic acid, decanoic acid and 10-
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undecenoic acid, 5 μM of TtuA for assays with 7-octenoic acid and lauric acid). Reactions 

were initiated by the addition of 25 μM acid substrates. At regular time intervals (0, 3, 5, 

10, 20 min for most assays except for assays with 7-octenoic acid in which 0, 10, 30, 60, 

120 min were used), 10 μL aliquots were quenched with 10 μL of 25% (v/v) formic acid. 

The mixture was then diluted to a final concentration of 1 μM of ACP and filtered by 

syringe filters (0.2 μm) to remove any precipitate. The resulting protein sample was 

processed by nanocapillary LC-HRMS analysis using a chip column (Agilent Zorbax 

300SB-C18, 5 μm; separation, 43 mm × 75 μm; enrichment, 4 mm 40 nL) in-line with a 

QTOF (Agilent 6510 Q-TOF LC/MS). A linear gradient of 3–95% CH3CN (v/v) over 8 

min in H2O with 0.1% (v/v) formic acid at a flow rate of 0.6 μL/min was used for analysis. 

MassHunter Qualitative Analysis software was used for data analysis, and the intact protein 

masses were obtained using a maximum entropy deconvolution algorithm. 

 

3.4.6 Type III PKS Assays on Acyl-ACPs 

For the study of type III PKSs activities on acyl-ACPs, a typical reaction mixture 

contained 50 mM HEPES (pH 8.0), 2 mM MgCl2, 2 mM ATP, 1 mM TCEP, 1 mM lauric 

acid, 100 μM holo-ACP, 10 μM acyl-ACP synthetase, 1 mM malonyl CoA, and 20 μM 

type III PKS. A typical positive control reaction mixture contained 50 mM HEPES (pH 

8.0), 1 mM TCEP, 1 mM lauryl CoA, 2 mM malonyl CoA, and 20 μM type III PKS. All 

of the reactions were incubated at RT overnight. The reaction was quenched by the addition 

of trichloroacetic acid to a final concentration of 5% (v/v). Precipitated proteins were 

removed by centrifugation. LC-HRMS analysis was performed on an Agilent Technologies 

6520 Accurate Mass QTOF LC/MS with an Agilent Eclipse Plus C18 column (4.6 × 100 

mm) using a linear gradient of 2–95% CH3CN (v/v) over 20 min followed by 15 min in 

95% CH3CN supplemented with 0.1% (v/v) formic acid at a flow rate of 0.5 mL/min. 

 

3.4.7 TtuB Activity Assay on 9-Decenoyl-TtuC 

9-Decenoyl-TtuC was first generated in situ by TtuA using the assay condition 

described above and then further processed in the TtuB activity assay. Particularly, 0.1 mM 

Fe(NH4)2(SO4)2, 500 u of catalase, and the TtuB-containing membrane fraction or the 

membrane fraction purified from the E. coli strain transformed with an empty vector were 

added to the reaction mixtures. A control reaction without substrate was set up under 

similar conditions except that TtuC was not provided in the assay. The membrane fraction 

was removed by centrifugation (21 000g, 4 °C) after 20 min of incubation. The supernatant 

was then diluted to a final concentration of 1 μM of ACP, followed by nanocapillary LC-

HRMS analysis as described above. 

 

3.4.8 In Vivo Screening for Active JamB-like Acetylenases 

For the initial screening, BAP1 strains transformed with the appropriate plasmids were 

grown in 25 mL of terrific broth (24 g/L yeast extract, 12 g/L tryptone, and 10 g/L NaCl, 

6 mL/L glycerol, pH 7.4) with the appropriate antibiotics at 37 °C to an OD600 of 0.8–1.0, 

followed by induction with 0.5 mM IPTG and supplementation of 1 mM fatty acid. For the 

detailed investigation of TtuA, -B, and -C activity in vivo, BAP1/pXZ92+pXZ101, 

BAP1/pXZ24+pXZ101, BAP1/pXZ92+pXZ97, BAP1/pXZ92+pXZ107, 

BAP1/pXZ166+pXZ172, BAP1/pXZ159+pXZ172, BAP1/pXZ174+pXZ172, and 

BAP1/pXZ175+pXZ172 cells were grown in 125 mL of LB medium with 100 μg mL–1 
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carbenicillin and 100 μg mL–1 spectinomycin at 37 °C to an OD600 of 0.4–0.6. The cells 

were harvested and concentrated 5-fold into 25 mL of fresh F1 medium (1L contains 3 g 

KH2PO4, 6.62 g K2HPO4, 4 g (NH4)2SO4, 150.5 mg MgSO4, 5 g glucose, 1.25 mL trace 

metal solution, 100 μM Fe(NH4)2(SO4)2, and 10 mL 100× vitamin solution) supplemented 

with 100 μg/mL carbenicillin, 100 μg/mL spectinomycin, 0.5 mM IPTG, and 1 mM fatty 

acid. After 48 h of growth at 20 °C, compounds were extracted from cell-free supernatant 

using ethyl acetate. The solvent was removed by rotary evaporation, and the residue was 

redissolved in methanol (0.5 mL) and analyzed by LC-UV-MS and LC-HRMS (20 μL 

injection) with an Agilent Eclipse Plus C18 column (4.6 × 100 mm). A linear gradient of 

2–95% CH3CN (v/v) over 20 min and 95% CH3CN for a further 15 min in H2O 

supplemented with 0.1% (v/v) formic acid at a flow rate of 0.5 mL/min was used for LC-

UV-MS and LC-HRMS analysis. LC-UV-MS analysis was performed on an Agilent 

Technologies 6120 Quadrupole LC-MS (with DAD). LC-HRMS analysis was performed 

on an Agilent Technologies 6520 Accurate Mass QTOF LC-MS. 

 

3.4.9 Calculation of TtuB Catalytic Efficiency in E. coli 

The feeding of decanoic acid led to the production of 11, 6, and 12 in a 3:1:3 ratio. A 

total of 100% of compounds 11 and 6 were derived from 9-decynoyl-TtuC and 9-decenoyl-

TtuC, respectively. Therefore, the actual conversion of 9-decenoyl-TtuC to 9-decynoyl-

TtuC catalyzed by TtuB in E. coli was ∼75%. The feeding of 9-decenoic acid led to the 

production of 11 and 6 in a 1:1 ratio, and part of compound 6 was derived from 9-decenoyl-

CoA prepared by an acyl-CoA ligase endogenous to E. coli. Based on the 75% conversion 

efficiency of TtuB to generate 9-decynoyl-TtuC from 9-decenoyl-TtuC, we estimated that 

∼33% of the uptaken 9-decenoic acid was converted to 9-decenoyl-CoA in forming 6 when 

9-decenoic acid was fed into the culture. By assuming that ∼33% of the uptaken decanoic 

acid was also converted to decanoyl-CoA in forming 12 in the decanoic acid feeding 

experiment, we estimated that ∼78% of compound 12 was from the decanoyl-CoA starter 

unit, while only ∼22% of 12 was from the leftover decanoyl-TtuC prepared by TtuA. The 

actual catalytic efficiency of TtuB from decanoyl-TtuC to 9-decenoyl-TtuC in E. coli was 

thus calculated to be ∼86%. 

 

3.4.10 Large-Scale Production, Purification, and Characterization of Compound 11 

For large-scale production, a 50 mL seed culture of XZ2 was inoculated into 5 L of LB 

medium supplemented with spectinomycin (100 μg/mL) and carbenicillin (100 μg/mL). 

After induction with IPTG, the strains continued to grow in F1 minimal medium 

supplemented with 1 mM of 9-decenoic acid at 20 °C for 2 days. Compound 11 was 

extracted from the cell-free supernatant using ethyl acetate. The solvent was removed by 

rotary evaporation, and the residue was redissolved in methanol. Compound 11 was 

purified using reverse-phase high-performance liquid chromatography (RP-HPLC) 

through an Inertsil ODS-4 column (4.6 mm i.d., 250 mm L, GL Sciences Inc.) with a linear 

gradient of 50–95% CH3CN (v/v) over 20 min followed by 5 min in 95% CH3CN at a flow 

rate of 0.8 mL/min. Fractions containing 11 were collected manually, concentrated under 

a vacuum, and dried to a white solid using a lyophilizer. These fractions were further 

purified by RP-HPLC with an Agilent Eclipse Plus C18 column (4.6 × 100 mm) using an 

isocratic program of 40% CH3CN (v/v) in H2O at a flow rate of 0.5 mL/min. The resulting 

purified compound 11 was dried and analyzed by HRMS and NMR. NMR spectra of 11 
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were recorded on a Bruker Biospin 900 MHz spectrometer with a cryoprobe in d6-dimethyl 

sulfoxide (d6-DMSO; Cambridge Isotope Laboratories). 

 

3.4.11 Biosynthesis of 19 in E. coli. 

BAP1/pXZ255 + pXZ256 + pXZ258, BAP1/pJL42 + pJL46 + pCOLADuet-1 empty 

vector cells were grown in 50 ml of LB medium with 100 μg/ml carbenicillin, 100 μg/ml 

spectinomycin, and 60 μg/ml kanamycin at 37 °C to an OD600 of 0.4–0.6. Subsequently, 

the cultures were supplemented with 1 mM IPTG, 1 mM serine, 1 mM leucine and 1 mM 

9-decenoic acid. After 48 h of growth at 20 °C, the culture broth and the cell pellets were 

separated by centrifugation. Peptidyl epoxyketones were extracted from cell-free 

supernatant (50 ml) using ethyl acetate. The solvent was removed by rotary evaporation, 

and the residue was redissolved in methanol (0.5 ml) and analyzed by LC/HRMS (20 μl 

injection). LC-HRMS analysis was performed on an Agilent Technologies 6520 Accurate 

Mass QTOF LC/MS with an Agilent Eclipse Plus C18 column (4.6 × 100 mm). A linear 

gradient of 2–95% CH3CN (v/v) over 20 min in H2O with 0.1% (v/v) formic acid at a flow 

rate of 0.5 ml/min was used. LC-HRMS/MS analysis was performed using the same 

program described above with the target mass (m/z 409.2697 [M+H]+) and a collision 

energy of 10 V around the retention time (18.6 min ± 1 min).  

 

3.4.12 Triazole-forming Azide-alkyne [3+2] Cycloaddition Reaction 

To confirm the terminal alkyne functionality of 19, a typical reaction mixture contained, 

in a total volume of 50 μL, 30 μL of the culture extracts from 3.4.11, 22 mM THPTA, 44 

mM CuSO4, 60 mM ascorbic acid and 1 mM probe 20. The reactions were performed in 

dark overnight at room temperature. LC/HRMS analysis was performed on an Agilent 

Technologies 6520 Accurate Mass QTOF LC/MS with an Agilent Eclipse Plus C18 

column (4.6 × 100 mm). A linear gradient of 40–95% CH3CN (v/v) over 20 min in H2O 

with 0.1% (v/v) formic acid at a flow rate of 0.5 ml/min was used. 
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Chapter 4. Directed Evolution of an Alkyne 

Biosynthetic Tool Enabled by a Fluorogenic 

Screening Platform 
 

Parts of this chapter have been adapted from the following with permission: 

Zhu, X., Shieh, P., Su, M., Bertozzi, C., Zhang, W. A fluorogenic screening platform 

enables directed evolution of an alkyne biosynthetic tool. Chem Commun 52, 11239-11242 

(2016). 

 

4.1 Introduction 
We recently reported the elucidation of a portable tri-gene cassette jamABC, which is 

capable of producing a thio-activated 5-hexynoyl moiety52, 75. JamB was demonstrated to 

be a weak bifunctional desaturase/acetylenase that catalyzed the insertion of a terminal 

double bond, then a terminal triple bond based on biochemical analysis. This gene cassette 

was further utilized for the in situ generation and incorporation of a terminal alkyne 

functionality into a couple of natural product scaffolds in E. coli without the feeding of 

alkynoic precursors. For example, a promiscuous type III polyketide synthase (PKS), 

HsPKS1, could accept a carrier protein-bound fatty acyl moiety, and consequently, a 

terminal alkyne-tagged polyketide 3 was produced in an E. coli strain (denoted XZ1) upon 

the co-expression of jamABC and hspks1 and feeding of 5-hexenoic acid75. Consistent with 

the in vitro biochemical analysis, our further in vivo study showed that upon the feeding of 

hexanoic acid, 3 was produced only in a trace amount (∼50 nM), while a major polyketide 

metabolite 22 was produced which bears a terminal alkane functionality retained from the 

fed alkane. Compounds 3 and 22 were produced by XZ1 in an approximately 7:1000 ratio. 

Since HsPKS1 showed no preference towards starter units with different terminal 

functionalities, the relatively low efficiency in the production of 3 was probably due to the 

poor activity of the membrane-bound bifunctional desaturase/acetylenase JamB in E. coli. 

To obtain a more efficient enzymatic tool for alkyne biosynthesis, a protein engineering 

approach, in particular directed evolution, was used here to optimize the 

desaturase/acetylenase activity of JamB in E. coli. 

 

4.2 Results 
 

4.2.1 Development of a Fluorogenic Screening Platform 

To quickly assess the protein engineering outcomes of JamB, we constructed a novel 

screening method based on the quantification of alkyne-tagged metabolites directly in their 

producing cell cultures. The design of the quantification platform has two components: the 

tagging of secreted polyketides through engineered biosynthesis with an alkyne moiety, 

followed by a click reaction with an azido fluorogenic probe (Figure 4-1)69, 70, 83, 84. 

Fluorogenic probes are endowed with a functionality that suppresses fluorescence. Its 

transformation during the click reaction creates a new functionality that no longer quenches 

the fluorescence of the underlying system, resulting in a fluorescence enhancement69, 70, 83, 
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84. Such probes offer significant advantages over fluorescent probes for a quick readout of 

a tagged metabolite when washing away unreacted probes is not feasible. In particular, the 

reaction of an azido fluorogenic probe with 3 is expected to result in a fluorescence 

enhancement that is dependent on the amount of 3. Although fluorogenic click reactions 

have been applied to visualizing and studying macromolecules69, 70, 83, 84, they have not 

been explored for extracellular metabolite quantification due to concerns about reaction 

specificity, selectivity, and sensitivity in complex cell cultures. 

 

 
Figure 4-1. Illustration of the screening platform for JamB mutants based on the 

quantification of alkyne-tagged extracellular metabolites using a fluorogenic click reaction. 

 

To test the reactivity of azido fluorogenic probes with 3, we cultured XZ1 in F1 medium 

fed with 5-hexenoic acid for two days (Figure 4-2A), and subsequently, cell-free 

supernatants were incubated with fluorogenic azidofluorescein (23), a Cu(I) catalyst 

generated in situ using CuSO4, ascorbate, and the ligand 2-[4-((bis[(1-tert-butyl-1H-1,2,3-

triazol-4-yl)methyl]amino)methyl)-1H-1,2,3-triazol-1-yl]acetic acid (BTTAA)69. The 

fluorescence signal of the XZ1 culture was ∼2-fold higher than that of the medium-only 

control (Table 4-1), demonstrating the success of the fluorogenic reaction albeit with a 

limited response range. We then evaluated the performance of additional azido fluorogenic 

probes, including di-pegOF (24), CalFluor 580 (25), and CalFluor 647 (26) (Figure 4-2B). 

Compared to 23, 24–26 showed significant fluorescence enhancement (>10-fold) upon 

incubation with XZ1 supernatants (Table 4-1). Among all of the tested probes, 24 gave the 

most consistent and reliable response and was thus chosen for further applications. It is 

also notable that the presence of cells in the reaction significantly decreased the 

fluorescence enhancement likely due to solid interference (Table 4-1), and cell-free 

supernatants were thus used for all subsequent experiments. 
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Table 4-1. Probes used in this study. 

Probe λex λem Folds of fluorescence enhancement of XZ1* 

Cell-containing 

cultures 

Cell-free supernatants 

23 500 515 -- 2x 

24 500 520 12x 20x 

25 592 610 14x 39x 

26 660 675 4x 12x 

*Folds of fluorescence enhancement were calculated as the ratio of the fluorescence of 

XZ1 to that of the medium-only control. 

 

 

Figure 4-2. Detection of the alkyne in E. coli cultures using a fluorogenic probe. (A) 

Schematic of the biosynthetic pathway of 3 in XZ1 and the fluorogenic reaction with 24. 

(B) Azido fluorogenic probes (23–26) tested in this study. (C) Fluorescence of the culture 

supernatants upon reaction with 24. Heterologous proteins expressed in each strain are 

shown under the corresponding strain names. One-fold fluorescence enhancement 
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corresponds to the signal obtained from the reaction with pure medium (∼500–1000 RFU). 

Error bars represent standard deviations from three measurements. 

 

To confirm that the fluorescence enhancement was due to the formation of triazole 

compounds, we prepared an additional control by incubating probe 24 with the cultures of 

an additional E. coli strain in which jamB was omitted (denoted XZ5). We have previously 

demonstrated that this control strain completely abolished the production of 375. No 

significant fluorescence enhancement was observed from the culture of XZ5 compared to 

the medium-only control (Figure 4-2C). High-resolution (HR) LC-MS analysis showed 

that the XZ1-containing reaction yielded the expected triazole compound 27 with the 

retention time and mass patterns matching those of the compound chemically synthesized 

using 3 and 24 as substrates (Figure 4-3 and Appendix H). No significant amount of 27 

was observed in the negative controls based on LC-HRMS, which is consistent with our 

fluorescence detection (Figures 4-2C and 4-3). 

 

 
Figure 4-3.  Extracted ion chromatograms (27: m/z = 832.3287 [M+H]+) showing the 

production of 27 upon the reaction with XZ1 supernatant (trace ii), but not with the XZ5 

supernatant (traces iii). The compound synthesized by a chemical reaction using pure 3 and 

24 is shown for comparison (trace i). The calculated mass with 10 ppm mass error tolerance 

was used. 

 

We then set out to determine the detection limit and linear response range for the 

alkynes. To mimic different alkyne titers, we added different amounts of pure alkyne to the 

cell-free supernatants of XZ5 and subjected the samples to the fluorogenic click reaction. 

Our results showed that alkynes in quantities as low as 50 nM could be detected, and a 

broad linear range of responses could be achieved by varying the amounts of the 

fluorogenic probe in the assays (Figures 4-4A and 4-5). We further applied this facile 

quantification platform to monitor the titer of the alkynes in different cultures over the 

course of 40 h after induction and the feeding of 5-hexenoic acid75 (Figure 4-4B). As 

expected, the fluorescence signal of the XZ1 culture increased steadily due to the 

increasing titer of alkynes. In contrast, no fluorescence enhancement was observed with 

XZ5 throughout the duration. 

ii)

iii)

12 13 14 15 16

Time (min)

7

i) 

27
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Figure 4-4. Quantification of the alkynes in E. coli cultures using 24. (A) The 

quantification curve for the fluorescence detection of alkynes using 0.75 μM 24. The inset 

shows the linear relationship between fluorescence enhancement fold change and alkyne 

concentrations, R2 = 0.98. (B) Fluorogenic assay-based monitoring of alkyne titers in the 

cultures of XZ1 and XZ5 during fermentation. One-fold fluorescence enhancement 

corresponds to the signal obtained from the reaction with pure medium (500–1000 RFU). 

Error bars represent standard deviations from three measurements. 

 

 
Figure 4-5. Linear detection ranges using different amounts of 24. One-fold fluorescence 

enhancement corresponds to the signal obtained from the reaction with pure medium. (A) 

When 3 µM of 24 was used, 0.05-50 µM of alkynes can be detected in a linear range, 

R2=0.95. (B) When 10 µM of 24 was used, 0.05-100 µM of alkynes can be detected in a 

linear range, R2=0.92. Error bars represent standard deviations from three measurements. 

 

4.2.2 Screening of JamB Variants with Enhanced Catalytic Efficiencies 

As the fluorogenic assay-based quantification of the alkynes worked in both large-scale 

shake flasks and small-scale 96-well culture plates, it could be used as a screening method 

to evolve JamB for improved activity. We first constructed a library of JamB variants by 

diversifying jamB (∼1 kb) randomly using error-prone PCR such that the average mutation 

rate was 1.5 amino acid mutations per kb. The mutant library of jamB was introduced into 

XZ5, which co-expressed jamC, jamA, and hspks1. After screening ∼1000 clones, we 

isolated three clones (XZ1_1–XZ1_3) that showed higher fluorescence signals than the 

control strain XZ1 expressing the wild-type jamB. Further LC-HRMS quantification 

confirmed increased titers of 3 from these mutants (Figure 4-6). 
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Figure 4-6. Relative efficiencies in the production of 3 compared to XZ1 when all cultures 

were fed with hexanoic acid. The efficiency of the wild-type JamB in the production of 3 

in XZ1 was set to be 100%. Error bars represent standard deviations from three 

measurements. 

 

Sequencing analysis of these three jamB mutants showed that the JamB mutants from 

XZ1_2 and XZ1_3 each contained one amino acid change at M5V and I23M, respectively, 

while the mutant from XZ1_1 contained three mutations at M5I, V189A, and K250N. We 

then examined the contributions of each amino acid mutation found in XZ1_1 by 

constructing the corresponding single mutant. M5I alone showed a large positive effect, 

whereas V189A and K250N had no obvious effect, consistent with the performance of the 

M5V mutant found in XZ1_2 (Figure 4-6). To probe the effect of amino acids with different 

properties at these two positions, we generated additional single mutants of JamB, 

including M5K, M5T, M5C, M5F, M5E, M5A, I23K, I23T, I23Y, I23V, I23E, and I23C, 

through site-directed mutagenesis. The best mutant, JamB-M5T, increased efficiencies in 

the production of 3 by ∼20-fold, compared to that of the wild-type upon the feeding of 

hexanoic acid (Figures 4-6, 4-7 and 4-8). These results showed that mutations at M5 and 

I23 altered JamB into a more efficient bifunctional desaturase/acetylenase in E. coli. It is 

also notable that JamB mutants seem to be expressed at the levels comparable to the wild-

type enzyme based on the SDS-PAGE analysis (Figure 4-9). A second round of directed 

evolution did not result in an improved alkyne production mutant. 

 

 
Figure 4-7. Relative efficiencies in the production of 3 compared to XZ1 when all cultures 

were fed with hexanoic acid (extended data). The efficiency of the wild-type JamB in the 

production of compound 3 in XZ1 was set to be 100%. Error bars represent standard 

deviations from three measurements. 
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Figure 4-8. Extracted ion chromatograms showing the efficiencies in the production of 3 

compared to the wild-type strain (XZ1) when all cultures were fed with hexanoic acid. 

Extracted ion chromatograms (3: m/z = 179.0703 [M+H]+, 22: m/z = 183.1016 [M+H]+) 

showed that compared to the wild type, the ratios between compounds 3 and 22 were 

increased by ~20-fold and ~2-fold from the strains expressing JamB-M5T and JamB-I23M, 

respectively. The calculated mass with 10 ppm mass error tolerance was used.  

 

 
Figure 4-9. SDS-PAGE analysis of membrane fractions of the engineered E. coli. 

Representative SDS-PAGEs showed that JamB-M5I/V and JamB-I23M seemed to be 

expressed at a level comparable to the wild-type (~36 kDa). 
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4.2.3 Proposed Molecular Mechanism of the Beneficial Mutations  

To better understand the molecular mechanism of the beneficial mutations that led to 

the increased efficiency of alkyne formation, we mapped M5 and I23 to a modeled structure 

of the JamB–JamC complex. The individual protein structures were modeled using 

HHpred85 with SCD141, 42 and CurA86 as templates, respectively, and then docked together 

using ClusPro (Figures 4-10 and 4-11). The resulting structure showed that I23 is located 

at the interface of the two proteins, and thus I23M likely benefits the interaction between 

JamB and JamC (Figures 4-10 and 4-11). M5 is located near the N-terminus of JamB, and 

interestingly, our recent characterization of JamB and its homologs CamB53, 75 

(identity/similarity = 95%/98%) and TtuB87 (identity/similarity = 44%/60%) demonstrated 

that their activities in E. coli were affected by the amino acids in the non-homologous N-

terminal region (Figure 4-12). This was further confirmed by the construction of chimeric 

JamB mutants with the N-terminal region replaced by the one from the more efficient 

desaturase/acetylenase TtuB or the less efficient CamB. The resulting JamB-TtuB and 

JamB-CamB mutants showed increased and decreased activity, respectively (Figure 4-6), 

and these data support the sensitivity of enzymatic activity toward the N-terminal amino 

acids. We further propose that M5T may promote the binding of JamB to ferredoxin33, 56, 

57, the possible electron donor since the recent crystal structure of the membrane-bound 

desaturase SCD1 suggested that its N-terminus lies along the electron donor-binding 

groove42. 

 

 
Figure 4-10. Modeled structure of the JamB–JamC complex. JamC and JamB are shown 

in red and beige, respectively. M1, M5, and I23 of JamB are highlighted in yellow, green, 

and blue, respectively. 

 



80 

 

 
Figure 4-11. Modeled structures of JamB, JamC, and JamB-JamC complex. Coulombic 

surfaces of JamB (A), and JamC (B) are oriented with their proposed interaction surface 

towards the viewer. Coulombic surfaces of the JamB-JamC complex are shown at different 

angles in (C) and (D). Electro-negative surface is shown in red, and electro-positive surface 

is shown in blue. 
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Figure 4-12. Sequence alignment of TtuB, CamB, and JamB. 

 

4.3 Discussion 
 

In summary, by taking advantage of a fluorogenic click reaction, we have developed a 

rapid and sensitive analytical platform that quantitatively detects extracellular alkyne-

tagged metabolites directly in fermentation cultures. We further applied this platform as a 

screening method to optimize an alkyne biosynthetic tool through protein engineering. In 

particular, a membrane-bound bifunctional desaturase/acetylenase JamB was evolved, 

resulting in a superior mutant with improved desaturase/acetylenase activity in E. coli. This 

result not only promotes the mechanistic understanding of the family of membrane-bound 

bifunctional desaturases/acetylenases, but it also yields an improved terminal alkyne 

biosynthetic tool that can be widely used in synthetic and chemical biology12-14, 26, 74, 88. 

TtuB    1                MD        P K        T         Q     L    P                   L    T      SR      L    V            IV  LMSNTFDNALAQPQTG   EGVS VA R K  KNARV  NDPG QAT KVIAY TI   L 
CamB    1                MD        P K        T         Q     L    P                   V    S      QK      I    I            VI  I...............   TKE. FK A T  ...SK  LNDY KGL TKHFL YN   A 

JamB    1                MD        P K        T         Q     L    P                   V    S      QK      I    I            VI  I...........MSMP   SKK. FK A T  ...SK  SNDY KGL TKHFL YN   T 

TtuB   61 G   A  L     IS   I LL GM  L   G   G HR FAHR FKT       L   G  V  L  AY  G  QLD    V  YL T L I M                V  L MV   L A  Y   QN       A         N   E  Y  L    T   FGF HY    F 

CamB   42 G   A  L     IS   I LL GM  L   G   G HR FAHR FKT       L   G  V  I  LW  P  SVE    I  WA S I M L                M  I AI   T I  A   WY       G         M   S  L  Y    A   SET RV    L 

JamB   46 G   A  L     IS   I LL GM  L   G   G HR FAHR FKT       L   G  I  I  LW  P  SVE    I  WA S I M V                M  I AI   T T  A   WY       G         M   S  L  Y    A   SQT SV    L 

TtuB  121  M   G V  WVA HRRHH  SD   DPHSP     G         RGL HAH GW  N       G I                                            L  M   Q AGE    Y   T     IH  TAL     HTCHT AEPEELNLR   L       V D
CamB  102  M   G V  WVA HRRHH  SD   DPHSP     G         RGL HAH GW  N       P V                                            V  L   C GAQ    S   V     EY  LPG     NPELL E..GIFGKL   W       T H
JamB  106  M   G V  WVA HRRHH  SD   DPHSP     G         RGL HAH GW  N       P V                                            V  L   C GAQ    S   V     EY  LPG     NPELL E..GIFGTL   W       T H

TtuB  181    N       L RD     IN  Y     LGL  P   GGI   SW GA  G LWGG V     A F  D                 LI   II  AI   V       L         KVT S L TE  T  PLTKA  DL FPI        A      TN  Y   T F    L 
CamB  160    N       L RD     IN  Y     LGL  P   GGI   SW GA  G LWGG V     M Y  E                 IV   LM  IL   I       V         EYP P Y AP  M  KTISK  RH VVW        T      HG  I   E L    F 

JamB  164    N       L RD     IN  Y     LGL  P   GGI   SW GA  G LWGG V     M Y  E                 IV   LI  IL   I       V         EYP P Y AP  M  KTISK  RN VVW        T      HG  I   E L    F 

TtuB  241 RMF V  S     SF H  G  PF   D S NN W AIPTFG SWQNNHH F  SA  GL                  Y SK  ET                              ML     F TH TWLNG  A R        G H A  F C      A       A PL      

CamB  220 RMF V  S     SF H  G  PF   D S NN W AIPTFG SWQNNHH F  SA  GL                  F TH  DS                              AI     V DN ILSIN  S A        K Q R  I V      E       T EN      
JamB  224 RMF V  S     SF H  G  PF   D S NN W AIPTFG SWQNNHH F  SA  GL                  F TH  DS                              AI     V DN ILSIN  S A        K Q R  I V      E       T EN      

TtuB  301 KWWQID     IW  EKLGL W V        E K                               I W           A   R  T   I   R V                             A YF  VF       S  RL PEH  R  K A                     
CamB  280 KWWQID     IW  EKLGL W V        E K                               L Y           V   K  S   L   K A                             G CL  LL       D  LP AKM  A  L .                     

JamB  284 KWWQID     IW  EKLGL W V        E K                               L Y           V   K  T   I   K A                             G CL  GL       D  LP AKM  A  L .                     
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Furthermore, this detection method for alkyne-tagged metabolites using azido fluorogenic 

probes can also facilitate the discovery of new alkyne-bearing natural products and the 

expansion of alkyne biosynthetic tools. 

 

4.4 Materials and Methods 
 

4.4.1 Ep-PCR and Construction of Mutant Library 

Ep-PCR procedure was modified from established protocols89. The reaction consisted 

of 0.35 mM dATP, 0.4 mM dCTP, 0.2 mM dGTP, 1.35 mM dTTP, 1.5 mM MgCl2, 1.5 

mM MnCl2, and 1 U Taq polymerase. The reaction mixture was submitted to 25 cycles of 

PCR: 95°C for 1 min, 50°C for 1 min, and 68°C for 1 min. The resulting PCR products 

were digested with DpnI, then Gibson assembled into pXZ44 that was pre-digested with 

NdeI/XhoI. The Gibson mixture was desalted, co-transformed with pXZ27 to electro-

competent BAP1 strain, and plated on LB agar containing 100 μg/mL carbenicillin and 100 

μg/mL spectinomycin. 

 

4.4.2 Mutagenesis of JamB 

Site-directed mutagenesis were performed using the standard QuikChange strategy 

using relevant templates. To make JamB with CamB N-terminus substitution, the first 4 

amino acids of JamB were deleted. To make JamB with TtuB N-terminus substitution, the 

first 4 amino acids of JamB were replaced with the first 15 amino acids of TtuB. All 

mutations were verified by DNA sequencing. 

 

Table 4-2. Primers used in this study. 

Primer Sequence (5’3’) Note 

pXZ43-B-F agtatattagttaagtataagaaggagatatacat Used for JamB mutant library 

generation. pXZ43-B-R aatttcgcagcagcggtttctttaccagactcgag 

pXZ167_F atgtcaatgccaatAgatgtgagcaaaaaa 
Used for creation of JamB (M5I) 

pXZ167_R ttttttgctcacatcTattggcattgacat 

pXZ168_F ttaatcgcaattatgCagtgtggatagttt Used for creation of JamB 

(V189A) pXZ168_R aaactatccacactGcataattgcgattaa 

pXZ169_F ccctttcgatagtaaTgaccagagtcggaa Used for creation of JamB 

(K250N) pXZ169_R ttccgactctggtcAttactatcgaaaggg 

pXZ205_F atgtcaatgccaGAGgatgtgagcaaaa Used for creation of JamB 

(M5E) pXZ205_R ttttgctcacatcCTCtggcattgacat 

pXZ206_F atgtcaatgccaACCgatgtgagcaaaa Used for creation of JamB 

(M5T) pXZ206_R ttttgctcacatcGGTtggcattgacat 

pXZ207_F atgtcaatgccaTGCgatgtgagcaaaa Used for creation of JamB 

(M5C) pXZ207_R ttttgctcacatcGCAtggcattgacat 

pXZ208_F atgtcaatgccaTTTgatgtgagcaaaa Used for creation of JamB 

(M5F) pXZ208_R ttttgctcacatcAAAtggcattgacat 

pXZ209_F atgtcaatgccaGCGgatgtgagcaaaa Used for creation of JamB 

(M5A) pXZ209_R ttttgctcacatcCGCtggcattgacat 

pXZ210_F gtcaaaaaccaAAtcaaatgattac Used for creation of JamB 

(I23K) pXZ210_R gtaatcatttgaTTtggtttttgac 



83 

 

pXZ211_F aagtcaaaaaccGAGtcaaatgattac Used for creation of JamB 

(I23E) pXZ211_R gtaatcatttgaCTCggtttttgactt 

pXZ212_F aagtcaaaaaccACCtcaaatgattaca Used for creation of JamB 

(I23T) pXZ212_R tgtaatcatttgaGGTggtttttgactt 

pXZ213_F aagtcaaaaaccTGCtcaaatgattaca Used for creation of JamB 

(I23C) pXZ213_R tgtaatcatttgaGCAggtttttgactt 

pXZ214_F aagtcaaaaaccTACtcaaatgattaca Used for creation of JamB 

(I23Y) pXZ214_R tgtaatcatttgaGTAggtttttgactt 

pXZ215_F aagtcaaaaaccGTGtcaaatgattaca Used for creation of JamB 

(I23V) pXZ215_R tgtaatcatttgaCACggtttttgactt 

pXZ216_F 
CGCAGCCGCAAACCGGGatggatg

tgagcaaaaaatc 

Used for creation of JamB-TtuB 

pXZ216_F1 

AAAcatATGAGTAATACATTTG

ACAACGCCCTCGCGCAGCCGC

AAACCGGGatg 

pXZ217_F AAAcatatggatgtgagcaaaaaatc 
Used for creation of JamB-

CamB 

*restriction site is underlined. 

 

Table 4-3. Plasmids used in this study.  

Plasmid Derived from Function 

pXZ27 pCDFDuet-1 Coexpression of JamA and HsPKS1 

pXZ43 pETDuet-1 Coexpression of JamC and JamB 

pXZ44 pETDuet-1 Expression of JamC  

pXZ167 pETDuet-1 Coexpression of JamC and JamB-M5I 

pXZ168 pETDuet-1 Coexpression of JamC and JamB-V189A 

pXZ169 pETDuet-1 Coexpression of JamC and JamB-K250N 

pXZ204 pETDuet-1 Coexpression of JamC and JamB-M5K 

pXZ205 pETDuet-1 Coexpression of JamC and JamB-M5E 

pXZ206 pETDuet-1 Coexpression of JamC and JamB-M5T 

pXZ207 pETDuet-1 Coexpression of JamC and JamB-M5C 

pXZ208 pETDuet-1 Coexpression of JamC and JamB-M5F 

pXZ209 pETDuet-1 Coexpression of JamC and JamB-M5A 

pXZ210 pETDuet-1 Coexpression of JamC and JamB-I23K 

pXZ211 pETDuet-1 Coexpression of JamC and JamB-I23E 

pXZ212 pETDuet-1 Coexpression of JamC and JamB-I23T 

pXZ213 pETDuet-1 Coexpression of JamC and JamB-I23C 

pXZ214 pETDuet-1 Coexpression of JamC and JamB-I23Y 

pXZ215 pETDuet-1 Coexpression of JamC and JamB-I23V 

pXZ216 pETDuet-1 Coexpression of JamC and JamB-TtuB 

pXZ217 pETDuet-1 Coexpression of JamC and JamB-CamB 
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4.4.3 Culture Conditions 

For quantification platform set up or identified JamB mutant verification, engineered 

BAP1 strains were grown in 100 mL LB medium with 100 μg/mL carbenicillin and 100 

μg/mL spectinomycin at 37 °C to an OD600 of ~0.4-0.6. The cells were harvested and 

concentrated 5-fold into fresh 20 mL F1 medium supplemented with 100 μg/mL 

carbenicillin, 100 μg/mL spectinomycin, 0.5 mM IPTG, and 1 mM fatty acid (hexanoic 

acid or 5-hexenoic acid). After 40 hr of growth at 20 °C, cell-free supernatants were used 

for subsequent plate-reader fluorescence measurements or extracted with ethyl acetate for 

LC-HRMS analysis. To monitor the alkyne titers in the cultures, we collected cell-free 

supernatants every a few hours during fermentation for subsequent fluorogenic assays. For 

directed evolution, BAP1 library were grown in 96-well plates. Each well contained 1 ml 

of LB medium supplemented with 100 μg/mL carbenicillin and 100 μg/mL spectinomycin. 

When cultures were grown at 37 °C to an OD600 of ~0.4, the cell pellets were separated 

from LB medium and suspended in 200 μL F1 medium supplemented with 100 μg/mL 

carbenicillin, 100 μg/mL spectinomycin, 0.5 mM IPTG, and 1 mM 5-hexenoic acid. After 

~2 days of growth at 20 °C, cell-free supernatants were separated from cell pellets, and 

were transferred to 96-well black plates for subsequent plate-reader fluorescence 

measurements. 

 

4.4.4 Preparation of membrane fractions of the engineered E.coli.  

Membrane fractions were prepared using a standard protocol87.   

 

4.4.5 Plate-Reader Fluorescence Measurements.  

Reactions were run in a 96-well black plate, and measurements were performed using 

a Tecan Safire Microplate Reader. Each well had 200 μL of sample containing 0.75 μM of 

probe, 5 mM ascorbic acid, 500 μM CuSO4, 100 μM BTTAA, and 190 μL of cultures. The 

reactions were performed in dark for 10 min at room temperature. For linear detection 

range determination, different concentrations of 24 (0.75, 3, 10 μM) and alkynes, and 

similar conditions were used.  

 

4.4.6 LC-HRMS Analysis 

LC-HRMS was performed on an Agilent Technologies 6520 Accurate Mass QTOF 

LC-MS with an Agilent Eclipse Plus C18 column (4.6 × 100 mm). A linear gradient of 2-

95% CH3CN (v/v) over 20 min and 95% CH3CN for a further 5 min in H2O supplemented 

with 0.1% (v/v) formic acid at a flow rate of 0.5 mL/min was used.  

 

4.4.7 Sequence Alignment Analysis.  

Amino acid sequence alignment of JamB, CamB, and TtuB was performed using on-

line program Clustal Omega. 

 

4.4.8 Protein Structure Modeling and docking 

Protein structures of JamB, JamC were modeled using on-line program HHpred85 using 

SCD141, 42 and CurA86 (Protein Data Bank entry 4ZYO/4YMK and 2LIU, respectively). 

JamC was then docked to the electro-positive surface of JamB near the substrate entrance 

using ClusPro90, 91.
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Chapter 5. Conclusion 
 

Parts of this chapter have been adapted from the following with permission: 

Zhu, X., Zhang, W. "Tagging polyketides/non-ribosomal peptides with a clickable 

functionality and applications." Front Chem 3:11 (2015). 

 

The work described here shows the discovery, characterization, and optimization of 

carrier protein-dependent terminal alkyne biosynthetic pathways, which further expanded 

our ability to tag major classes of natural products in E. coli using biosynthetic pathway 

engineering. These pathway-engineering strategies may be exploited to tag a wider range 

of PKs/NRPs though the success of this largely depends on the compatibilities of the 

natural product biosynthetic pathways with our terminal alkyne biosynthetic tools. For 

example, an alkynoyl fatty acyl precursor can be introduced to label many natural product 

families, including but not limited to PKs, PK-NRP hybrids, lipopeptides, and 

lipoglycopeptides, through strategies such as starter unit, extender unit, and tailoring unit 

engineering. Particularly, starter unit engineering can be generalized to label PKs and 

lipopeptides that naturally contain fatty acyl starter units. Extender unit engineering 

requires a promiscuous AT domain that is readily achievable through domain swapping or 

site-directed mutagenesis, and can possibly lead to the regiospecific introduction of an 

alkyne functionality into any PKs and PK-NRP hybrids inside living cells. In addition, 

since acylation/lipidation is one of the most common modification reactions in natural 

product biosynthesis, and the responsible transferases typically have relaxed substrate 

specificities toward various acyl donors, it is highly likely that a functionalized acyl chain 

can be incorporated into natural product scaffolds in a general fashion through promiscuous 

tailoring acyltransferases.  

It is still a long-standing goal to achieve efficient pathway engineering, whose success 

will partially rely on the investigations into the critical protein-protein interactions within 

the required biosynthetic pathways. The stringent recognition between ACPs and the 

bifunctional desaturases/acetylenases often becomes one of the bottlenecks for engineered 

biosynthesis of alkyne-tagged natural products. Since the ACP in general is the central hub 

for the operation of multiple biosynthetic enzymes, improved understanding of ACP 

interactions with alkyne forming desaturases would lead to a more efficient platform for 

the de novo biosynthesis of alkyne tagged natural products. Another possible bottleneck is 

the ACP recognition by the downstream PKS/NRPS megasynthases. The protein-protein 

interactions and substrate tolerance of PKS/NRPS, in particular PKS-KS domain, NRPS-

C domain and PKS-AT domain, also need to be investigated to facilitate efficient pathway 

engineering. In addition, exploring a more robust host other than E. coli for the 

heterologous reconstitution of terminal alkyne biosynthetic tools and natural product 

biosynthetic pathways will also possibly allow the efficient tagging of a wider range of 

natural products for various applications.  

Current known applications of natural product labeling have been limited to structural 

diversification of natural products for drug screening and mode of action studies through 

identification of protein targets and cellular localization. Indeed, broader applications of 

natural product labeling can be foreseen, ranging from natural product discovery to biology 

and enzymology. Firstly, a general approach to tag PKs, NRPs and PK-NRP hybrids with 
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chemical handles would greatly accelerate the purification process: the tagged natural 

products can be enriched and isolated using functionalized resins via click chemistry. 

Secondly, the tagged natural products can be easily visualized and traced, providing a 

unique opportunity to assess the natural roles of natural products. This is an emerging 

research field as it is now being realized that many natural products are molecules of 

adaptation that are produced for specific physiological or social reasons92. Despite a long 

history of natural product research, the natural roles of these compounds are only just now 

beginning to be understood. Last but not the least, the de novo biosynthesis of tagged 

natural products may permit in situ detection and quantification of natural products in 

producing cell cultures through coupling with fluorogenic probes. This strategy may lead 

to a natural product-based, quantitative, and high-throughput screening method, which can 

be leveraged to understand and engineer the biosynthesis of natural products for 

overproduction and diversification. 
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Appendices 
 

A. Selected gene cassettes homologous to jamABC.       
…                                 …            Moorea producens JHB 

…                                 …            Moorea producens 3L 

…                                           …            Pseudomonas fluorescens Pf-5 

…                                           …            Gloeobacter violaceus PCC 7421 

…                                           …            Burkholderia pseudomallei K96243 

…                                           …            Polaromonas sp. JS666 

…                                  …            Pseudomonas entomophila L48 

…                                           …            Burkholderia pseudomallei 1655 

…                                           …            Burkholderia pseudomallei Pasteur 

…                                           …            Burkholderia pseudomallei S13 

…                                           …            Burkholderia pseudomallei 1106b 

…                                           …            Burkholderia pseudomallei 406e 

…                                           …            Burkholderia vietnamiensis G4 

…                                 …            Cyanothece sp. ATCC 51142 

…                                     …            Burkholderia oklahomensis EO147 

…                                     …            Burkholderia pseudomallei 91 

…                                     …            Burkholderia pseudomallei 9 

…                                     …            Burkholderia pseudomallei B7210 

…                                     …            Burkholderia pseudomallei 7894 

…                                     …            Burkholderia pseudomallei 112 

…                                     …            Burkholderia pseudomallei NCTC 13177 

…                                     …            Burkholderia pseudomallei BCC215 

300 bp 
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…                                           …            Burkholderia ambifaria IOP40-10 

…                                           …            Burkholderia ambifaria MEX-5 

…                                           …            Streptomyces sp. Mg1 

…                                 …            Cyanothece sp. PCC 7425 

…                                           …            Teredinibacter turnerae T7901 

…                                           …            Burkholderia gladioli BSR3 

…                                           …            Collimonas fungivorans Ter331 

…                                 …            Cyanothece sp. ATCC 51472 

…                                           …            Mycobacterium rhodesiae NBB3 

…                                           …            Teredinibacter turnerae T8415 

…                                 …            Pleurocapsa sp. PCC 7327 

…                                           …            Teredinibacter turnerae T7902 

…                                           …            Teredinibacter turnerae T8602 

…                                 …            Burkholderia sp. WSM4176 

…                                 …            Fischerella sp. PCC 9339 

…                                           …            Burkholderia sp. KJ006 

…                                           …            Teredinibacter turnerae T8402 

…                                           …            Teredinibacter turnerae T0609 

…                                           …            Teredinibacter turnerae T8412 

…                                     …            Burkholderia pseudomallei MSHR346 

…                                           …            Teredinibacter turnerae T8513 

…                                           …            Teredinibacter sp. 991H.S.0a.06 

…                                     …            Burkholderia pseudomallei 1258b 

…                                     …            Burkholderia pseudomallei 1258a 
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…                                     …            Burkholderia pseudomallei 1026a 

…                                 …            Microcystis aeruginosa. PCC 9701 

…                                     …            Burkholderia pseudomallei 354a 

…                                           …            Teredinibacter turnerae 1133Y.S.0a.04 

…                                     …            Burkholderia pseudomallei MSHR1043 

…                                     …            Burkholderia pseudomallei Bp22 

…                                           …            Streptomyces somaliensis DSM 40738 

…                                 …            Schlesneria paludicola DSM 18645 

…                                           …            Burkholderia gladioli 3848s-5 

…                                     …            Burkholderia pseudomallei OS 

…                                     …            Burkholderia pseudomallei VEL 

…                                     …            Burkholderia pseudomallei NCTC 13392 

…                                     …            Burkholderia pseudomallei OB 

…                                     …            Burkholderia pseudomallei MARAN 

…                                     …            Burkholderia pseudomallei CB 

…                                     …            Burkholderia pseudomallei  

…                                     …            Burkholderia pseudomallei HBPUB10303a 

…                                     …            Burkholderia pseudomallei MSHR5858 

…                                     …            Burkholderia pseudomallei HBPUB10134a 

…                                     …            Burkholderia pseudomallei CS 

…                                           …            Pseudomonas fluorescens CHA0 

…                                     …            Burkholderia pseudomallei NCTC 13179 

…                                     …            Burkholderia pseudomallei NAU20B-16 

…                                     …            Burkholderia pseudomallei MSHR511 
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…                                     …            Burkholderia pseudomallei MSHR146 

…                                     …            Burkholderia pseudomallei NCTC 13178 

…                                         …            Burkholderia pseudomallei MSHR305 

…                                     …            Burkholderia pseudomallei MSHR520 

…                                           …            Burkholderia pseudomallei MSHR6137 

…                                     …            Burkholderia pseudomallei MSHR338 

…                                           …            Pseudomonas sp. PH1b 

…                                           …            Burkholderia sp. A1 

…                                   …            Stigmatella aurantiaca DW4/3-1 

…                                   …            Inquilinus limosus DSM 16000 

…                                   …            Nocardia brasiliensis ATCC 700358 

…                                           …            Pseudomonas sp. CMAA1215 

      

                         Acyl-ACP synthetase 

                         Fatty acid desaturase 

   ACP 

                 Hypothetical protein 

 

 

Organisms IMG gene ID 

Moorea producens JHB 651723298, 651723299, 651723300 

Moorea producens 3L 2506480038, 2506480037, 2506480036 

Pseudomonas fluorescens Pf-5 637317604, 637317605, 637317606, 

637317607 

Gloeobacter violaceus PCC 7421 637459340, 637459339, 637459338, 

637459337 

Burkholderia pseudomallei K96243 637571467, 637571468, 637571469 

Polaromonas sp. JS666 637944952, 637944950, 637944949 

Pseudomonas entomophila L48 638004367, 638004366, 638004365 

Burkholderia pseudomallei 1655 638532560, 638532559, 638532558 
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Burkholderia pseudomallei Pasteur 638548871, 638548870, 638548869 

Burkholderia pseudomallei S13 638555334, 638555335, 638555336 

Burkholderia pseudomallei 1106b 638853366, 638853367, 638853368 

Burkholderia pseudomallei 406e 2554296622, 2554296623, 2554296624 

Burkholderia vietnamiensis G4 640184331, 640184332, 640184333, 

640184334 

Cyanothece sp. ATCC 51142 641678255, 641678256, 641678257 

Burkholderia oklahomensis EO147 641917491, 641917493, 641917494 

Burkholderia pseudomallei 91 641957340, 641957343, 641957344 

Burkholderia pseudomallei 9 641965546, 641965549, 641965550 

Burkholderia pseudomallei B7210 641981180, 641981182, 641981183 

Burkholderia pseudomallei 7894 641989488, 641989490, 641989491 

Burkholderia pseudomallei 112 641997802, 641997805, 641997806 

Burkholderia pseudomallei NCTC 

13177 

642005769, 642005772, 642005773 

Burkholderia pseudomallei 

BCC215 

642013860, 642013863, 642013864 

Burkholderia ambifaria IOP40-10 642414261, 642414262, 642414263, 

642414264 

Burkholderia ambifaria MEX-5 642439095, 642439096, 642439097, 

642439098 

Streptomyces sp. Mg1 642799815, 642799816, 642799817, 

642799818 

Cyanothece sp. PCC 7425 643585861, 643585860, 643585859 

Teredinibacter turnerae T7901 644917232, 644917233, 644917234, 

644917235 

Burkholderia gladioli BSR3 650785403, 650785402, 650785401, 

650785400 

Collimonas fungivorans Ter331 651045582, 651045581, 651045580, 

651045579 

Cyanothece sp. ATCC 51472 2507499233, 2507499234, 2507499235 

Mycobacterium rhodesiae NBB3 2509040150, 2509040149, 2509040148, 

2509040147 

Teredinibacter turnerae T8415 2510921169, 2510921168, 2510921167, 

2510921166 

Pleurocapsa sp. PCC 7327 2509572149, 2509572148, 2509572147 

Teredinibacter turnerae T7902 2513684787, 2513684786, 2513684785, 

2513684784 

Teredinibacter turnerae T8602 2513845514, 2513845513, 2513845512, 

2513845511 

Burkholderia sp. WSM4176 2517023093, 2517023094, 2517023095, 

2517023096 

Fischerella sp. PCC 9339 2517064359, 2517064358, 2517064357 
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Burkholderia sp. KJ006 2519460978, 2519460979, 2519460980, 

2519460981 

Teredinibacter turnerae T8402 2520525246, 2520525245, 2520525244, 

2520525243 

Teredinibacter turnerae T0609 2520547792, 2520547791, 2520547790, 

2520547789 

Teredinibacter turnerae T8412 2520551983, 2520551982, 2520551981, 

2520551980 

Burkholderia pseudomallei 

MSHR346 

2520931702, 2520931705, 2520931706 

Teredinibacter turnerae T8513 2523893914, 2523893915, 2523893916, 

2523893917 

Teredinibacter sp. 991H.S.0a.06 2526115875, 2526115876, 2526115877, 

2526115878 

Burkholderia pseudomallei 1258b 2533407392, 2533407394, 2533407395 

Burkholderia pseudomallei 1258a 2533412971, 2533412973, 2533412974 

Burkholderia pseudomallei 1026a 2533418176, 2533418178, 2533418179 

Microcystis aeruginosa PCC 9701 2535021037, 2535021036, 2535021035 

Burkholderia pseudomallei 354a 2538676092, 2538676094, 2538676095 

Teredinibacter turnerae 

1133Y.S.0a.04 

2540979176, 2540979177, 2540979178, 

2540979179 

Burkholderia pseudomallei 

MSHR1043 

2546420985, 2546420986, 2546420987 

Burkholderia pseudomallei Bp22 2547980818,2547980819, 2547980820 

Streptomyces somaliensis DSM 

40738 

2549978067, 2549978066, 2549978065, 

2549978064 

Schlesneria paludicola DSM 18645 2550737268, 2550737269, 2550737270 

Burkholderia gladioli 3848s-5 2553302880, 2553302881, 2553302882, 

2553302883 

Burkholderia pseudomallei OS 2553809953, 2553809952, 2553809951 

Burkholderia pseudomallei VEL 2553818666, 2553818665, 2553818664 

Burkholderia pseudomallei NCTC 

13392 

2553823786, 2553823787, 2553823788 

Burkholderia pseudomallei OB 2553839427, 2553839429, 2553839430 

Burkholderia pseudomallei 

MARAN 

2553843834, 2553843835, 2553843836 

Burkholderia pseudomallei CB 2553856471, 2553856470, 2553856469 

Burkholderia pseudomallei  2554079689, 2554079690, 2554079691 

Burkholderia pseudomallei 

HBPUB10303a 

2554285189, 2554285190, 2554285191 

Burkholderia pseudomallei 

MSHR5858 

2554299793, 2554299794, 2554299795 

Burkholderia pseudomallei 

HBPUB10134a 

2554320546, 2554320545, 2554320544 
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Burkholderia pseudomallei CS 2554349410, 2554349409, 2554349408 

Pseudomonas fluorescens CHA0 2555667205, 2555667206, 2555667207, 

2555667208 

Burkholderia pseudomallei NCTC 

13179 

2555777518, 2555777519, 2555777520 

Burkholderia pseudomallei 

NAU20B-16 

2559234257, 2559234256, 2559234255 

Burkholderia pseudomallei 

MSHR511 

2559243894, 2559243893, 2559243892 

Burkholderia pseudomallei 

MSHR146 

2559247834, 2559247835, 2559247836 

Burkholderia pseudomallei NCTC 

13178 

2559254341, 2559254342, 2559254343 

Burkholderia pseudomallei 

MSHR305 

640656560, 640656564, 640656565 

Burkholderia pseudomallei 

MSHR520 

2563748606, 2563748607, 2563748608 

Burkholderia pseudomallei 

MSHR6137 

2570941644, 2570941647, 2570941648 

Burkholderia pseudomallei 

MSHR338 

2572900732, 2572900733, 2572900734 

Pseudomonas sp. PH1b 2576913863, 2576913862, 2576913861, 

2576913860 

Burkholderia sp. A1 2577226719, 2577226718, 2577226717, 

2577226716 

Stigmatella aurantiaca DW4/3-1 649691018, 649691019, 649691020 

Inquilinus limosus DSM 16000 2523927251, 2523927252, 2523927253 

Nocardia brasiliensis ATCC 

700358 

2514652945, 2514652944, 2514652943 

Pseudomonas sp. CMAA1215 2581774095, 2581774096, 2581774097, 

2581774098 
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B. HR-MS and UV spectra of 3, 4, 22. 
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C. HR-MS, HR-MS/MS and UV spectra of 5. 
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D. Deconvoluted masses of acyl-ACPs in HRMS analysis. 
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  acyl-ACP 

deconv-

oluted 

mass 

(amu) 

Hexano

yl-ACP 

Octano

yl-ACP 

Decano

yl-ACP 

Lauryl

-ACP 

Palmit

yl-

ACP 

Stearic-

ACP 

B. 

pseudomallei 

K96243 

exper. 12254.

34 

12282.

51 

12310.

42 

N/A N/A N/A 

theor. 12253.

14 

12281.

20 

12309.

25 

12337.

32 

12393.

41 

12421.4

6 

T. turnerae 

T7901 

exper. N/A 10852.

69 

10880.

72 

10909.

85 

N/A N/A 

theor. 10821.

98 

10852.

20 

10880.

25 

10908.

32 

10964.

41 

10992.4

6 

S. paludicola 

DSM 18645 

exper. 11085.

13 

11113.

32 

11141.

60 

11169.

2 

N/A N/A 

theor. 11084.

14 

11112.

20 

11140.

25 

11168.

32 

11224.

41 

11252.4

6 

C. sp. ATCC 

51142 

exper. 11795.

54 

11823.

57 

11851.

58 

11878.

64 

11934.

76 

N/A 

theor. 11794.

67 

11822.

72 

11850.

78 

11878.

84 

11934.

95 

11962.9

8 

P. 

entomophila 

L48 

exper. N/A 10580.

48 

10608.

55 

10636.

31 

10692.

53 

10720.6

8 

theor. 10551.

64 

10579.

70 

10607.

75 

10635.

85 

10691.

95 

10719.9

6 

I. limosus 

DSM 16000 

exper. N/A N/A 10813.

92 

10841.

88 

10897.

93 

10926.2

3 

theor. 10757.

14 

10785.

20 

10813.

25 

10841.

32 

10897.

41 

10925.4

6 

P. 

fluorescence 

Pf-5 

exper. N/A N/A 13265.

80 

13293.

56 

13349.

61 

13377.9

1 

theor. 13208.

14 

13236.

20 

13264.

25 

13292.

32 

13348.

41 

13376.4

6 
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E. HR-MS and UV spectra of 6, 11, and 12. 
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F. HR-MS and HR-MS/MS spectra of 19. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

m/z: 259.1652m/z: 241.1546

m/z: 172.1332m/z: 154.1226

m/z: 238.1438
m/z: 409.2697m/z: 391.2591
 denotes –H2O*

*

*

*

m/z

Compound 19 m/z 409.2697 [M+H]+

238.1385 241.1549
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G. HR-MS spectrum of 21. 
 

 

 

H. HR-MS spectrum of 27. 

 

 

m/z [M+H]+
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Error: 3.1 ppm
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