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Abstract 
 Almost all materials and chemical products enjoyed today, from plastics to vitamins, 

are directly derived from fossil fuels. Microbial cell factories can produce many of these 

products via biological, enzymatic conversion of sugar to the value-added product of interest. 

Cell factory production has inherent benefits compared to petrochemical synthesis in its 

sustainability, safety, and potential profitability. Efficient cell factories require the coaxing of 

living organisms, in this thesis, bacteria, into fundamentally changing their metabolism. Even 

the relatively basic metabolism of bacteria has evolved sophisticated interactions and 

regulation over billions of years, systems which we are not yet close to understanding in 

entirety. This thesis focuses on the use of synthetic biology, metabolic engineering, and 

bioinformatics for specifically improving the production of two high-value products, biotin, 

and lipoic acid, in Escherichia coli cell factories. Both biotin and lipoic acid cell factories are 

characterized by utilizing biosynthetic pathways, which require complex and toxic enzymes 

that act as bottlenecks for productivity. We use various tools and approaches to tackle some of 

these bottlenecks.  

We first build a free lipoic acid cell factory from the ground up. Through several 

iterations of development, we design, test, and discover ways to improve the productivity of 

the cell factory. In the end, this allows us to produce many-fold more lipoic acid than 

previously reported in a cell factory. Next, we focus on the main enzymatic bottleneck of the 

lipoic acid cell factory, Lipoyl Synthase (LipA). While not ultimately improving this step, we 

make some fundamental discoveries related to this bottleneck enzyme and the diversity of 

lipoic acid biosynthetic pathways in nature. The biotin pathway is limited in production by the 

enzyme Biotin Synthase (BioB). Using various bioinformatic tools coupled with biochemical 

analysis, we discover a new type of BioB. This new BioB type likely uses a never-before-seen 

mechanism, which has great potential for overcoming the critical bottleneck in biotin cell 

factory production. Finally, we engineer and discover novel electron-transfer strategies to 

BioB. These works present several improvements to both the productivity of lipoic acid and 

biotin cell factories, but also the fundamental understanding of these biosynthetic pathways 

and their bottleneck enzymes LipA and BioB. These can hopefully play a part in the goal of 

commercializing these cell factories, a small step in the right direction in transitioning from a 

fossil fuel-dependent society.  



vi 

Dansk Resumé 
 Næsten alle de materialer og kemikalier som vi nyder godt af i dag, stammer fra fossile 

brændstoffer. Mikrobielle cellefabrikker kan producere mange af disse produkter via biologisk, 

enzymatisk konvertering af sukker til merværdi skabende produkter. Cellefabrik baseret 

produktion har naturlige fordele i forhold til bæredygtighed, sikkerhed og potentiel 

profitabilitet. Effektive cellfabrikker kræver at ”overbevise” levende organismer, i denne 

afhandling, bakterier, til at fundamentalt ændre deres metabolisme. Selv den relative simple 

metabolisme fundet i bakterier har udviklet sofistikeret interaktioner og regulering som vi 

stadig ikke er tætte på at forstå i dybde. Denne afhandling fokuserer på brugen af syntetisk 

biologi, metabolic engineering, og bioinformatik til specifikt at øge produktionen af to 

højværdis produkter, biotin og lipoic acid. Både biotin og lipoic acid cellfabrikker er 

kendetegnet ved at benytte en biosyntese, som kræver komplekse og toksiske enzymer som 

agerer som flaskehalse for produktivitet. Vi bruger adskillige værktøj og tilgange til at håndtere 

disse flaskehalse. 

 Først bygger vi en lipoic acid cellefabrik op fra bunden. Via adskillige 

udviklingsiterationer designer, tester og opdager vi måder at forbedre cellefabrikkens 

produktivitet på. Til sidst er det muligt for os at producere flere gange mere lipoic acid end 

tidligere rapporteret. Herefter fokuserer vi på hoved-flaskehalsen i lipoic acid cellefabrikken, 

Lipoyl Syntase (LipA). Selvom det i sidste ende ikke lykkes af forbedre dette trin, iagttager vi 

flere fundamentale opdagelser ift. denne flaskehals enzym og lipoic acid biosyntese i naturen. 

Biotin biosyntese er begrænset af Biotin Synthase (BioB) i dens biotin produktion. Ved brug af 

flere bioinformatiske værktøj og biokemiske analyser, opdager vi en ny type BioB. Denne nye 

BioB type bruger en aldrig før set mekanisme som har stort potentiale for at løse den kritiske 

flaskehals i biotin cellefabriks produktion. Til sidst udvikler og opdager vi nye elektron-transfer 

strategier for BioB. Disse værker repræsenterer flere forbedringer til både lipoic acid og biotin 

cellfabrikker, men også til fundamental forståelse af disse biosynteser og deres flaskehals 

enzymer, LipA og BioB. Disse kan forhåbentligt spille en rolle i målet om at kommercialisere 

disse cellefabrikker, et lille skridt i den rigtige vej for bevæge os væk fra et fossil-brændstof 

afhængigt samfund. 
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Outline of the thesis 
The main body of this thesis is written as a collection of stand-alone manuscripts in 

various stages of completion. This is prefaced by an introduction reviewing the relevant 

background literature which laid the foundation for these works. Finally, a short conclusion 

discusses the implications, learnings, questions, and potential shortcomings of the presented 

work. 

 

Chapter I  

The overarching theme of this work is the use of various synthetic biology, metabolic 

engineering, and bioinformatics tools and approaches for solving complex enzymatic bottlenecks 

in industrially relevant E. coli cell factories. This Introduction chapter glances over the field of 

synthetic biology and metabolic engineering, briefly touching upon its past and possible future. 

Some of the important techniques and workflows applied in the thesis, such as the DBTL cycle, 

are described. Rational and multiplexed approaches to cell factory engineering and their 

differences are briefly touched upon, highlighting some key studies and techniques that in some 

ways have inspired work done in this thesis. To provide in-depth technical background 

knowledge, the chapter also goes into detail on the biosynthesis, regulation, and current 

understanding of the two cell factory molecules of focus, lipoic acid, and biotin. The 

biochemistry behind the bottleneck enzymes in these two biosynthetic pathways, the Radical 

SAM enzymes Lipoyl Synthase and Biotin Synthase, is likewise described in detail. Finally, it is 

discussed what makes these two enzymes problematic from a biotechnological viewpoint, 

namely the complexities of Iron-Sulfur requiring enzymes, focusing on E. coli and the previous 

work done to address these challenges. 

 

Chapter II  

Currently, Lipoic acid is produced exclusively by synthetic chemistry. In nature, it is produced 

by a short but complex biosynthetic pathway. In this chapter, we use rational design, 

metagenomic selections, and high-throughput screening of libraries of synthetic 

plasmid/expression architecture to demonstrate and optimize an E. coli cell factory in a small-
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scale setting. We scale this up to bench-top fed-batch reactors, producing free lipoic acid from 

glucose with the highest titer reported to date.  

Lennox-Hvenekilde, D., Bali, A. P., Gronenberg, L. S., Acevedo-Rocha, C., Sommer, M. O. 

A., Genee, H. J. (2021). Metabolic engineering of Escherichia coli for high-level production of 

free lipoic acid. Manuscript in preparation for submission. This work was initiated before the start of the 

Ph.D., but the majority was carried out during. 

 

Chapter III  

Continuing from Chapter II, where we realize that Lipoyl Synthase (LipA) only acting on a 

protein-bound substrate was a significant hindrance to the development of a cell factory, we 

attempt to obtain a natural LipA homolog or mutant that can produce free lipoic acid directly. 

To this end, we develop and implement a synthetic selection system, perform bioinformatic 

genome mining, protein engineering, and adaptive laboratory evolution. We do not identify a 

novel, free-acting LipA but gain valuable insights into the function of heterologous LipAs and 

the distribution of lipoic acid metabolism in nature, identifying a potentially novel octanoyl-

transferase independent de novo lipoic acid biosynthetic pathway. 

Lennox-Hvenekilde, D., Gronenberg, L. S., Acevedo-Rocha, C., Genee, H. J. (2021). Efforts 

towards developing a free-acting Lipoyl Synthase.  

 

Chapter IV 

Here, we switch our focus to another similarly complex enzyme, Biotin Synthase (BioB). This 

catalyzes the terminal enzymatic step, and is the bottleneck, of the biotin biosynthetic pathway. 

Using various bioinformatic discovery tools, we find that there exists unexpected but widespread 

BioB sequence diversity in the anaerobic microbial world. After characterizing some 

representative enzymes of this newly identified BioB group, in vitro and in vivo, we discover that 

they represent a new type of BioB with both a novel structure and mechanism. This Type II BioB 

does not destroy its auxiliary Fe-S cluster upon turn-over and thus has a far more energetically 

favorable enzymatic mechanism than the classic "sacrificial" BioB type known from E. coli. We 

evaluate this novel Type II BioB's potential use for cell factory purposes. 
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Lennox-Hvenekilde, D., Myling-Petersen, N., Krebs, C., Salomonsen, B., Verkleij, G., Caddell, 

B. J., Sommer, M.O.A, Gronenberg, L. S., Genee, H. J., Almo, S. C., Grove, T. L. (2021). A 

novel and widespread family of Biotin Synthase does not require iron-sulfur cluster 

destruction for sulfur insertion. Manuscript in preparation for submission 

 

Chapter V  

Working further with the complexities of BioB, both Type I and Type II, we hypothesize that 

the electron transfer may be the limiting factor for its catalysis. To study this, we perform 

bioinformatic genome mining for BioB-related electron carrier proteins (ECPs). We develop a 

USER-cloning-based platform to construct a large library of translational fusions between both 

Type I and Type II BioB, and various identified ECPs and respective oxidoreductases. We show 

that some of these synthetic fusion proteins function in vitro and observe indications that some 

may improve the catalysis of BioB in a cell factory setting. Additionally, we develop a selection 

system for the discovery of functional ECPs and show that this can be used to functionally mine 

metagenomic libraries for heterologous flavodoxins that are functional in E. coli. 

Lennox-Hvenekilde, D., Myling-Petersen N., Verkleij, G., Noord, A. V., Gericke, M., 

Salomonsen B., Gronenberg, L. S., Genee, H. J., Almo, S. C, Genee, H. J., Grove. T. L. (2021). 

Engineering and discovery of novel electron transfer strategies for the radical SAM enzyme 

Biotin Synthase. Work in progress - Was unable to finish experimental work at the partner university in 

N.Y. due to COVID-19 

 

Chapter VI  

In the conclusion, the works carried out are summarized while attempting to comment on its 

impact in relation to the state of the art and to compare it to the original goals set for this work. 

Additionally, we outline the future plans for ongoing projects as well as possible new directions 

of research and scientific questions inspired by this work. 
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Chapter I  

Introduction 
 

The state of Metabolic Engineering and Synthetic Biology 

The 19th and 20th centuries saw the rise of chemical engineering and synthetic chemistry. 

These disciplines have, in large part, laid the foundation on which the unprecedented standard 

of living we enjoy today was built. Products of the chemical industry are ubiquitous in daily life, 

from basic materials such as plastics in virtually all consumer goods to less obvious specialty 

chemicals like vitamins and amino acids in food, cosmetics, and dietary supplements. Most of 

the ~70.000 chemicals used by the global chemical industry today share a few characteristics in 

their production processes: they use feedstocks derived from petrochemicals, require high-energy 

input, and often produce potentially harmful byproducts and waste-streams1. Fortunately, 

increasing focus is put on the transition from fossil fuels to renewable energy, with more 

electricity than ever being produced by, e.g., solar, wind and hydropower. While technologies 

like these address the urgent need for green energy, they do not address the materials and 

chemicals produced from non-renewable feedstock originating from the oil and coal industry. 

While not on the same order of magnitude as the environmental footprint of the energy industry, 

the chemical industry uses considerable amounts of fossil fuels and contributes significantly to 

CO2 emissions. The global population is rising, and improving living standards in developing 

countries will continue to drive increasing demand for these compounds and materials that have 

become indispensable in modern society. 

“If the 20th century was the century of physics, the 21st century will be the century of biology.”   

- Craig Venter & Daniel Cohen (2004)2 
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The microbial cell factory - The manufacturing of value-added chemicals is one of the many 

fields that biology is set to revolutionize. Microorganisms have been used in biotechnology for 

the industrial production of value-added chemicals for decades. Citric acid and Penicillin, for 

example, are well-known chemicals produced exclusively by filamentous fungi in bioreactors 

since the early 20th century3. Discounting food and beverage fermentation, these were the first 

instances of cell factories, i.e., microorganisms that biologically convert a feedstock, usually 

sugar, into a value-added product of commercial interest, much like the eponymous “factory” 

(Figure 1). In contrast to chemical synthesis, a biological cell factory produces the chemical of 

interest from a renewable feedstock at ambient temperature and pressure while producing no 

toxic wastes. These early iteration of cell factories were in use before the discovery of the DNA 

double helix by Watson and Crick in the 1950’s4. They were natural producers of the chemical 

product in question. Any strain improvement efforts consisted of collecting naturally occurring 

strains of the cell factory microorganism or performing random chemical- or UV-induced 

mutagenesis, followed by laborious screening for potentially higher producers. Naturally, these 

early cell factories functioned as black boxes, with no insight into the cell's inner workings, and 

therefore no possibility of rationally engineering them for improved production or for 

discovering the causal mutations of any observed increase in production. 

 

Synthetic Biology and Metabolic engineering - The 1970s and ’80s saw the advent of molecular 

biology, ushered in by groundbreaking discoveries such as polymerase chain reaction (PCR) and 

Figure 1:  a| Traditionally chemicals, materials and fuels are produced in a chemical process using petrochemically 

derived feedstocks which are driven by synthetic chemical catalysts, often under high heat, pressure, and energy 

input. b| Many of these same fuels, chemicals and materials are possible to produce via a cell factory (biocatalyst) 

where a microorganism converts biological material, usually sugar, into the value-added product. These 

bioprocesses produce no toxic waste and generally much less green-house gasses. 
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the first example of heterologous gene expression, performed in Escherichia coli by Cohen & 

Boyer5,6. These technological breakthroughs were initially applied to and subsequently 

revolutionized medicine by allowing scientists to heterologously express and purify human 

proteins, like insulin, in microbial hosts such as E. coli or S. cerevisiae7. While these were 

technically the first genetically engineered cell factories, this pre-genomic era was limited to 

“simple” over-expression of a single gene/protein of interest. It was not yet equipped for the 

complexities of engineering genetic systems and metabolic networks8. Automated DNA-

sequencing throughput increased exponentially over the following decades, and several 

complete microbial genomes were sequenced. More recently, the cost of DNA-synthesis has 

gone the same route, logarithmically decreasing in price in much the same way as the number 

of transistors on a microchip, famously described by Moore’s Law, which has driven the 

explosion seen in computer science and information technology, that has re-shaped modern 

society9.  

Within the last decade, synthetic biology has come into its own, and these developments 

have paved the way for a more in-depth and systematic understanding of microbial metabolism 

and possibilities for the perturbation thereof, as well as the possibility to build novel genetic 

circuits and systems by forward engineering10. These developments laid the groundwork for the 

tremendous increase in the fields of metabolic engineering and synthetic biology, both 

academically and industrially, in the last decade (Figure 2). Metabolic engineering as an applied 

scientific field has the express goal for engineering and re-wiring the host cell's metabolism, often 

referred to as a cell factory, to improve the production of either a native chemical compound or 

Figure 2| The interest in Metabolic Engineering and Synthetic Biology has increased dramatically during the last 

decade (2009-2020). This is indicated by the number of publications discussing these topics in Pubmed (accessed 

15/02/21). Total funding into synthetic biology companies has followed the same trend (SynBioBeta, 2021) 
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a novel product. While the definition of Synthetic Biology is more fluid than that of metabolic 

engineering, it can basically be described as the process of using molecular biology techniques 

to build new-to-nature genetic constructs and, thereby, change cellular behavior in a beneficial 

way. One of the tenets of Synthetic Biology is the use of modular genetic parts that can be 

interchanged, tuned, and built into novel genetic circuits and systems, thus attempting to make 

biology into a formal engineering discipline11. Synthetic biology has been used for a number of 

applications, including landmark studies such as programmable cellular pattern formation12, 

building a complete synthetic genome13, or engineering the complex heterologous metabolism 

needed to produce artemisinin in S. cerevisiae14. Emerging genome editing technologies such as 

CRISPR15 are becoming household names and continue to drive this development, making the 

facile engineering of biology a reality16. With increasing interest from both academia and 

industry (Figure 2), it is likely only a matter of time until the potential of biology is unlocked, 

fulfilling its promise to further transform food, medicine, materials, and chemistry as we know 

it17. 

Table 1| Successfully implemented industrial bioprocesses using metabolically engineered microorganisms3,18,19. 

Product Cell factory Industry Companies 

1,3-Propanediol E. coli Bulk chemical building block Dupont, Tate & Lyle 

7-ADCA P. chrysogenum Antibiotic precursor DSM 

1,4-Butanediol E. coli Bulk chemical building block Genomatica 

Isobutanediol S. cerevisiae Advanced biofuel Gevo, Butamax 

Succinic acid E. coli Bulk chemical building block Myriant 

Polyhydroxyalkanoates E. coli Bulk chemical building block Metabolix 

Artemisinic acid S. cerevisiae Malaria drug Sanofi Aventis, Amyris 

 

Despite the incredible progress already made in the 21st century, the engineering of 

cellular metabolism is still not as straightforward as it may sound. There are several examples of 

successfully engineered cell factories used in industrial processes today (Table 1). However, 

there are many more instances where projects have failed. Even relatively simple organisms, 

such as E. coli, have evolved highly complex regulation and interactions within their metabolic 

networks to attain homeostasis. These extensive mechanisms have evolved and been optimized 

over ~4 billion years. Thus, engineering a cell factory that can produce a compound of interest 
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in a commercially attractive process still generally requires many years of research and many 

millions of USD investments3.  

The Design-Build-Test-Learn cycle 

The Design-Build-Test-Learn cycle (DBTL) has emerged as a general description of the 

workflow for iterative development of genetically engineered cell factories20, attempting to turn 

biology into a more formal engineering discipline. Each of these steps is an integral part of the 

process, and much work is being done in industry and academia to attempt to optimize each 

step, thus reducing the time and cost of each cycle. To initiate this workflow, a design is first 

formulated. This can be one or few rationally designed genetic circuits or millions of randomly 

generated, multiplexed variants. 

Figure 3| The Design-Build-Test-Learn cell factory engineering cycle describes the iterative process in which a cell 

factory is developed. Showing examples of technologies and workflows from each category, used for the work 

presented in this thesis. 
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Design - This could, for example, simply be choosing an enzyme to knock out to reduce flux 

towards unwanted byproducts based on a well-known biochemically described pathway. It may 

the design of synthetic Ribosomal Binding Sites (RBS) to modulate gene expression from a 

plasmid or the genome. It could also be the bioinformatic identification of novel enzymes, 

predicted to have improved characteristics compared to known enzymes. Many tools exist to 

this end, including RBS strength prediction21, MAGE oligo design22, enzyme discovery and 

sequence similarity tools23,24, and genome-scale modeling25, many of which have been used in 

this work. The Design phase often seeks to use a set of logical rules to predict the outcome of 

genetic perturbations, i.e., if you knock out Gene A, the metabolic flux will be redirected to 

Metabolite B. This can be scaled up to a more complex set of rules in the form of genome scale 

metabolic models26. However, due to the complexity of Biology, this usually does not work 

entirely as predicted, or the DBTL “cycle” would only require one iteration and, as such, would 

be a misnomer. For this same reason, one often seeks to test several hypotheses (designs) in 

parallel to increase the chance of a correct hypothesis, i.e., a design that improves the production 

phenotype. 

Build - While the design of genetic constructs is practically infinite in throughput, with the 

possible combinations only being limited by computational power and imagination, next the 

designs must be physically constructed in the Build phase. Targeted genomic deletions can be 

carried out in almost all organisms, with many of these protocols being driven by emerging 

CRISPR-Cas9 technology27. In bacterial cell factory engineering genetic constructs are often 

built as plasmids. DNA parts (i.e., genes, promoters, sensors, terminators, origins of replication, 

RBSs, etc.) can be obtained from synthetically synthesized DNA or naturally occurring DNA 

extracted from one or several organisms. Several databases and initiatives have been 

implemented to facilitate the sharing of these DNA-part, either simply as a sequence repository 

but also the physical DNA itself 28,29. These DNA parts can then be modularly assembled into 

plasmids with DNA-assembly technologies such as USER-cloning30 or Gibson-assembly31. They 

are then usually introduced into the microorganism by transformation and are ready for testing. 

By tweaking small parts of these assemblies, by, for example, randomizing the RBSs with 

degenerative primers, extremely high genetic diversity can quickly be obtained. Many high 

throughput methods can now generate genetic diversity in the magnitude of 1010 in a targeted 

but semi-random manner. Multiplexed genome engineering with MAGE can easily target 

thousands for genomic alterations simultaneously32, mutations can be introduced randomly by 
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error-prone PCR into a gene of interest33, or the power of natural evolution can be harness by 

performing Adaptive Laboratory Evolution (ALE)34. With these powerful diversity generating 

methods, it is often necessary to reverse engineer the strain, going from discovering an improved 

phenotype to the identification of the causative genotype rather than the other way around. 

Before we get ahead of ourselves, the genetically engineered construct or strain with an improved 

phenotype, usually the ability to produce more of the chemical compound of interest, must be 

tested and identified, sometimes among a multitude of variants with unchanged or detrimental 

phenotypes. 

Test - Testing constructs to identify an improved cell factory is often the bottleneck in throughput 

of the DBTL cycle35. High-throughput designing and building of novel biological systems has 

become relatively straightforward with more tools and techniques, like those mentioned earlier, 

continuously being developed. However, the testing phase has lagged somewhat behind. For 

many cell factory engineering projects, each construct, i.e., a strain of a microorganism, must be 

physically separated. Then they are tested individually by cultivating said microorganism, and 

subsequently, the resulting broth or cell lysate has the product of interest quantified via. 

analytical chemistry. While this classic screening process can usually be scaled down to 

screening in 96-well plates and can often be aided by robotic automation, this approach is 

generally not feasible for taking full advantage of the throughput possibilities afforded by the two 

preceding steps36. 

Higher throughput screenings can be performed if the phenotype can be linked to a 

fluorescent or colorimetric output. Suppose a fluorescent signal, usually in the form of Green 

fluorescent protein (GFP), can be coupled to production. In that case, constructs can be simply 

sorted by Fluorescent activated cell sorting (FACS), leaving only high producing/fluorescing 

cells37. To this end, genetically encoded biosensors are often used38. Biosensors use naturally 

occurring or engineered biological sensor elements, such as transcription factors (TF) or 

riboswitches. These bind the target molecule, the product of the cell factory, and undergo a 

conformational change. This can be coupled to transcription or translation of a reporter gene, 

such as GFP. Biosensors have been implemented successfully for screening, but also synthetic 

selection systems. While not always possible, selection can also be done more directly without 

using an engineered biosensor39. If the experiment is set up in a way where the phenotype directly 

confers a fitness benefit, selection pressure can be increase until only cells of interest survive40. 
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This synthetic selection approach has, for example, been done by linking intracellular product 

concentration to the expression of antibiotic resistance genes in the presence of antibiotics41. This 

is analogous to burning down the haystack to reveal the needle (selection) rather than sifting 

through the hay to find said needle (screening). 

Learn - Finally, the outcome should be used to learn and gain deeper insight into the cell 

factory’s engineered metabolism, guiding the next rounds of the DBTL cycle. What mutation 

does this strain with improved production contain, and why did this perturbation to the genome 

cause an improved phenotype? The Learn phase is not as well-defined as the previous three steps 

and often lacks a systematic approach or is omitted altogether3. Most often, the cell factory 

engineer manually formulates a few rational hypotheses/assumptions based on a handful of 

observations and his/her understanding of the metabolic network being engineered. However, 

with the emergence and increasing affordability of “omics” technologies (transcriptomics, 

proteomics, genomics, etc.), the Learn phase is becoming more data-driven42. Analyzing the 

resulting cell factory strain using omics can give insights and a wealth of data that can be used 

to directly improve design tools like genome-scale models43, descriptive statistics, or more 

advanced machine-learning44,45, to drive decision making for the next DBTL cycle. 

Rational and multiplexed approaches to the DBTL cycle 

 One might argue that the “holy grail” of the field is completely rational and forward 

engineering of biology. Civil engineers do not design, build and test 100 bridges to identify the 

one bridge that doesn’t collapse under stress. They use their understanding of physics to model 

and design a structurally sound bridge, hopefully on their first try. Unfortunately, 

understanding the complexities of biology is not at the level where cellular metabolism can be 

modeled predictably in most cases. To the end of decision-making for rational cell factory 

design, increasing effort is being directed at developing precise genome-scale metabolic 

models26, computational protein design47, and harnessing the increasing biological data 

available, e.g., by machine learning46. These techniques have been applied successfully in many 

published case studies; however, in reality, they are usually not applicable for every given 

situation or can only be used for one or few iterations of strain improvement, far from reaching 

the performance needed for an industrially relevant cell factory. While future leaps in 

computational power and biological systems understanding may change this, current 



Chapter I 

 

9 

 

metabolic engineering projects usually rely on both rational and multiplexed engineering 

approaches, performed iteratively (Figure 4).  

 

Figure 4| The general workflows and throughputs of rational and multiplexed engineering principles in metabolic 

engineering, indicated by grey arrows and their thickness. These two approaches are most often intertwined and 

iterative in nature, indicated by green arrows. 

 

These are also often called forward and reverse engineering, respectively, and while they can be 

separately defined, these two approaches are usually intertwined during an applied metabolic 

engineering project47. Both approaches are used successfully in industry and academia, alone 

and together. Both have their advantages and disadvantages in throughput, complexity, and 

chances of success depending on the situation. 

Rational, forward, metabolic engineering - Is generally limited by the current understanding 

of the metabolism that one attempts to engineering. If the system is well understood, the number 

of genetically diverse cells you can physically separate and screen in a meaningful manner is 

limiting. Some classic examples of this are over-expression of native or heterologous gene(s) in 
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the pathway of interest, deletion of gene(s) to increase flux to the product or decreasing flux to 

byproducts, removal of product importers to increase extracellular product concentration, 

deregulation of the pathway of interest and many more48. A couple of these are shown in Figure 

5. The targets are rationally chosen either by the scientist's intuition, which builds on experience, 

previously published data, models, and databases. In some cases, the pathway of interest is well-

defined, and one can simply choose one’s initial strategy by looking at a biosynthetic map of the 

pathway. The cell factory production of all oleochemicals, such as fatty acids, requires the 

common universal precursor, acetyl-CoA49. This compound is used for many other pathways 

that redirect flux away from the fatty acid synthesis in E. coli. Knowing this, Goh et al. (2014) 

knocked out pyruvate oxidase (poxB) and acetate kinase (ackA), reducing the flux from acetyl-

CoA to acetate and thus significantly increasing production of fatty acid derived methyl-ketones 

in their E. coli cell factory50. Over-expression of native or heterologous genes encoding the 

expected bottleneck enzyme(s) is often the first attempted strategy. In some microorganisms, like 

E. coli, this strategy can be conducted via a genetically malleable plasmid, orthogonal to the 

genome. This can be as simple as over-expressing one gene, or in other cases, 22 heterologous 

genes are needed to detect trace amounts of the non-native product with a complex pathway, 

vitamin B12, in E. coli51. After the cultivation of genetically defined constructs, extracellular 

product in the broth is quantified. This is generally done with low throughput but high-resolution 

techniques, e.g., analytical chemistry, signaling whether the rationally designed and targeted 

genetic perturbation causes the desired phenotype (higher product titers). 

Figure 5 | Representation of two common approaches to rational cell factory engineering. These include a| the 

deletion of competing chemical enzymatic reactions that potentially pull flux from the product of interest, and b|

Plasmid over-expression of genes encoding enzyme known to act as bottlenecks in the pathway being engineered. 
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Multiplexed, rational, metabolic engineering – At the interface between the two approaches, 

rational multiplexed engineering often requires some understanding of the system and a 

medium-high to high throughput in phenotype identification, depending on the project. The 

targets are still chosen rationally, however the perturbations needed for the intended phenotype 

are unknown. Rather than direct targeting of one or a few designs, multiplexing takes advantage 

of higher throughput techniques in the design and building of genetic diversity. A useful way to 

separate the definition of purely rational engineering from multiplexed rational engineering is 

whether the degree of diversity generation allows for the physical separation of defined mutants 

or not. This is sometimes referred to as singleplexing vs. multiplexing35. In multiplexed 

engineering, pooling libraries of genetically diverse cells generally requires a more qualitative, 

indirect approach to phenotype identification. If a selection system can be designed, this utilizes 

improved survivability in the face of selection pressure as a proxy for enhanced production. If 

an output, like an ever-popular fluorescent protein, is used, increased fluorescence indicates an 

improved phenotype, allowing for manual visible screening or fluorescence-activated cell 

sorting. If the product of interest makes it possible, this can be done using genetically encoded 

biosensors52.  

Figure 6| Two examples of multiplexed rational metabolic engineering. a| Libraries of ribosomal binding sites 

(RBS) can easily be engineering in front of each overexpressed gene of interest in the pathway. b| The path to the 

product of interest can be catalyzed more efficiently if a novel enzyme activity can be engineered by random 

mutagenesis, in this case, error-prone PCR. 

Though extremely high in throughput, biosensor-based screening techniques often have limited 

detection ranges, a high potential false positive rate, and only respond to intracellular input38. At 
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the same time, the actual interest usually lies in the extracellular fraction of the product. Any 

potentially improved mutants from this workflow would usually have to be rescreened by more 

labor-intensive quantitative approaches, like those used for rational metabolic engineering. 

Liu et al. (2017) utilized a naturally occurring phenylalanine responsive TF, coupled to a 

yellow fluorescent protein, as a biosensor53. They then built an RBS library in front of the limiting 

gene in the phenylalanine biosynthetic pathway, AroD, using randomly synthesized 

degenerative DNA. Using FACS, they identified cells from the RBS library with increased 

fluorescence and confirmed that they had improved phenylalanine production in fermentation. 

Recently Armetta et al. (2019) similarly identified an efficient biosensor for the rare sugar D-

psicose and coupled it with a fluorescence output54. Knowing the bottleneck enzyme for 

producing 3-epimerase but lacking knowledge of the function of this enzyme, they utilized 

epPCR to engineer D-psicose 3-epimerase. Screening this epPCR library by FACS identified a 

point mutant with 2x fluorescence output compared to the control and with a subsequent in vitro 

verified improved kinetic parameter for conversion of D-fructose to D-psicose. 

Multiplexed, reverse, metabolic engineering - When a multiplexed engineering project is 

executed, it is often carried out in the “reverse” of rational engineering. Due to a lack of 

understanding of the system or simply wishing for the highest possible diversity, scientists may 

seek to engineer it randomly or semi-randomly. This approach has the advantage that there is 

no bias in the targeting of perturbations based on the scientists' understanding, or perceived 

understand, of the metabolism being engineered. Here, the problematic part then comes in 

identifying the improved phenotype of interest, possibly among billions of cells. This approach 

generally requires the highest throughput in identifying phenotypes of interest. If an improved 

phenotype can be identified, standard practice is to demultiplex, often by -omics, to understand 

the cause of said phenotype.  

One emerging approach to this is functional metagenomics, where random, diverse 

libraries of metagenomic DNA are directly screened or selected for granting a novel or improved 

functionality55. The DNA from metagenomes, like those from fecal or soil samples, is purified, 

sheared, and can be cloned directly into expression plasmids that can be easily transformed into 

the microbial host of interest56. The amount of genetic diversity available from a metagenome is 

staggering and generally requires selection rather than screening to sample a meaningful subset 

of this diversity. This can be done by simple but powerful auxotrophic selection. Entcheva and 
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coworkers, for example, successfully identified a diverse set of metagenomic genes 

complementing a biotin auxotrophic strain of E. coli57. In this case, the study was purely 

academic, and they were not selecting for biotin biosynthesis genes that improve cell factory 

capabilities. Had they sought to utilize these discoveries for cell purposes, they would have 

continued the workflow in the rational engineering track, screening their functionally enriched 

library of biotin biosynthesis genes to identify one(s) granting increased production of biotin. 

Rather than first enriching the metagenomic library by functional, auxotrophic selection and 

then follow-up by screening, another possibility is directly wiring a target phenotype, improved 

production of a chemical compound to cell growth, e.g., by a synthetic selection system39,41. 

 

ALE is another well-suited example of this approach and is being used increasingly for industrial 

biotechnology and metabolic engineering efforts58. Taking advantage of the rapid generation 

time of industrially relevant microorganisms, usually E. coli or S. cerevisiae, and applying an 

artificial selection pressure, one can quickly evolve organisms with increased fitness, and 

possibly beneficial phenotypes, in the lab. The difficulty in this is choosing the correct selection 

pressure, with the highest chance of linking increased fitness to the ultimate end goal of a higher 

titer, yield, or productivity. Two common choices of selection pressure are the use of toxic 

Figure 7| Two examples of multiplexed, reverse engineering where the phenotype of interest allows the cell to 

survive selection. To elucidate the underlying causative genetic change, this needs to be identified. a| ALE towards 

a toxic product causes a genomic mutation to reduce toxicity of the product. b| Knockout of a bottleneck enzyme 

in the biosynthetic pathway of an essential product (no production is toxic) allows for identification of a 

complementing enzyme activity from an unknown gene originating from a metagenomic plasmid library. 
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Figure 8 | (R)-Lipoic acid 

antimetabolites or taking advantage of the toxicity of the product of interest. For example, 

Mundhada et al. (2017) adaptively evolved a synthetically sensitized strain of E. coli to tolerate 

up to 100 g/L serine, increased from an initial concentration of 3 g/L59. After whole-genome 

sequencing of the evolved strains, they were able to demultiplex by reverse-engineering the 

observed adaptive mutations by MAGE. This allowed for identifying the causative mutations 

and significantly improving serine production while gaining an improved understanding of the 

system, potentially useful for another metabolic engineering cycle. 

Experimental setups can often be designed to facilitate downstream demultiplexing. 

Continuing the example of ALE, standard practice is to evolve three or more replicates 

independently, to sort causative mutations from “piggy-backing” mutations quickly. Of course, 

the multiplexed workflow can also be reiterated without demultiplexing and understanding the 

underlying cause of the improved phenotype. This was previously the only option before the 

inner workings of cellular metabolism was elucidated. In the past, understanding the causative 

mutations of, for example, an iteratively antimetabolite selected production strain was 

practically impossible. This could often lead to strains with slow-growing or unpredictable 

phenotypes that were not conducive to further engineering. With the increased ease and 

affordability of omics technologies and ease for genetic manipulation, this is standard procedure 

today. 

Lipoic acid - Function, Biosynthesis, and Cell Factories 

Lipoic acid (Figure 8) is a sulfur-containing vitamin-like cofactor essential for all 

aerobically respiring organisms, including humans. As a cofactor, it functions as a “swinging-

arm” when attached to its cognate enzymes, shuttling reaction intermediates between the 

multiple active sites of the enzyme complexes to which it is attached60. In E. coli, the organism 

in which the lipoic acid metabolism is best understood, these are Pyruvate Dehydrogenase 

(PHD), 2-Oxoglutarate Dehydrogenase (OGDH), and the Glycine cleavage system 

(GCS/CCV)61 (Figure 9). Lipoic acid is covalently attached to the ε-amino group of a conserved 

lysine of a lipoylation domain. Of the three lipoylated enzyme complexes in E. coli, PDH is the 
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best-studied. This enzyme is a huge complex that consists of several copies of three distinct 

subunits. 

Biosynthesis - Lipoic acid derives from a C8 fatty acid precursor, octanoic acid. In the de novo 

biosynthesis of lipoic acid, this precursor is built on an acyl-carrier protein (ACP) via the fatty 

acid synthesis cycle. After elongating of the fatty acid-ACP to C8, the octanoyl moiety is 

“hijacked” by the lipoic acid biosynthetic machinery. N-octanoyl-transferase, an 

aminotransferase encoded by lipB in E. coli, performs this initial step. LipB catalyzes the octanoyl 

transfer from ACP via a two-step reaction. The moiety is first transferred from the ACP thiol to 

the LipB Cys-169 thiol, then to the lipoylation domain (D*) lysine ε-amino62. In E. coli, the three 

lipoylated proteins are the E2 of PDH and OGDH, AceF and SucB, respectively, and the H-

protein of the GCS. Octanoyl-D* serves as a substrate for Lipoyl Synthase (LipA), which inserts 

two sulfur atoms, producing dihydrolipoyl-D*. Before it can function as a cofactor, 

dihydrolipoyl must be oxidized into lipoyl by dihydrolipoyl dehydrogenase (E3/Lpd)63. Lipoic 

acid is now ready to function in one of the three enzyme complexes, depending on the lipoylation 

domain in question. Lipoic acid or octanoic acid can also be scavenged from the environment 

by Lipoate-protein ligase (LplA), which activates carboxylic acid with ATP before ligating to a 

lipoylation domain64. In the case of scavenging of octanoic acid, only the need for LipB is 

bypassed while LipA is still required for sulfur insertion to form the final product, lipoyl. 
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 Figure 9: a| The E. coli biosynthesis of lipoic acid requires the fatty acid synthesis, which produces the precursor 

Octanoyl-ACP. Octanoyl is transferred by octanoyl transferase (LipB) from the ACP to the lipoylation domains 

(H and E2) of one of the three lipoic acid requiring enzymes (D*). Lipoyl synthase (LipA) inserts two sulfur atoms 

into the head of the octanoyl moiety, generating dihydrolipoyl-D* as the final product. Hereafter, the lipoylated 

enzyme domains can function in their respective enzyme complexes. b| The TCA cycle requires lipoic acid for 

the activity of Pyruvate Dehydrogenase (PDH) and 2-oxoglutarate dehydrogenase (OGDH). c| The final enzyme 

complex requiring lipoic acid in E. coli is the Glycine Cleavage System (GCS).  
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Alternative bacterial biosynthetic routes to lipoic acid – While the E. coli version is the best-

studied, other, generally more complex lipoic acid biosynthetic pathways have been shown to 

exist in nature. In the Gram-positive model bacterium Bacillus subtilis, the first step of hijacking 

the C8-ACP moiety is catalyzed by the octanoyl transferase LipM, which surprisingly has a 

higher sequence similarity to E. coli LplA than LipB, as a function of convergent evolution65. In 

contrast to LipB, which shows no specificity towards lipoylation domains, the LipM octanoyl-

transferase only transfers octanoyl to the lipoylation domain of the GCS H-protein66. B. subtilis 

LipA can then act on octanoylated H-protein to generate the functional dihydrolipoyl cofactor. 

For transfer of the lipoyl moiety to the E2 domains of PDH or OGDH, an additional 

amidotransferase, LipL, is required67.  

LipL homologs are present in all Firmicutes utilizing lipoic acid, but not all utilize the 

same mechanism as Bacillus68. Listeria monocytogenes, for example, has no de novo production of 

lipoic acid, lacking any LipM, LipB, or LipA homologs, but instead scavenges it from its 

surroundings. It utilizes a lipoamidase, which hydrolyses protein-bound lipoyl. Free lipoic acid 

is then activated and transferred specifically to an H-protein by a ligase (LplA1 or LplA2). After 

that, LipL transfers lipoyl to PDH or OGDH in the same way as in B. subtilis. It generally seems 

that the H-protein of the glycine cleavage system is essential for lipoic biosynthesis in many 

organisms, having developed its lipoic acid relay as a “moonlighting” function in addition to its 

primary activity69. There also seems to be an important group of bacteria that, unlike the ones 

just described, rely solely on de novo produced lipoic acid, seemingly having no way to scavenge 

this cofactor from the environment70. Many of these are important human pathogens, and the 

lipoic acid biosynthetic machinery thus presents a potentially attractive target for novel 

antimicrobials. Recently there have been several discoveries of slight variations in these 

biosynthetic strategies, and there are likely many more undiscovered varying strategies currently 

used in nature71. 

Lipoic acid cell factories - Lipoic acid is increasingly used as a nutraceutical and antioxidant, 

with novel beneficial characteristics shown yearly72–74. In addition, lipoic acid is clinically 

approved for the treatment of diabetic neuropathy, which currently comprises the main market 

share of the molecule75. Like most other chemical products, lipoic acid is exclusively produced 

by chemical synthesis. The required sulfur insertion into the “head” of the molecule is complex 

and involves the use of toxic catalysts76. The chemical synthesis also produces a racemic mix of 
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lipoic acid. Since further costly and complex downstream processing is required to separate the 

enantiomers, the final product usually contains equal amounts of R- and S-lipoic acid. Only R-

lipoic acid is biologically active while S-lipoic acid has no activity, most likely reducing the 

activity of R-lipoic acid as an antimetabolite. With a growing market size and relatively high 

value, lipoic acid is a good candidate for sustainable production via a cell factory. Since only the 

R-enantiomer is bioactive, biological systems only produce this enantiomer. Attempts at 

developing a lipoic acid cell factory have been published, mainly using E. coli in which the lipoic 

acid metabolism is extensively studied.The main features of the lipoic acid biosynthetic pathway 

in E. coli were fully elucidated 25 years ago77,78. Despite this, only four peer-reviewed attempts at 

engineering a lipoic acid cell factory have been published. The strategies used for bacterial cell 

factories vary slightly but share the feature of feeding octanoic acid rather than utilizing the 

endogenously available octanoic acid pool (Table 2). As the final product of these cell factories 

is protein-bound lipoic acid, they require downstream processing to hydrolyze and release the 

lipoic acid. This requirement for an extra step after fermentation significantly reduces the 

throughput and accuracy of testing the genetic constructs. It imposes a substantial additional 

cost-driver and barrier for potential commercial production. 

Table 2 | Peer-reviewed lipoic acid cell factory engineering projects. *Final titer converted to yield on biomass for 

easier comparison to previous studies, using 0.5 g DW/ g glucose79, for S. cerevisiae grown on 20 g glucose/L 

Yield/Titer Organism Strategy Reference 

30 µg/L 

~3 µg/g DW* 

S. cerevisiae Overexpression of Gcv3p (glycine cleavage system 
lipoylation domain, LIP2 (octanoyl-transferase) LIP5 
(lipoyl synthase), LpA (Enterococcus faecalis Lipoamidase) 
with a leader peptide for mitochondria localization and 
two SAM synthases, also localized to the mitochondria. 
Only quantify free lipoic acid production. 
 

Chen et al., 202080 

5.25 mg/g DW E. coli AceF (truncated PDH E2 lipoylation domain), LipA, and 
LplA overexpressed from the plasmid. Octanoic acid 
feeding used. MetK over-expressed to no effect. Protein-
bound lipoic acid hydrolyzed in DSP (downstream 
processing). 
 

Sun et al., 201781 

0.12 mg/g DW E. coli Heterologous (P.fluorescens) LipA and LplA overexpressed 
from a plasmid. Production only increased under 
chaperone co-expression needed to prevent inclusion body 
formation. Octanoic acid feeding used. Protein-bound 
lipoic acid hydrolyzed in DSP. 
 

Moon et al., 200982 

75 µg/g DW P. 

reptilivora 
Media optimization with octanoic acid precursor feeding 
and ethanethiol as the optimal sulfur donor. WT strain 
used. Protein-bound lipoic acid hydrolyzed in DSP. 
 

Ji et al., 200883 
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The best performing example of a lipoic acid cell factory is by Sun et al. (2017)81. Here 

the authors utilize the over-expression of a truncated AceF protein, the lipoylated subunit of the 

PDH enzyme complex. Along with fed octanoic acid, truncated AceF serves as a substrate for 

the over-expressed LplA, generating octanoyl-AceF in large amounts. The over-expressed LipA 

then inserts sulfur to generate lipoyl-AceF that can be hydrolyzed and subsequently quantified. 

With this strategy, Sun et al. report the highest titer of biologically produced lipoic acid, resulting 

in 5.25 mg/g dry well weight, equaling a titer of ~7 mg/L. The authors also attempted to 

overexpress SAM synthase (MetK) for improved SAM-dependent LipA catalysis but found that 

this did not increase titers.  

The most recent lipoic acid cell factory study was done in S. cerevisiae by Chen et al. 

(2020)80. In this work, the authors take a different approach than those previously published. 

Considering the limitations mentioned above of protein-bound lipoic acid as a cell factory 

product, they focus on producing free lipoic acid directly using a heterologous lipoamidase 

activity from E. faecalis. In yeast, lipoic acid is produced only de novo in the mitochondria, 

attached to the glycine cleavage H-protein80. This is catalyzed by Lip2 (octanoyl-transferase) and 

Lip5 (lipoyl synthase), whereafter the lipoyl moiety must be transferred by Lip3 (amido-

transferase) from Gcv3p (Glycine cleavage system H-protein) to the lipoylation domains of 

Kgd2p (2-oxoglutarate dehydrogenase E2 domain) or Lat1p (pyruvate dehydrogenase E2 

domain). Enterococcus faecalis lipoamidase has previously been shown to efficiently de-lipoylate 

the same proteins in E. coli 84,85. Based on this, the authors assayed this lipoamidase for activity 

against the yeast homologs and found it to only work on Gcv3p in vitro. Overexpressing and 

translocating this heterologous efLpA to the mitochondria allowed for the production of 10 µg/L 

lipoic acid over three days from 20 g/L glucose. Subsequent overexpression of the two de novo 

lipoic acid biosynthesis genes, Lip2 and Lip5, did not improve titers further. However, when 

adding the overexpression of a mitochondrially targeted SAM synthetase (SAM2) and adding 

cysteine to the culture medium, the highest titer of ~30 µg/L was reached, prompting the authors 

to declare Lip5, which utilized SAM for its Radical SAM mechanism, and cysteine for Fe-S 

cluster formation, the bottleneck enzyme. Interestingly, while this strategy would seem to be the 

most promising of the ones reviewed due to its direct production of free lipoic acid, the 

production of lipoic acid is lower than any other published attempt (Table 2) and >1000-fold 

lower than the highest yield reached by Sun et al. (2017). This indicates some overlooked 

production bottlenecks or that S. cerevisiae is unsuited for lipoic acid cell factory production. 
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It should be mentioned that a few patents exist, claiming higher production of lipoic 

acid86–88. However, these patents have all been withdrawn, and as many of their claims are highly 

questionable, they will not be reviewed here. Finally, it should be touched upon that much work 

has been done to produce the precursor for lipoic acid, the medium-chain fatty acid, octanoic 

acid. Lozada et al. (2018) recently showed that E. coli K12 with only a C8-active mutant 

thioesterase could produce ~2 g/L of free octanoic acid without much difficulty89. When 

comparing grams per liter of octanoic acid to the previously reviewed milligram per liter lipoic 

acid producing cell factories, this indicates that the bottleneck is not in the supply of the fatty 

acid precursor but lies in the downstream pathway. Compared to similar products such as biotin, 

thiamine, and most other vitamins, lipoic acid has not seen many cell factory engineering efforts 

directed its way90. Though lipoic acid is a promising candidate for an industrial bioprocess, there 

is a long way to a commercially viable bioprocess. The dedicated biosynthesis of lipoic acid by 

E. coli is relatively straightforward and requires few steps when looking at a map of the pathway 

(Figure 9). However, the protein-bound nature of the pathway makes intermediates difficult to 

quantify and direct feeding of precursors impossible. This characteristic has likely hampered 

attempts at engineering a lipoic acid cell factory. 

Radical SAM enzymes with a twist - Lipoyl and Biotin Synthase 

Radical SAM enzymes are a superfamily of enzymes that utilizes reductive cleavage of 

SAM (s-adenosylmethionine) to generate a deoxyadenosyl radical, which is then used for a 

stereoselective H abstraction91. To generate the SAM radical, these enzymes use a 4Fe-4S 

cluster, which is generally coordinated by a conserved residue motif, CX3CX2C. Indeed, this 

motif was initially used to bioinformatically describe the Radical SAM enzymes as a 

superfamily92. Structural data of several Radical SAM enzymes have shown that the inorganic 

4Fe-4S cluster has three iron atoms ligated by cysteines, with the last free for coordination of 

the SAM93. The redox-active 4Fe-4S cluster initiates the reaction by transferring an electron to 

SAM, reductively cleaving it, forming the radical, which further reacts with the enzyme 

substrate (Figure 10|a)94. To date, a wide array of radical SAM enzymes have been 

characterized biochemically, all sharing the titular mechanism, their final reactions highly  
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 Figure 10: a| The trademark of all Radical SAM enzymes is the reductive cleavage of S-adenosylmethionine 

(SAM), generating a 5’-Deoxyadenosyl Radical and L-methionine. This reductive cleavage requires a 4Fe-4S2+ 

cluster to transfer the electron; this is called the Radical SAM 4Fe-4S cluster that all Radical SAM enzymes contain. 

The Radical SAM cluster can be “regenerated” by receiving an electron from NADPH, supplied by the flavodoxin-

flavodoxin reductase system in E. coli. b| Lipoyl Synthase (LipA) makes use of two 5’-Deoxyadenosyl Radicals to 

abstract two inactivated hydrogen atoms and insert two sulfur atoms from its auxiliary 4Fe-4S cluster in a stepwise 

manner, to produce a dihydroplipoyl moiety. c| Biotin synthase (BioB) functions in the same way as LipA but 

utilizes a 2Fe-2S auxiliary cluster as it only inserts one sulfur into its substrate, desthiobiotin, to produce biotin. 
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diverse and ubiquitous in almost all living organisms. These enzymes can be found catalyzing 

reactions crucial for DNA repair, cofactor biosynthesis, anti-viral activity, natural products, 

central metabolism, and much more95. Two special cases of Radical SAM enzymes catalyze a 

unique sulfur-insertion reaction needed as the final step in producing two cofactors: biotin and 

lipoic acid. Biotin Synthase (BioB) inserts one sulfur atom into the precursor, desthiobiotin, 

producing Biotin (Figure 10|c). In contrast, Lipoyl Synthase (LipA) inserts two sulfur atoms 

into an octanoyl moiety to produce lipoyl (Figure 10|b). Both enzymes have been the subject 

of controversy regarding the exact mechanism and sources of the sulfur inserted into their 

respective substrates. It is now widely accepted that these two unique and complex enzymes 

“sacrifice” a Fe-S cluster as their source of sulfur insertion96. These two enzymes require two 

equimolar of SAM and two electrons for reduction for each turnover. In E. coli, the electrons 

are thought to be supplied by Flavodoxin (FldA) and Flavodoxin reductase (Fpr), originating 

from NADPH. These components are often the ones used for in vitro enzymatic reactions97,98. 

While binding of Flavodoxin to the Radical SAM enzyme, Pyruvate Formate-Lyase 

Activating Enzyme, has been experimentally shown99,100, direct interaction has never been 

experimentally shown for BioB or LipA at it is unknown whether protein-protein interaction is 

required for electron-transfer or if these are the physiologically relevant in vivo partners.  

Since both act as suicide enzymes, destroying the iron-sulfur cluster cofactors for sulfur 

insertion, their catalysis is notoriously slow and potentially toxic. This destruction of the Fe-S 

cluster can release free iron, which can cause oxidative stress in vivo101–103. This is not an issue 

in their natural context, as their expression is extremely low, and only a few molecules of 

biotin and lipoic acid are needed as enzymatic cofactors per cell104. Contrary to this, it has 

recently been proven by McCarhty & Booker (2017) that the A-type Fe-S cluster carrier, NfuA, 

can continuously supply 4Fe-4S clusters to E. coli LipA in vitro105. In this way, LipA was 

observed to act catalytically for the first time, with multiple turnovers per monomer. This 

groundbreaking study has implications for both eukaryotic disease models and potential 

engineering of more efficient cell factories if this mechanism turns out to be relevant in vivo as 

well. Due to their essential roles in their respective pathways and complex mechanisms, there 

have been several attempts at improving catalysis and expression of Radical SAM enzymes, 

mainly by targeting regeneration of their Fe-S clusters. These will be reviewed in a later 

section. 
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Iron-sulfur clusters - Ancient and complex cofactors  

Iron-sulfur (Fe-S) clusters are ubiquitous cofactors that can be found in almost all living 

organisms. They emerged before the great oxidation event in the anaerobic world. Under 

anaerobic, highly reducing conditions, iron is soluble, meaning that Fe-S clusters can form 

spontaneously106. Iron has a reduction potential that is useful for biological reactions, and as 

such, iron cofactors were widely incorporate into primordial enzymes during the emergence of 

life on earth107. Unfortunately, oxygen species quickly destabilize and destroy any exposed Fe-S 

clusters. Due to this instability and the toxicity of free iron, especially aerobic organisms, have 

needed to evolve complex biosynthetic mechanisms and tight regulation to overcome these 

issues. Fe-S clusters exist in various structures, from simple single iron in, e.g., rubredoxin, to 

highly complex structures like the FeMo of Nitrogenase, requiring dedicated, specialized cellular 

machinery108. The most common types of Fe-S clusters are cubane 2Fe-2S and rhombic 4Fe-4S 

clusters, found among others in BioB and LipA. In most bacteria, including E. coli, these Fe-S 

clusters are generally produced by the sulfur mobilization (suf) and/or iron-sulfur cluster (isc) 

systems109. Other prevalent systems in nature include the nitrogen fixation (nif)110 in bacteria and 

the cytosolic Fe-S cluster assembly (cia)111 system in eukaryotes, which will not be reviewed here.  

While isc is generally thought to be the house-keeping system in E. coli, providing a 

constant flux of Fe-S cluster to E. coli’s ~150 Fe-S cluster proteins112, needed for keeping the 

metabolism running, the suf pathway is thought to be induced during stress conditions, such as 

oxidative stress or iron-limitation109. While E. coli has been the model organism for Fe-S cluster 

biogenesis, from a phylogenetic standpoint, it represents an outlier as most bacteria seem to use 

only the suf system while the isc system is limited to proteobacteria and eukaryotes113. There is 

still debate or lack of understanding of several parts, but the current working model regarding 

function and regulation of these systems in E. coli describes a complex cascade of chaperones, 

cysteine desulfurases, electron transfer proteins, and scaffold proteins (Figure 11). In E. coli, the 

sulfur incorporated into Fe-S clusters is generated by PLP-dependent L-cysteine desulfurases, 

IscS, SufS/SufE, or CsdA/CsdE109. However, the source of the iron is not as straightforward, 

and experimental evidence is still lacking. Due to the toxicity of free iron, especially in the 

presence of oxygen, life has adapted complex and carefully controlled cellular machinery for the 

import, handling, and delivery of Fe ions. Fe-donor such as FtnA and CyaY have been suggested 

as important actors114,115.  
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Iron and sulfur combine on a scaffold protein. IscU is the best-studied scaffold protein 

and has been biochemically proven to interact with IscS116. The initially formed IscU Fe-S cluster 

is thought to be a 2Fe-2S cluster. To form a 4Fe-4S cluster, a homodimer of 2Fe-2S-IscU must 

be reductively coupled with the aid of the isc ferredoxin (fdx)117. IscU then interacts with the 

ATP-hydrolyzing DnaJ/DnaK-like chaperones HscB and HscA, which greatly facilitate Fe-S 

cluster transfer to the carrier protein, though there is some speculation that this is exclusive to 

2Fe-2S clusters118,119. For the Suf system, biosynthesis of Fe-S clusters is carried out by two 

protein complexes SufSE and SufBCD. The SufSE desulfurase donates the sulfur to SufBCD. In 

the SufBCD complex, SufC provides the essential but unclear ATP-ase component, SufB is the 

actual Fe-S cluster binding scaffold, and SufD is thought to be important for iron entry into the 

protein complex120,121. SufBCD is then generally thought to transfer its Fe-S cluster to the SufA 

carrier protein. However, there is also an indication that SufA, and indeed IscA, can also be an 

intermediate carrier, donating to another carrier, like ErpA or NfuA before the cluster reaches 

its final destination. For example, during oxidative stress conditions, E. coli IscA and SufA do 

not interact directly with the Fe-S cluster-requiring essential proteins, IspG, and ispH. Instead, 

an oxidant-resistant ErpA/NfuA complex is used for delivery122. 

On the other hand, there have also been instances where the maturation protein/complex 

has been observed to donate directly to the target, e.g., SufBCD interacting directly with and 

donating a 2Fe-2S cluster to IscR and NsrR, which complicates matters further123. Besides the 

isc and suf systems, there is also evidence that the third desulfurase system in E. coli, CsdA/CsdE, 

can interact with the SufBCD complex and form a hybrid Fe-S cluster biosynthesis system124,125. 

To ensure efficient Fe-S cluster homeostasis, E. coli utilizes several layers of transcriptional and 

translational regulation to control the expression of the proteins of isc and suf operons (Figure 

11|a). The best-studied and most impactful regulation of Fe-S cluster homeostasis is that of the 

dual-function transcription factor (TF), IscR. If there are sufficient levels of Fe-S clusters, IscR 

binds a 2Fe-2S cluster, and this holo-form of IscR represses the isc operon126. Under stress 

conditions, such as iron limitation or oxidative stress, unbound, (apo)-IscR functions as an 

activator for the suf operon instead127. Another important regulator, the ferric uptake regulator 

(Fur), directly represses transcription of the suf operon in its holo-form, as well as indirectly 

activating the translation of isc by repressing expression of the small ncRNA, rhyB, which 

degrades the iscRSUA mRNA transcript. This mechanism has thought to be a response to iron-

limitation and Fur has been thought to act mainly in iron homeostasis.  
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Figure 11: a| The Iron-sulfur cluster (isc) and sulfur mobilization (suf) systems are the primary sources of Fe-S 

clusters in E. coli and are encoded in tightly regulated operons. Some of the known regulatory relationships are 

illustrated here. b| Biosynthesis of Fe-S clusters can be roughly split into three categories, each of which utilizes 

distinct proteins of the isc or suf operons or additional helper proteins not from these operons 109,113,128. First, a 

desulfurase and iron-donor protein interact transfers the two elements to the scaffold protein, which assembles the 
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Fe-S cluster with the aid of an ATP-hydrolyzing component. The Fe-S cluster is then transported to a carrier protein, 

often an A-type carrier, which delivers the Fe-S cluster to the target protein which needs it as a cofactor. 

 

Interestingly, Fur has recently been proven also to directly bind a 2Fe-2S cluster, in 

addition to Fe ions129. Though the implication of this novel observation regarding the regulation 

of Fe-S cluster biosynthesis is not yet clear, there is reason to believe that Fur may play a more 

prominent role than previously thought. Other TFs that sense oxidative stress and Fe-S cluster 

homeostasis, which are essential for suf or isc regulation, include NsrR130,131, OxyR132,133, and 

FNR/FnrS134,135. In addition to their already convoluted role in regulating isc and suf  (Figure 

11|a), the mentioned TFs also work on a global regulatory level, influencing the expression of 

hundreds of other genes, many of which are involved in oxidative stress response, chaperone 

regulation, iron, and sulfur uptake, and others that indirectly influence the assembly and delivery 

of Fe-S clusters. There is biochemical evidence that IscR regulates the expression of >20 other 

genes and Fur at least >100, directly, and probably many more indirectly136. The Fe-S cluster 

biosynthesis machinery, and their interactions with each other, have in the last two decades been 

thoroughly investigated by groundbreaking biochemical and biophysical in vitro studies. 

However, in vitro observations have often turned out to not correctly represent the inner workings 

of the cells they are attempting to model, and more systems-level in vivo approaches may be 

necessary to complete the picture128,137. 

Improving the performance of Fe-S cluster dependent proteins 

For biochemical purposes, i.e., expression and purification of enzyme assaying and 

crystallization, the co-overexpression of plasmid-based isc or suf is routinely used to improve 

yields of holo-Fe-S cluster protein in E. coli138. However, when this does not work for, e.g., 

phylogenetically distant heterologous proteins, the purified protein can be reconstituted 

anaerobically in vitro by the addition of elemental iron and sulfur under the ideal anaerobic 

conditions139. Additionally, the electron transfer that is often required for the function of 

especially the SAM radical Fe-S cluster enzymes can be similarly brute-forced by the addition of 

the chemical reductant, dithionite140. However, these approaches are not possible when working 

in vivo. The complexities involved in the regulation, biosynthesis, and delivery of Fe-S clusters, 

as well as repair and protection from oxidative stress, present a unique problem when attempting 

to utilize Fe-S cluster enzymes for biotechnological purposes. Biotechnologically interesting 

enzymes that use Fe-S cluster enzymes for their catalysis include IspG/H (terpenoids), Biotin 



Chapter I 

 

27 

 

synthase (biotin), Lipoyl synthase (lipoic acid), Phosphomethylpyrimidine synthase (thiamine), 

Hydrogenase (molecular hydrogen), Nitrogenase (Nitrogen fixation), Dehydratases (several, 

e.g., amino acids). These enzymes are generally the bottlenecks steps in their respective 

biosynthetic pathways, bottlenecks that must be solved to engineer efficient cell factories for said 

products. Early attempts at improving Fe-S cluster-related characteristics have mainly employed 

relatively simple approaches to this, such as overexpression of the isc operon or changing process 

parameters, e.g., temperature or media additions (Table 3). 

Table 3| Non-exhaustive examples of strategies used for the improved expression or activity of Fe-S cluster 

requiring enzymes for various purposes and organisms. *Proteins/products/strategies of particular interest for this 

thesis. 

Protein(s) 

(organism) Strategy Outcome Reference 

LipA* 
E. coli 

Plasmid over-expression of isc operon and 

expression at low temperature (20 ⁰C) 

3-fold more Fe-S cluster loaded and 
correctly folded ecoLipA, not in 
inclusion bodies and more readily 
purified. 

Kriek et al. 
(2003)141 

IspH 
E. coli 

Plasmid over-expression of isc operon The catalytic activity of purified 
enzyme improved 200-fold in vitro 

Gräwert et al. 
(2004)142 

DHAD 
S. cerevisiae 

Deletions of iron-regulatory proteins 
glutaredoxins GRX3, GRX4143. Deletion 
of several non-essential Fe-S cluster 
proteins144. Deletion of iron-regulatory 
proteins, AFT1, AFT2, CCC1, FRA2, 
GRX3145. 

Improved expression and activity of Fe-
S requiring dihydroxyacid dehydratase 
leading to improved production of the 
biofuel isobutanol by up to 70% in cell 
factories 

Gevo Inc. 
(2011)143 
Butamax 
Advanced 
Biofuels LLC. 
(2015)144, 
(2016)145 - patents 

Nitrogenase 
E. coli 

Heterologous expression of a minimal 
nitrogenase nif gene cluster from 

Paenibacillus, co-expressed with 28 
auxiliary genes possibly related to 
nitrogenase expression and function, in 
various combinations. 

Of the auxiliary genes tested, 
Paenivacillus suf operon and electron 

transfer flavodoxin and ferredoxin 
genes (pfoAB, fldA, and fer) positively 
affected in vivo heterologous 
nitrogenase activity in E. coli, 

improving it up to 2-fold. 

Li et al. (2016) 

ThiC/ThiH* 
E. coli 

Enrichment of mutants from a 
transposon insertion library, with higher 
thiamine production/fitness using a 
thiamine RNA-biosensor. 

Deep sequencing of the enriched 
population revealed several potential 
targets. Deletion and overexpression of 
identified genes associated with Fe-S 
cluster biosynthesis improved Thiamine 
titers. 

Cardinale et al. 
(2017)146 

BchL 
E. coli 

Repairing the suf operon BL21(DE3) 
strain of E. coli, which was found to 

contain an in-frame but inactive sufAB 
fusion. 

Improved the production of the 4Fe-4S 
cluster containing BchL 
(oxidoreductase component) by 3-fold. 

Corless et al. 
(2020) 

BioB 
P. mutabilis 

Deletion of IscR and overexpression of B. 

subtilis feedback resistant MetK (SAM 

synthase) 

Report increase of intracellular Fe-S 
cluster content (whole-cell lysate) and 
SAM. The benefits of this cannot be 
evaluated due to a lack of control 
strain. 

Xiao et al. 
(2020)147 

BioB* 
E. coli 

Evolution of strains tolerating high BioB 
over-expression, coupled with the 
selection of tolerant mutants on plates. 

Mutations in IscR allowed for increased 
expression and improvement of Biotin 
titers 2.2-fold in a BioB limited cell 
factory 

Bali et al. 
(2020)40 
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Various* 
E. coli 

Heterologous Fe-S cluster enzymes 
(NadA, IspG, BioB, and ThiC) were 
screened for complementation of knock-
out by expression of homologs from 
various organisms, in combination with 
various Fe-S cluster-related machinery 
from said organisms. 

Most heterologous Fe-S cluster 
enzymes did not complement growth. 
They find that for NadA, this is due to 
incompatibility of Fe-S cluster assembly 
systems and electron transfer for IspG. 
Co-expression of native suf and 
ferredoxin/flavodoxin with 
heterologous NadA and IspG lead to 
functional expression in E. coli 

Shomar et al. 
(2021)148 
preprint 

Hydrogenase 
n/a (in vitro) 

Testing combinations four 2Fe-2S or 4Fe-
4S ferredoxins, with different ranges of 
redox potential, with two different 
reductase partners, improving electron 
transfer to and activity of C. pasteurianum 
FeFe Hydrogenase under varying oxygen 
levels in vitro. 

There was a marked difference in 
hydrogenase performance with 
different, heterologous redox partners. 
A heterologous ferredoxin with a 
different redox potential was better for 
H2 production than the native 
ferredoxin. 

Koo & Cha 
(2021)149 

 

More recent works have been focusing on more multiplexed approaches. A recent study 

by Bali et al. (2020) demonstrated that an evolutionary engineering approach could lead to 

significant improvements40. Taking advantage of the cellular toxicity associated with BioB over-

expression in E. coli, this selection pressure was used to identify single colonies that tolerated 

higher IPTG-induced BioB plasmid expression. Identification and reverse engineering of 

mutations revealed point mutations in IscR, interfering with 2Fe-2S cluster coordination and 

DNA-binding, to be the cause of the increased tolerance. These IscR mutations improved Biotin, 

Lipoic acid, and Thiamine production up to 2-fold in cell factories with bottlenecks in their 

respective Fe-S cluster enzymes. Interestingly, these improvements of in vivo biotin production 

could not be replicated to the same degree by simple over-expression of the isc or suf operons.  

The findings indicate that there are still unexplored avenues for improving Fe-S cluster 

enzyme activity using multiplexed and unbiased rather than targeted approaches. Another recent 

study on the determinants of heterologous Fe-S cluster enzyme function also took a more 

systematic approach. Shomar et al. (2021) characterized the ability of >100 homologs from a 

wide range of phylogenetically diverse organisms to complement a knock-out of the essential 

SAM radical enzymes NadA, IspG, BioB, and ThiC148. They find that very few homologs are 

active and complement a deletion when heterologously expressed in E. coli, compared to non-

Fe-S cluster enzymes, as has often been reported. They further show that phylogenetic proximity 

is a strong indicator of functional expression and show that functional expression of 

phylogenetically distant orthologs of NadA and IspG can be achieved by co-expressing the 

native suf or ferredoxin/flavodoxin electron transfer partner, respectively. 
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 To harness the industrial potential of Fe-S cluster enzymes for industrial biotechnology, 

significant improvements need to be made in both the performance and the mechanistic 

understanding. The general Fe-S cluster pools of host organisms, such as E. coli, should be 

elevated, delivery of the cluster to the targeted protein of interest must be precise, and the various 

auxiliary factors related to turnover, such as electron-transfer and SAM availability, must be 

sufficient. These are complex challenges that will have to be solved by combining in-depth 

biochemical understanding and characterization with more high-throughput systematic studies, 

using bioinformatic and emerging synthetic biology tools and techniques. 
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Abstract 

Lipoic acid (LA) is an important antioxidant with various industrial applications within 

supplements and potential mitigation of diabetes and other diseases. Currently, LA is produced 

exclusively by chemical synthesis, and cell factory development is complex as LA and its direct 

precursors only occur naturally in protein-bound forms. Here we report a rationally engineered 

LA cell factory and demonstrate de novo free LA production for the first time in E. coli. This cell 

factory utilizes heterologous Octanoyltransferase (LipB) and Lipoyl Synthase (LipA), 

Enterococcus faecalis lipoamidase (LpA), and a truncated, native, Dihydrolipoyllysine-residue 

acetyltransferase (AceF) lipoylation domain. The pathway represents a significant challenge as 

the three key enzymes, native LipB and LipA, and heterologous LpA, are all toxic to overexpress 

in E. coli. To overcome the toxicity of LipB, functional metagenomic selection was used to 

identify a highly active and non-toxic LipB and LipA from S. liquefaciens. Using high throughput 

screening, we balanced translation initiation rates and dual, orthogonal induction systems for 

the toxic genes, LipA and LpA. The optimized strain yielded 2.5 mg free LA per gram of glucose 

in minimal media. When scaling up to a fed-batch fermentation, a titer of 87 mg/L free LA was 

reached after 48 hours, the highest ever reported. This titer is ~3000-fold higher than the 

previously best free LA titer and ~8-fold higher than the previous best total, protein-bound LA 

titer.  In addition, the strategies presented here could be helpful in designing, constructing and 

balancing biosynthetic pathways that harbor toxic enzymes with protein-bound intermediates or 

products. 

 



37 
Chapter II 

Introduction 

LA (LA) is a vitamin-like cofactor that is essential for all aerobically respiring organisms. 

It has been implicated in protecting against oxidative damage associated with various diseases 

and neurodegenerative disorders and is widely used in diabetes mitigation and health 

supplementation1. Industrially, LA is currently produced exclusively by chemical synthesis. This 

process is a costly multistep synthesis with toxic waste streams that produces a racemic mixture 

of bioactive (R-) and inactive (L-) enantiomers2. With its growing market size, efficient biological 

production of LA by a genetically engineered cell factory could provide a more sustainable, 

stereospecific, and potentially profitable method of production. 

In nature, several biosynthetic pathways exist for producing LA. With slight variations, 

all share the unique feature of building the LA moiety covalently bound to its cognate protein 

rather than as a free molecule3. The first elucidated and best-studied pathway is found in E. coli 

(Figure 1|a). De novo production is initiated by Octanoyl-[Acyl Carrier Protein]: Protein N-

Octanoyltransferase (LipB), which “hijacks” and transfers the C8 fatty acid precursor, octanoyl, 

from acyl-carrier protein (ACP) to a lipoylation domain (LD) of either pyruvate dehydrogenase 

(PDH), 2-oxoglutarate dehydrogenase (OGDH) or the glycine cleavage system (GCS)4. The 

activities of PHD and OGDH are essential in E. coli during aerobic growth on glucose5. In the 

last step of the pathway, the protein-bound octanoyl has two sulfur atoms inserted by the Radical 

SAM enzyme, lipoyl synthase (LipA), producing protein-bound LA (lipoyl-LD)6. The final 

product is dihydrolipoyl which must be oxidized by dihydrolipoyl dehydrogenase (Lpd) to 

function as a swinging-arm co-factor7. Alternatively, LA or octanoic acid can be scavenged, 

activated with ATP, and attached to a lipoylation domain by Lipoate-protein ligase (LplA)8. 

There is currently no known mechanism for the regulation or transport of LA in E. coli, so these 

cannot be rationally targeted for cell factory purposes9. It is speculated that due to the protein-

bound nature of the pathway, the production of LA is auto-regulated simply by the number of 

available lipoylation domains. Thus it does not need additional regulatory elements9. 

While the LA biosynthesis pathway is relatively short, its distinctive protein-bound 

nature makes metabolic engineering difficult. Only a few projects aimed at engineering or 

optimizing a LA cell factory in bacteria have been reported10–12. These studies resulted in the 

production of 74 µg, 94.5 µg, and 5.25 mg LA/g dry cell weight (g DCW). Rough conversion 

from the yield on biomass to titer puts the best attempt by Sun et al. (2017)12 at 10.5 mg/L, but 
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the specific titer is not reported in their work. None of these previous studies done with bacteria 

aimed to produce free LA biologically but instead chemically acid-hydrolyzed the amide-bound 

lipoyl after cell lysis, downstream of the production cultivation. They also utilized precursor 

feeding, in some cases coupled with LplA overexpression, only producing significant levels of 

LA when high concentrations of octanoic acid were present in the cultivation media. These 

strategies are not ideal for developing an industrially feasible fermentative process. Feedstock 

and downstream processing costs must be minimized while maximizing titers and productivity, 

i.e., without addition of precursors. Recently Chen et al. (2020) showed that functional 

heterologous expression of Enterococcus faecalis lipoamidase (efLpA), a hydrolase known to 

cleave lipoyl-lysine amide bonds13,14, in the mitochondria of S. cerevisiae, can be used for cell 

factory production of de novo free LA15. Coupling heterologous lipoamidase expression with 

overexpression of native yeast lipoyl synthase, octanoyl-transferase, H-protein (lipoylation 

domain), and SAM synthase, the authors demonstrated production of up to 30 µg/L free LA. 

This titer corresponds to 3 µg LA/g DCW, which is several orders of magnitude lower than the 

yields reported in bacteria above. 

To overcome some of the limitations associated with the production of LA in free form, 

we utilized in combination with functional metagenomics and metabolic engineering strategies 

in E. coli. Initial over-expression of LipA, a truncated lipoylation domain AceFt 
12,16

, and efLpA 

lead to significant production of free LA (200 µg/L) when fed with octanoic acid. As over-

expression of native LipB and LipA caused toxicity, functional metagenomic selections were 

carried out to identify highly active heterologous LipB and LipA from Serratia liquefaciens (Figure 

1|b)13,14. While the toxicity of LipB was alleviated by using a heterologous version, over-

expression of both LipA and efLpA were still highly toxic. Expression of these was carefully 

controlled by orthogonal inducible promoters using the T5LacO and pTet system and their 

respective inducers, isopropyl-β-D-thiogalactoside (IPTG), and anhydrotetracyline (aTet). We 

further engineered libraries of synthetic ribosomal binding sites (RBSs) of all four over-expressed 

genes. Upon high-throughput screening of ~3000 combinations of plasmid architectures and 

expression levels, we identified the optimal TIRs and induction levels for producing free LA, 

resulting in 2.5 mg/g glucose in small-scale minimal media. The cell factory was scaled up to 

fed-batch bioreactors, producing 87 mg/L of free LA in a 48-hour fermentation. Finally, by 

regulating the Fe-S cluster capacities of the strain17, we show that the bottleneck in the optimized 
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cell factory is the catalytically challenging sulfur insertion reaction performed by LipA and 

discuss the next steps for maturing this cell factory. 

 

 

 

 
 

Figure 1: a|LA biosynthesis in E. coli, illustrating the LipB (octanoyl-transferase) dependent de novo pathway, 

starting from the fatty acid biosynthesis, and the LplA (lipoate-ligase) mediated scavenging of free octanoic acid or 

LA. The final step is the sulfur insertion by LipA (lipoyl synthase) at the C6 and C8 position of lipoylation-domain 

(LD) bound octanoyl. It should be noted that the final product of the LA biosynthetic pathway is dihydrolipoyl, 

which is then oxidized into lipoyl by Dihydrolipoyl dehydrogenase (Lpd) before it can function as a swinging-arm 

cofactor. b|The engineered cell factory pathway presented in this work utilizes over-expression (indicated by 

colored up arrows) of various heterologous genes to produce de novo free LA. These are LipA and LipB from Serratia 

liquefaciens, Lipoamidase (LpA) from Enterococcus faecalis and a native, truncated dihydrolipoyllysine-residue 

acetyltransferase (AceFt). c|The genes encoding the enzymes required for the cell factory are expressed via two 

plasmids in the final cell factory. One encodes a constitutive promoter for transcription of AceFt and T5lacO 

inducible promoter for slLipA and slLipB in reponse to isopropyl β-d-1-thiogalactopyranoside (IPTG), while the 

second plasmid encodes efLpA under the pTet promoter, inducible with anhydrous tetracycline (aTet). 
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Results & Discussion 

Lipoamidase expression allows for free lipoic acid production from octanoic acid - No known 

microorganisms, including E. coli, produce any detectable amounts of free LA secreted into the 

growth media18. We previously described a basal LA cell factory that constitutively over-

expresses a truncated AceF lipoylation domain and IPTG-inducible LipA, which we found to 

be toxic to cell growth if induced too highly based on a decrease of final ODs in liquid culture17. 

This cell factory produced small amounts of free LA (~20 µg/L), which was strictly dependent 

on AceFt and LipA over-expression, and on high levels of octanoic acid being added to the media 

at just below its upper level of solubility in water (0.6 g/L) (Figure S1). This free LA may be 

either spontaneously and non-enzymatically cleaved, or possibly produced through an 

endogenous amidase activity, for example, by the recently described native sirtuin lipoamidase, 

cobB, found in E. coli19. The initial strain contained a genomic copy of lplA and lipB, as so it is 

unknown what fraction of LA was produced from the fed octanoic acid and what was de novo 

produced from glucose. We hypothesized that this strain had high levels of protein-bound LA, 

undetected by our quantification of only the extracellular product fraction, as is the nature of the 

LA biosynthetic pathway. Rather than using downstream chemical hydrolysis, we sought to 

cleave the protein-bound fraction in situ by enzymatic activity. We initially over-expressed CobB 

but did not find this to significantly increase the production of free LA (data not shown). 

Lipoamidase from Enterococcus faecalis (efLpA) is a well-studied enzyme that can hydrolyze 

amide bonds linking LA to the lysine ϵ-amino groups of lipoylation domains in E. coli13,14,20. 

While this enzyme is useful to release LA, it is also potentially toxic to the cell because its highly 

active catalysis easily cleaves all protein-bound LA from PDH and OGDH. Lacking the 

covalently attached LA cofactor, these enzyme complexes cease to function, and aerobic 

respiration shuts down, arresting growth21,22. 

Our initial attempts at cloning E. faecalis lipoamidase were unsuccessful, despite being 

cloned behind a very tightly regulated rhamnose-inducible promoter23. Based on the previously 

described expression conditions by Jiang & Cronan13, we grew clones in the presence of added 

acetate and succinate and were then able to isolate the cloned plasmid. These media additions 

allow E. coli to bypass the need for PDH and OGDH and regain partial function of the TCA 

cycle by activating acetate and succinate with Acetyl-CoA synthetase and Succinyl-CoA 

synthetase, respectively (Figure S2). Combining the plasmid-based over-expression of LipA and 
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AceFt with lipoamidase, we produced significant amounts of free LA from octanoic acid, which 

were secreted into the media (Figure 2). Several versions of the lipoamidase expression plasmid 

were cloned and tested, varying the strength of synthetic RBSs to different predicted translation 

initiation rates (TIRs)24. Two strains carrying lower predicted efLpA RBSs (pBS1189: 101.14 

AU and pBS1190: 898.4 AU) were only able to grow in with media with the addition of acetate 

and succinate during production, leading to very low final ODs. As seen in Figure 2, these 

strains, growing without the activities of PDH and OGDH, were also more susceptible to toxic 

induction of LipA, leading to more severe IPTG-induced toxicity than those with a fully 

functioning TCA cycle. One strain carrying a plasmid with higher predicted efLpA RBS 

(pBS1191: 3791.07 AU) achieved expression of lipoamidase at a level where significant amounts 

of LA were released, but not so much as to become toxic to the cell (Figure 2). 

 

Figure 2: Production of free LA from octanoic acid, with three RBS variants of rhamnose-inducible efLpA. The 
bars indicate median LA titer and final OD600 of three biological replicates (circles). Rhamnose (Rha) was added 
to the production media at 3 concentrations, as indicated below bars, whereas one level of IPTG (indicated by bar 

color) was tested. 0.6 g/L octanoic acid was fed in all experiments and 10 mM acetate and succinate were added 
where indicated. The background strain used (BS1912) contains genomic lipB and lplA. 
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This best performing lipoamidase expressing strain produced ~200 g/L free LA from 

fed octanoic acid, representing a ~10-fold increase compared to the spontaneously released LA 

in the previous best strain, BS1995, shown in Figure S1. As seen from the OD values, aside from 

leading to high levels of free LA, the combination of LipA-AceFt with lipoamidase also rescued 

the lipoamidase associated toxicity when the expression was adequately balanced. This rescue 

of toxicity is likely due to the increase in protein-bound LA available for hydrolysis, leaving 

some functional AceF and SucB with bound LA and allowing their PDH and OGDH to retain 

functionality despite the over-expression of efLpA. Oddly, the highest predicted efLpA T.I.R. 

resulted in a seemingly lower expression seen by the lack of toxicity. This could indicate that 

these calculated T.I.R.s24 may not be predive of expression level. Alternatively, this may be 

caused by higher expression leading to efLpA inclusion body formation. This large and 

disordered enzyme is prone to when overexpressed in E. coli, as reported by Spalding & Prigge 

(2009)14. 

Hydrolyzing the protein-bound LA in situ during cultivation, rather than downstream, 

means that lipoylation domains can be recycled for several rounds of catalysis by LipB and LipA 

(Figure 1|b). For comparison, if LA is only released downstream, each lipoylation domain is 

sequestered for the duration of the cultivation. Therefore, it is only possible to produce the same 

number of LA molecules as there are lipoylation-domain protein subunits available. AceFt 

contains one lipoylation domain and has a molecular weight of 8918 g/mol, while LA has a 

molecular weight of 206.33 g/mol. This means that for each gram of LA, a corresponding 43.2 

grams of AceFt must be synthesized by the cell factory. With this basic calculation, the yield of 

5.25 mg (g DCW)-1 reported by Sun et al.12 would require 227 mg lipoylation-domain protein (g 

DCW)-1, corresponding to ~50% of the protein content of the cell under the assumption that 

~50% of E. coli DCW is protein25. With this in mind, the production of protein-bound LA as the 

final product does not seem feasible for producing the high titers needed for an economically 

attractive bioprocess. 

 

Metagenomic selection identifies improved LipB and LipA enzymes - The initial efforts 

in producing LA were all performed with the addition of octanoic acid precursor in the media, 

to be attached by LplA. Besides adding the cost of an additional media component, the use of 

octanoic acid feeding with LplA attachment is not compatible with free LA production owing 
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to the promiscuity of LplA, which prefers LA to octanoic acid as a substrate26. To overcome this 

and produce de novo LA exclusively, we initially attempted to utilize E. coli’s native LipB and 

LipA. Our previous work showed that excessive overexpression of LipA is highly toxic to E. 

coli17. A similar effect was observed in association with LipB. When cloning and over-expressing 

E. coli LipB, we found the resulting strains to have low viability, often not growing when 

transferred from agar plates to liquid media. They showed extremely long lag-phases in 

production in liquid culture and resulted in no significant increase in de novo LA titers compared 

to the control with native LipB expression only from the genome (Figure S3). Toxicity related 

to the over-expression of E. coli LipB has been reported previously, with authors assigning LipB 

a regulatory role associated with DNA-methylation27. This could explain why none of the 

previously reviewed attempts at engineering a bacterial LA cell factory utilized LipB, instead 

opting for octanoic acid feeding via LplA, which on the surface seems the more inefficient route. 

Rather than expending resources on attempting to figure out how to use E. coli LipB, we 

hypothesized that a heterologous LipB could potentially alleviate toxicity by abolishing any 

possible regulatory function. To this end, we set up an auxotrophic complementation selection 

system to identify functional LipB-LipA operons from previously constructed metagenomic 

plasmid libraries. These metagenomic libraries constitutively express random pieces of sheared 

metagenomic DNA from soil and gut microbiomes (Figure 3|a). We chose to initially select 

for both LipB and LipA in one selection as many bacteria encode these two genes in one 

operon or separated by one other gene as in the case of E. coli (Figure S4). Using a double 

knock-out strain lacking LipB and LipA, which we transformed with five libraries of 

metagenomic plasmids, we selected the transformants on minimal media with no added LA. 

This approach allowed cells to grow only when expressing both functional LipB and LipA. 
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Figure 3: a| Metagenomic selection was performed with plasmid libraries expressing randomly sheared DNA from 

various sources (Table S7). A ∆lipB, ∆lipA, LA auxotrophic strain (BS2548) was used to select on minimal media, 

allowing only strains expressing functional but non-toxic LipB and LipA to grow. Hits were only identified from 

the soil metagenomic plasmid library (green). b|Sequencing of plasmid hits revealed that almost all carried genes 

originating from the genus Serratia or Pseudomonas (Full list: Table S1). c|Two of these containing the LipB-LipA 

operons from Pseudomonas sp. and Serratia liquefaciens were tested for LA production in an E. coli cell factory also 

expressing efLpA from pBS1190 (strains: BSmeta1 and BSmeta2). Compared to the expression of E. coli native LipB 

and LipA, the metagenomic hits showed significant improvements in producing de novo LA (mean of 3 replicates). 

A few transformants grew on the selective plates, and their metagenomic inserts were 

sequenced. This revealed that all hits bore metagenomic plasmids with a LipB-LipA operon, as 

targeted by this selection. The phylogenetic diversity of organisms from which the hits 

originated was relatively low compared to the known diversity of the utilized plasmid libraries, 

only providing LipB-LipAs from the Serratia and Pseudomonas genera (Figure 3|b). These are 

all relatively closely related to E. coli, being of the gammaproteobacterial class. The isolated S. 

liquefaciens and Pseudomonas sp. LipB-LipA operon plasmids were co-transformed with a 

lipoamidase plasmid into E. coli and production of free LA was assayed. Unlike the 

combination of native LipB and LipA, the heterologous LipB-LipA operons enable E. coli to 

produce significant amounts of free LA from glucose, with S. liquefaciens LipB-LipA producing 

double that of Pseudomonas (Figure 3|c). The S. liquefaciens LipB-LipA operon was able to 
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produce 20-fold higher levels of de novo free LA than E. coli’s native machinery, up to 2 mg/L. 

It should be noted that the strain from which the metagenomic S. liquefaciens LipB-LipA 

operon originates has not been genome sequenced. The closest available sequence in NCBI is 

that of Serratia liquefaciens strain JL02 (99 % identity).  

We know from previous work that these metagenomic libraries contain a significantly 

higher sequence diversity than what was obtained in our genetic selection28–33. The lack of 

diversity identified in the screen may be due to the additional layer of selection provided by LipB 

toxicity. The utilized metagenomic libraries contain a high copy-number, ColE1, origin of 

replication, and the gene(s) of interest are expressed from a strong and non-repressed pTet 

promoter; the relatively high copy number and transcription would likely de-select any toxic 

LipBs. While LipB was the main target, the initial selection was performed for LipB and LipA 

simultaneously. Obviously, this limits the potential hits to those organisms in which these are 

co-localized on the genome. This was done for two reasons: naturally occurring operons could 

provide optimal expression balance between the two genes, and it allowed for easy screening by 

direct transformation of the lipoamidase plasmid into the selected strain, without the need for 

sub-cloning every hit into a new plasmid with ecLipA. In hindsight, based on recent observations 

on the difficulty of expressing heterologous radical SAM enzymes in E. coli that are active in 

vivo34–36, the inclusion of LipA functionality in the selection was likely the limiting factor for 

diversity. 

 

High-throughput optimization and balancing of LA production – The metagenomic plasmids 

express their inserts constitutively. We cloned the newly identified S. liquefaciens, slLipB-slLipA, 

operon behind an IPTG inducible promoter to allow for inducibility. To ensure optimal testing 

of expression space, especially of slLipA, we sought to induce this to toxicity as we previously 

observed for ecLipA. When initially expressed from the T5lacO promoter, the slLipB-slLipA 

operon with the native RBS could be expressed to a toxic level (Figure S5). In the native operon 

structure, the open reading frame of slLipB and slLipA overlap, limiting the possibility of editing 

the RBS of slLipA without influencing the C-terminal translation of slLipB. Various synthetic 

RBSs in front of slLipB were calculated, created, and tested, from which one construct (TIR: 

10k AU, pBS1506) allowed for the sought-after toxic effects on cellular growth. To determine 

whether LipA of LipB caused the toxicity, LipA was removed from the plasmid, leaving only 
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LipB, which was not inducible to toxicity, indicating that the toxic element was LipA, the 

expression of which was apparently highly dependent on the RBS in front of LipB (Figure S5).   

We now sought to optimize and balance the expression of the pathway, focusing on the 

two toxic genes: slLipA and efLpA. Based on previous observations, LipA requires a carefully 

balanced expression to a level that maximizes conversion of the octanoyl-AceFt precursor to 

lipoyl-AceFt but is not so high that LipA misfolds into inclusion bodies37 or is toxic due to Fe-S 

cluster drainage, oxidative stress, or other unknown causes17. At the same time, the other toxic 

component of the pathway, efLpA, needs to be expressed at a level that allows for optimal release 

of LA without releasing so much that essential LA-dependent enzymes cease to function or that 

efLpA misfolds14. 

In addition to the previously utilized rhamnose inducible plasmids, efLpA was cloned 

behind a tetracycline-inducible promoter. This system is orthogonal to IPTG induction and is 

better suited for titratable expression in the presence of glucose than the glucose repressed 

rhamnose induction system38. Next, expression levels were modulated by small libraries of 

synthetic RBSs with different predicted TIRs. These parts were all designed in an easily 

interchangeable and modular way using USER-cloning with complementary overhangs that 

included the RBS sequences. Finally, we also tested different origins of replication and an 

(anhydrous)-tetracycline efflux pump (TetA) for improved aTet induction response range. To 

sample this system's large expression space, we set up a high-throughput 96-well microtiter plate-

based workflow for cultivation, induction, and production followed by semi-automated 

quantification of free LA in the supernatant by a LA bioassay39. This setup was implemented to 

test ~3000 individual production experiments (wells), allowing us to identify the optimal 

plasmid configuration and induction levels for the highest free LA titers without cellular toxicity 

(Figure 4). 
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After several iterations of testing, we identified the best performing strain, BS3804, that 

produced very high LA levels as a function of IPTG and aTet induction, showing up to 5 mg/L 

LA in small-scale batch screening conditions (Figure 4|d). The plasmid configuration in this 

strain was sensitive to the over-induction of both slLipA and efLpA. The drop in production 

Figure 4: a|The de novo biosynthetic pathway of free LA, indicating genes over-expressed (colored arrows) and 

toxicity associated with over-expression of slLipA and efLpA. b|Many iterations of plasmids were constructed, 

with synthetic RBS libraries, different inducible promoters, origins of replication, etc. c|Approximately 3000 

distinct replicate experiments of various induction levels across different plasmid constructs was carried out. Those 

that resulted in a measurable free LA titer are shown as function as IPTG and aTet induction. Each discrete color 

indicates a different strain. d|The highest producing strain, BS3804, was validated for production (average titer, 

n=4). 
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titers seen at high induction with both IPTG and aTet in Figure 4|d was caused by growth 

inhibition. 

 

Testing of LA cell factory in fed-batch fermentations - Having constructed and identified a 

high-producing de novo free LA cell factory strain, we cultivated the best performer, BS3804, in 

benchtop fermenters of 0.4-liter working volumes. Based on the CO2 evolution rate, the 

production strain grew at the same rates observed in small-scale screening, ~0.5 h-1, during the 

~8-h batch-phase of the fermentation, during which they produced up to 20-40 mg/L free LA 

from 20 g/L glucose (Figure 5). However, a few hours into the fed-batch phase, all fermentations 

showed reduced CO2 production, increased acidification of the media, and foaming, no matter 

the induction levels of slLipA or efLpA applied. This indicated arrest of cell growth, disruption 

of the metabolism, and cell lysis, accompanied by a complete disruption of further LA 

production. 

To troubleshoot the toxicity appearing in the fed-batch phased, we performed 24 slightly 

different fed-batch fermentations varying strain and process parameters (Table S2). We utilized 

earlier iterations of lower producing slLipA and efLpA plasmids in fermentation which 

displayed no toxicity in small-scale, hoping that these would allow for normal growth and 

elucidate the toxic component. The background strain was switched to avoid potentially 

unwanted mutations, and a strain that escaped toxicity but also stopped production during the 

fed-batch phase was whole-genome sequenced. Sequencing of the toxicity escapee did not 

indicate any genomic reason why this specific replicate could resume growth when compared to 

the sequenced background strain. When swapping plasmids to versions not predicted to be toxic, 

we found indications that both efLpA and slLipA caused toxicity in the fed-batch fermentation 

phase. A lower expression of efLpA partially reduced toxicity, and replacement of the slLipB-

slLipA production plasmid with IPTG-inducible GFP also allowed for better growth (Table S2). 

We also changed various process parameters, including temperature, feeding rate, batch glucose 

concentration, and oxygen levels, but the most relevant factor seemed to be dissolved oxygen 

(DO) levels. We hypothesized that  DO could influence LipA performance and likely toxicity 

since this enzyme is dependent on its two iron-sulfur [4Fe-4S] clusters, cofactors that are 

notoriously sensitive to oxygen40. Similarly, lipoamidase activity cannot be toxic under 

anaerobic conditions, as PDH and OGDH only function in the aerobic metabolism of E. coli, 
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being replaced by pyruvate-lyase formate lyase and fumarate reductase, respectively, under 

anaerobic growth41. 

 

Figure 5: Three-phase fermentation of the best performing LA production strain, BS3804. This strain is a BS2548 

(∆lipA, ∆lipB, iscR C92Y) background with two plasmids: pBS1984 (tetracycline-inducible efLipA) and pBS1506 

(constitutive AceFt, IPTG inducible slLipB and slLipA). The first phase is the batch culture of ~8 hrs, while the 

second and third phases are fed-batch under aerobic and anaerobic conditions, respectively, of short (6 hrs) and 

long (>30 h) duration. The LA titer, OD, and LA yield on glucose were measured at 6 time points over a 48-hour 

fermentation. 

To this end, we performed the batch phase as in the previous fermentations. To reach 

high biomass, we allowed for aerobic growth during the first hours of the fed-batch until the 

exhaust CO2 ceased increasing, indicating the metabolic shift to toxicity as previously observed. 

At this point, the fermentation was switched to anaerobic/micro-aerobic by turning off sparging 

for the rest of the fed-batch phase (Figure 5). This strategy was successful and produced the most 

LA of any tested fermentation: 87 mg/L. To our knowledge, this is also by far the highest titer 

reported of any LA cell factory, approximately 3000-fold higher than the previously reported 

best free LA titer15 and ~8-fold higher than the previous best total protein-bound LA titer12. 

While we were able to adjust fermentation process parameters to improve the final LA titer, this 

can be likened to treating the symptoms of toxicity rather than the underlying problem. 

Further work would be needed to resolve this issue and develop the current cell factory 

for an industrial bioprocess. As discussed, the pathway relies on the careful balancing of the 

different toxic elements in the pathway. Scaling up can have a negative effect on the performance 

of a strain. This can happen as the population becomes more heterogenous over longer 
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cultivation time scales and is exposed to different process parameters than those in small-scale 

batch cultivations42,43. 

 

LipA catalysis is the bottleneck in the optimized cell factory - The unique protein-bound 

nature of the pathway makes feeding or quantifying precursors highly challenging. We could not 

feed or quantify octanoyl-ACP, octanoyl-D*, or lipoyl-D* in a simple way to assess whether 

LipB, LipA, or LpA was the respective bottleneck. However, we do not believe that the 

availability of octanoyl-ACP precursor limits LA production: Previous studies have shown that 

the capacity of wild-type E. coli C8 fatty acid synthesis exceeds by far the levels of LA produced 

here. Lozada et al. (2018) showed that E. coli expressing only an engineered C8-specific 

thioesterase could produce 1.7 g/L octanoic acid (170 mg/g glucose) using similar minimal 

media in which we produced up to 3 mg/g glucose LA44. 

The last and most critical step of the LA synthesis is performed by lipoyl synthase (LipA), 

which is a SAM-radical enzyme that inserts two S-atoms into octanoic acid. This reaction is 

catalytically challenging and sacrifices a 4Fe-4S cluster at each turnover. We previously showed 

that a point mutation in the global regulator, IscR, improved Fe-S cluster biosynthesis, reducing 

the toxicity of ecLipA over-expression and improving LA production in an early iteration of the 

LA cell factory described here17. All small-scale screening and fermentations in this work were 

done using a strain containing an IscR C92Y mutation. To assess whether LipA was still limiting 

production in the optimized strain, we tested the effect of the presence or lack of the iscR C92Y 

genomic mutation combined with a high-performing LA producing plasmid setup. The iscR 

mutant showed a 2-fold improvement of free LA production compared to the same strain with 

wild-type iscR (Figure S7). 

While there is no previously published data directly relating to LipA as the limiting 

element in cell factories, many such observations have been made for the highly similar Biotin 

synthase (BioB). BioB is well characterized as the bottleneck enzyme in biotin cell factories17,45–

47. LipA functions by almost the same mechanism as BioB, and as such, LipA acting as the 

bottleneck in the engineered cell factory is unsurprising. It has recently been shown that the Fe-

S cluster carrier, NfuA, allows efficient reconstitution of the sacrificial 4Fe-4S cluster of E. coli 

LipA in vitro, allowing each molecule of LipA to perform continuous catalysis rather than a 

single turn-over48. However, upon over-expressing NfuA in our LipA limited cell factory strain, 
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we found no significant improvement in LA production (Figure S6). The catalysis of LipA and 

the biogenesis of Fe-S clusters, in general, is highly complex, and there are several theories as to 

the cause of toxicity and bottleneck status of Fe-S cluster enzymes, making this class of enzymes 

a problematic target for metabolic and protein engineering49. 

There have previously been reports of E. coli LipA over-expression resulting in a 

significant fraction of the protein in the insoluble fraction37. We analyzed the level of LipA 

protein by whole cell-lysate SDS-PAGE and found this to be the case in our system as well 

(Figure S8), with most of the LipA protein visible in the insoluble fraction. One study showed 

that the co-overexpression of the isc operon increased the yield of soluble LipA protein by 3-

fold50. This indicates that the insoluble fraction of LipA arises due to lack of Fe-S cluster supply 

causing high levels of apo-protein, more prone to aggregation than the Fe-S cluster loaded holo-

protein. However, we could not see a major difference between an iscR mutant, which has higher 

Fe-S cluster biosynthesis capabilities, and a wild-type iscR strain on the solubility of LipA (Figure 

S8). 

 

Conclusions and future perspectives 

Lipoamidase and LipA must be addressed in terms of their toxicity and bottleneck roles in the 

free LA biosynthetic pathway to develop the cell factory further. It is counter-intuitive for an 

organism to express an intracellular, toxic lipoamidase. There has been some speculation that 

the natural role of lipoamidase is for scavenging LA from the environment13,14. However, 

lipoamidase is not an exported enzyme, and extracellular protein-bound LA would not easily 

pass from the environment into the cytoplasm. Since E. faecalis does not encode de novo LA 

biosynthetic machinery, it requires LA from a different source. One could speculate that E. 

faecalis must have some inherent defense against the hydrolysis of its own protein-bound lipoic. 

There are some distinct sequence features of the E. faecalis lipoylation domain, variations in 

otherwise conserved residues of the lipoylation domain pointed out by Spalding & Prigge 

(2009)14. To overcome the toxicity and need for fine-tuning lipoamidase expression, one could 

envision generating a strain that does not require LA, using lipoamidase-resistant lipoylation 

domains for its essential enzymes. One could even imagine a LipA that functions directly on 

free octanoic acid to produce free LA, thus eliminating the need for lipoamidase altogether. It is 

not unlikely that this mechanism potentially already exists in nature or that it is engineerable as 
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almost the exact same radical SAM sulfur insertion already exists in the form of biotin synthase 

(BioB)51. BioB performs its catalysis in the same way as LipA, but on the free substrate of 

desthiobiotin, producing biotin, which must be attached by a ligase (BirA) before it functions as 

a cofactor in a very similar manner to LA52. The significant difference between the function of 

LipA and BioB is the fact that LipA must undergo a major conformational change to perform 

its catalysis. This conformational change is initiated by the interaction between LipA and the 

lipoylation domain, to which the octanoyl substrate is bound51.  

As discussed, the general catalytic efficiency of LipA also needs to be improved further. 

While we know that it is possible to improve LipA catalysis17, the complexity and lack of 

systematic understanding of the biology related to oxidative stress, electron transfer, and Fe-S 

cluster biosynthesis and delivery makes targeted engineering difficult36. More untargeted and 

multiplexed strategies may be needed to engineer this. Furthermore, based on the LA yield on 

glucose observed in small-scale, we would expect a 48-hour fed-batch fermentation to produce 

at least two-fold higher lipoic acid titers than the 87 mg/L observed here. The cause of toxicity 

in fermentation needs to be further explored and hopefully eliminated for future process 

development. 

Despite the yet unresolved bottlenecks, we were able to engineer a state-of-the-art lipoic 

acid cell factory producing significant levels of de novo and free lipoic acid. Using a combination 

of rational cell factory engineering, functional metagenomic selections, multiplexed plasmid 

cloning coupled with high-throughput screening, and process optimization, we produced 87 

mg/L lipoic acid in a bench-scale fed-batch fermentation. This is a good starting point for the 

further development of an E. coli lipoic acid cell factory with the potential to replace the current 

petrochemical synthesis of lipoic acid currently in use today. 
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Materials and Methods 

General methods - All work was carried out in Escherichia coli BW25113 derived strains. 

Chemicals were bought from Sigma Aldrich or Carl Roth unless otherwise stated. All enzymes 

and buffers used for molecular biology methods were acquired from Thermo Fischer Scientific, 

and the manufacturer’s protocol was followed unless otherwise stated. All LA titers reported 

were quantified by lipoic acid bioassay. All selections, testing of complementation, or small-

scale production of free LA was done in minimal synthetic media, mMOPS, containing 2 g/L 

glucose, and other additives if indicated (Table S3). All growth of plasmid containing strains 

was done with relevant antibiotic added to the media, as specified by the resistance markers of 

plasmids (ampicillin: 100 µg/L, kanamycin: 50 µg/L; spectinomycin: 50 µg/L, zeocin: 40 µg/L 

and/or chloramphenicol: 30 µg/L). All incubation for molecular biology was done aerobically 

overnight (20-24 h), at 37 ºC, with 300 rpm shaking for liquid cultures. Strains auxotrophic for 

LA were grown in the same way but in LB or 2xYT media. Strains expressing potentially toxic 

levels of lipoamidase were grown in 2xYT with added 10 mM K-acetate and 10 mM Na-

Succinate unless used for production assays. Strains were stored at −80 °C in a 40% (vol/vol) 

glycerol solution. Synthetic DNA oligos for PCR amplification and MAGE were ordered from 

IDT, and Sanger and NGS sequencing was carried out by Eurofins Genomics (Germany). All 

PCR products and plasmids used were purified with E.Z.N.A.® Cycle Pure Kit (V-spin) and 

E.Z.N.A.® Plasmid Mini Kit I (V-spin) from Omega Bio-Tek, respectively. 

Cloning of production plasmids - All plasmids were built by USER cloning with PhusionU Hot 

Start DNA Polymerase and New England Biolabs USER® enzyme, according to manufacturer 

protocols53. Primers were designed with 5′ end USER-excision compatible overhangs. If 

applicable, a synthetic RBS with a specific predicted TIR, designed and predicted with the De 

Novo DNA©  webserver54, and a complementary sequence for amplifying the gene, part, or 

plasmid backbone of interest. Constitutive “apFAB” promoters were used, as reported by 

Mutalik et al. (2013)55. The plasmids and oligos used for PCR amplification and USER-cloning 

are listed in Table S7 and Table S8. After PCR, the reaction mixtures were directly treated with 

DpnI enzyme for 1 hour, purified, treated with USER-enzyme, and then with T4-ligase. Strains 

were then transformed with ligated plasmids by electroporation using homemade electro-

competent cells of the background strain in question, using the washing and electroporation 
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protocol as reported by Dower et al (1988)56. After transformation, cells were rescued in SOC 

media for 2 hours, then washed twice in mMOPS and plated on selective minimal media plates 

if LipB/LipA containing plasmids were inserted into a ∆LipB/∆LipA background strain. If 

necessary, cells were cultured with relevant antibiotics and possibly acetate and succinate and 

octanoic acid for growth overnight. If no auxotrophic selection was performed, cells were not 

washed and were plated on LB. 

Genome editing and recombineering of E. coli - The starting strain was a ∆lipA obtained from 

the Keio collection, which was cured of the inserted kanR marker by FLPase57. The C92Y 

mutation in the iscR was introduced as previously published17. Translational knock-out of lipB 

was constructed by MAGE58. BS1912 holding pBS136 was grown to 0.5 OD in 4 mL 2xYT 

ampicillin media, and L-Arabinose was added to a final concentration of 2% to induce the λ-

Red system for 30 minutes of additional growth. For making electrocompetent cells, cultures 

were placed on ice for 20 minutes, centrifuged at 5000G for 5 min, and washed in 4 mL ice-cold 

water, the washing was repeated twice, and cells were resuspended in 200 µl ice-cold 10% 

glycerol. 45 µl cells were mixed with 5 µl of 100 µM mOBS441 and electroporated at 1800 V. 

The cells were rescued in 950 µL prewarmed 2xYT media with ampicillin, and after 30 minutes, 

this was inoculated into a final volume of 4 mL 2xYT ampicillin media and incubated to 0.5 OD 

whereafter another round of MAGE was carried out. This was repeated to a total of 4 times, 

whereafter cells were plated on LB ampicillin plates and incubated overnight. Single colonies 

were colony PCR’ed using DreamTaq PCR Master Mix (2X) with oBS2394 and oBS2367, 

amplifying the lipB region of the genome. The presence of the translational knock-out of LipB 

was confirmed by Sanger sequencing. Confirmed knock-out strains were transformed with 

pBS848, the CRISPR/Cas9 pFREE plasmid curing system, and cured of all plasmids according 

to published protocol59. Successful plasmid during was confirmed by loss of ampicillin and 

kanamycin resistance by screening of LB plates. The MAGE oligo for knocking out genomic 

lipB was designed with the MODEST web-server by selecting “E_coli_K12_MG1655”, “lipB”, 

and “translational-knockout“ operation60. 

Metagenomic plasmid library selections - The double knock-out strain, BS2548, was used for 

selection. This strain has neither functional lipB nor lipA on the genome and requires LA 

supplementation or functional complementation of these two enzyme activities. 2.5 mL 

electrocompetent BS2548 were prepared from 125 mL exponentially growing cell culture as 
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described above. Each of the five metagenomic plasmid libraries was transformed in five 

transformations by adding 95 µl competent cells to 1 µl plasmid and electroporating. The five 

transformations for each library were pooled and rescued in SOC for 2 hours, whereafter they 

were washed in mMOPS twice and plated on mMOPS kanamycin plates at 1000x, 100x, 10x, 

and 1x dilutions. Additionally, a 10.000x dilution was plated on non-selective LB kanamycin 

plates as a control to calculate the total number of transformants obtained. All libraries had ~106- 

107 transformants. Single colonies growing on the selection plates, the “hits”, were incubated 

overnight in mMOPS kanamycin media, and plasmids were purified. To identify the inserted 

fragment of metagenomic DNA, sequencing oligos oBS0265 and oBS1223 were used for PCR 

with DreamTaq PCR Master Mix (2X), purified, and sequenced via Sanger method using 

oBS0265. Sequencing results were analyzed with the NCBI Open Reading Frame Finder61 to 

identify the enzymes and their organism of origin. Hits are reported in Table S1. 

Small-scale production of LA- All small-scale production tests of LA were carried out in the 

same way. Individual colonies (biological replicates) of each strain were transferred from plates 

of freshly transformed production strains or cryostock streak-outs and inoculated into 400 µL 

mMOPS with relevant antibiotics depending on strains/plasmids used (Table S7), and 10 mM K-

acetate and 10 mM Na-succinate if needed for growth. After incubation for ~16 hours in 96-well 

deep-well plates, these precultures were diluted 100-fold into 400 µL of the same media, but with 

the indicated addition of IPTG, rhamnose, anhydrous-tetracycline or octanoic acid for induction 

of LipB, LipA, and Lipoamidase and precursor supply. The deep-well plates were sealed with 

non-breathable aluminum seals and incubated for 20 hours, the production phase. If the 

production experiment was assayed for growth rates, 600 µL production volumes were set up in 

the deep-well plates, whereafter 200 µL were transferred to a 96-well microtiter plate, which was 

incubated in a Multiskan™ FC Microplate Photometer with medium shaking, measuring OD620 

every 20 minutes for at least 20 hours. After the production phase, cultures were diluted 5-fold 

into microtiter plates, and the final OD620 was measured on Multiskan™ FC Microplate 

Photometer. Multiskan OD620 was converted to standard cuvette OD600 by dividing by 0.2569. 

The deep-well plates were centrifuged for 10 minutes at 4000 x g to pellet cells, and 200 µL 

supernatant was aspirated into microtiter-plates, which was used directly for bio-assaying of free 

LA concentration or saved at -80 ⁰C for later quantification. A data frame of all carried out 

production experiments with metadata, final ODs, and LA titers, as well as the scripts used to 

analyze/visualize this can be found at: https://github.com/DavidL-H/LA_cell_factory.  
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Fed-batch bioreactor production of LA- A single colony of the indicated strain was inoculated 

into 50 mL mMOPS with relevant antibiotics and grown to full cell density (cuvette OD600 ~2) 

overnight in a 250 mL baffled shake-flask. 200 ml Fermentation Batch medium (Table S4) 

supplemented with antibiotics, and 1 mL of a 1% (v/v) antifoam solution were added to 

Applikon 500 ml MiniBio Reactors with the temperature set to 37 °C, pH-controlled to pH=7 

by addition of 5 M NH4OH and dissolved oxygen (DO) set-point to DO=15% by agitation speed; 

sparging was fixed at 1 volume/volume/minute unless stated otherwise. 10 ml of each strain 

preculture was used to inoculate reactors, resulting in a starting cuvette OD600=0.10 for all 

reactors and strains/conditions. Once the CO2 in the outlet gas reached greater than 0.4%, ~4-6 

hours into the exponential batch-phase, each fermentation was induced by the addition of IPTG, 

aTet, and/or Rha to the indicated concentrations to induce expression of LipB, LipA, and 

Lipoamidase. Following the depletion of glucose in the medium, as seen by a drop in CO2, a 

fed-batch phase was initiated by the addition of the Feed Medium (Table S5) to each 

fermentation at a constant feed rate of 0.04 ml/min. This transition took place between ~8 -10 

hours. The DO control continued to operate at DO=15%, with the agitation increasing in all 

reactors to between 1250 – 1800 rpm. For anaerobic/microaerobic fermentation phases, with 

sparging terminated, the DO was 0%. Additional 1 ml 1% (v/v) antifoam solution was added at 

7 and 24 hours. The fermentations were terminated at the time indicated by the last sampling, 

~48 hours. Culture samples were taken from the fermenter at up to five various time points after 

inoculation, as indicated in fermentation profile(s). From these samples, optical density (cuvette 

OD600) was measured after diluting samples into the range of 0.2-2 OD. Supernatants were 

obtained by spinning biomass down in a microcentrifuge at 13,000 x g for 1 minute. Supernatants 

were diluted 10-fold and stored at -20 °C for later quantification of LA by bioassay. Glucose feed 

bottles were weighed before and after fermentation to accurately calculate the total glucose fed. 

From this data, the LA yield on glucose was calculated.   

Bioassay quantification of free LA - We used a modified version of a published liquid bioassay 

by Herbert and Guest (1970)39 using E. coli BW25113 ΔlipA (BS1912) with zeoR plasmid pBS451 

as the bioassay strain that was unable grown without supplementation of exogenous LA. A 

single colony from an LB plate with zeocin was used to inoculate LB media with zeocin 

overnight. We found this strain to be limited in growth by LA in LB and therefore did not reach 

full OD overnight, but only ~1 OD600. The overnight LB culture was centrifuged at 5.000 x g for 

5 minutes, the partially spent LB was decanted, and the cell pellet was resuspended in mMOPS 
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succinate medium (Table S3) with zeocin to a final OD600 of 0.01, giving the Bioassay Medium. 

In a microtiter plate, 15 μL production sample supernatant was mixed with 135 μL Bioassay 

Medium. Each plate contained an internal standard curve with known concentrations of LA, 

added in the same way to the Bioassay Medium. Plates were sealed with breathable seals and 

incubated for 20 hours. OD620 was measured, and LA concentrations were calculated based on 

linear or logarithmic regression of the standard curve. If necessary, sample supernatants were 

diluted to be in the range of the bioassay. A linear range of growth between 0.2 and 2 µg/L LA 

was generally obtained and used for sample quantification using the described method. 24 

standards were used for each 96-well plate, between the concentrations of 0-40 mg/L, allowing 

quantification of LA concentrations in this range. 

SDS-page of whole-cell lysates – The expression of ecLipA was induced with IPTG from 

pBS1037 when cells were in early exponential phase growth (OD 0.2-0.4). Protein expression 

was done in 24 well deep-well plates in volumes of 2 ml mMOPS for 6 hours at 37 °C or 18 

hours at 22 °C (room temperature) and constant shaking. After protein expression, samples were 

normalized, corresponding to 1 ml of 1 OD culture broth. Samples were centrifuged, 

supernatants were removed, and pellets were resuspended in 100 µl Millipore Bugbuster® 1x 

and incubated for 1 hour at room temperature. Samples were spun down, and supernatants, the 

soluble protein fractions, were removed. The pellets were resuspended in 100 µl 8 M urea, 

yielding the insoluble protein fractions. Each sample was resuspended in 100 µl 2x Laemmli 

Sample Buffer, and samples were stored at -20°C for up to one month before running. Thawed 

samples were centrifuged at 5 minutes at 13000 G and loaded in Bio-Rad Mini-PROTEAN® 

TGX™ precast gels along with Bio-Rad Precision Plus Protein™ Dual Color Standards. Gels 

were run at 200V for 40-60 minutes in Bio-Rad Tris/Glycine/SDS buffer. Gels were stained 

with EZBlue™ Gel Staining Reagent (Coomassie) according to protocol. 
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Figure S2| A simplified overview of the citric acid (TCA) cycle of E. coli. E. faecalis lipoamidase deactivates 

pyruvate dehydrogenase (PDH) and 2-xxoglutarate dehydrogenase (OGDH) by hydrolyzing the protein-bound 

LA needed for catalysis. By the media addition of acetate and succinate in addition to glucose, the essentiality of 

PDH and OGDH can be bypassed due to the presence of Acetyl-CoA and Succinyl-CoA Synthetase activity. The 

toxicity of lipoamidase can thereby be alleviated. 

Chapter II - Supplementary material 

 

Figure S1| Plasmids with IPTG-inducible LipA expression and with/without constitutive AceFt expression were 

tested for small-scale production of spontaneously producted free LA, with various concentrations of IPTG and 

octanoic acid. The production plasmids used were: pBS0991 (no AceF), pBS0992 (low RBS AceF) and pBS0993 

(medium RBS AceF) and pBS0994 (high RBS AceF). All production was performed in BS1912. In most cases the 

free LA was too low to be determined (n.d.).  6 g/L octanoic acid was toxic. 
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Figure S3: Growth of various strains containing a Lipoamidase plasmid (pBS1250) in combination with a 

plasmid which constitutively over-expressed ecLipB (pBS1192) or a control of the same plasmid, but without 

ecLipB (pBS1037). a|Plasmids architectures showing gene, origin of replication, and antibiotic resistance 

markers. ecLipA is IPTG inducible, efLpA is L-rhamnose inducible, and AceFt and ecLipB are constitutively 

expressed. b|Growth rates are shown as curves of optical density (OD600) vs. time (hours). All axes are of the 

same scale. All strain and media addition combinations indicated were done in triplicates. 



64 
Chapter II 

 

 

Figure S4| 24 genomes containing LipBs closely related in sequence to that of E. coli. While broken up by ybeF in 

E. coli, most genomes encode LipB and LipA adjacent to each other, most likely in an operon. Figure was 

generated by choosing to show Escherichia coli str. K-12 substr. MG1655 LipB with “Tree View” in 

MicrobesOnline62. 
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Table S1| LipB/LipA metagenomic selection hits. All hits originated from the AB95D01 soil metagenomic 

library. 

  SMART BLAST output 

Hit Sanger sequence from metagenomic plasmids Description 
Max 
score 

Total 
score 

Cove
-rage E val ID 

pL1 
CGAGTCTGGTGCTGTAATTCCAGCACAATCCTCTGCTTTTCAACCCGGGCCAGAGCATCCTCTGCCCG
GGTTGCGCATTTTGGGTCAGCTATCCCAAAATGATTGGAGCTGCATCAAGGCGGCAAGCGGCCGAAT
CCCGCTGAGCTTAGTTAAGTAAGTGATTCGGGTGAGAAAGCGTGGCCAACACAGAGGCAGCTTCAAG
CATGAAGGGTATAAATGCTGGTCGCGGGCCAGAACGCCCGGTATAATGGCTTTACCACTTCTGTAACC
TGACGATGACTCTTTTGCAACCAGACAAGATCATTTTGCGTCAGCTGGGGTTGCAGCCCTACGAGCCT
GTATCCCAAGCCATGCACAACTTCACCGATCGCCGAACCGAAGCCACGCCCGATGAGCTGTGGTTGG
TTCAGCATCAGCCCGTATTTACTCAGGGCCAGGCCGGTAAAGCGGAGCATCTGTTAATGCCGGGTGA
CATTCCGGTGATCCAGAGCGATCGCGGTGGCCAGGTAACCTACCACGGGCCGGGGCAACAGGTGAT
GTACGTGATGGTCGATCTGAAACGCAGCAAGGTTGGCGTTCGCCAACTGGTCACGGCTATCGAAGAT
ACCGTTATTAATACCCTCGCCCACTTTCACATTGAATCGCGTGCCCGTCCGGATGCGCCCGGTGTTTAC
GTGGGGGAGCAAAAGATCTGTTCGTTGGGTTTGCGGATCCGCAAAGGCAGTTCATTCCACGGCCTGG
CCCTGAATGTGGCCATGGATCTCACCCCTTTCCAGCGTATCAACCCTTGCGGTTACGCCGGCATGCAG
ATGGCGCAGGTCAGCGCGCTGGCGCCCGGCGTCGGCATAGAAGACGTACACCCCGTCCTGGTACAG
GAATTTGTTCATTTACTCGGCTACCCGAAGGTCGAGCTTCGTAACTGGAACCTGCACGATTATGAGTA
AACCAATTCAGATGGAACGCGGCGTCAATACCGCGATGCAGACAAATGGCGTTGATCCCGATTAAAA
CGGTGGT 

lipoate-protein ligase B [Escherichia 
coli O157:H7 str. Sakai] 

312 312 0.92 6E-
108 

0.7039 

pL2 
TCGCACCTGCTGCTGTGGCGCGACAAGACTGTCGATGGCCTGAAAACCGGCCACACCGACGAAGCCG
GCTACTGCATGGTGTCGTCTGCTGTCCGTGATGGCCAACGCCTGATCGCCGTAGTCTTCGGCACCAAC
AGCGAACAGGCCCGCGCGGCCGAGACGCAAAAACTGCTGACCTACGGTTTCCGTTTCTTCGAAACCC

AGACCTTCTACCAGAAGGGTGCTGAGCTGGCGACCGCGCCGGTGTGGAAAGGCGCTACCTCCCAGGT
CAAGGCCGGCCTGGCTGACGACCTGACCCTGACCATGCCTAAAGGCCAGCTGAAAAAGCTCGCGGCC
AGCATGACCATGAACCCGCAATTGGTTGCCCCAATCGCCAAGGGTGATGTGATCGGCAAGGTCGAAG
TGAAGCTGGACGACAAAGTGGTGCACAGTGCCGACCTGATCGCGCTGGACGCCGTCGACGAGGGTG

GTATCTTCCGCCGCGTCTGGGATAGCATCCGTCTATTCTTCTACAGCTTGTTCAACTGATAGTGTGCAC
CTGCAAAGCCCCGTGTTGATCCGACACGGGGCTTTGCCCGTCGCCACGGCTTACGCTTACGAGGCCGT
TACGCCATGACCGATAAAGAAGTAGAAGTAAAGGCGCCCAAGATCGAATTCCCAGTGACGGATTATC

CCGTCAAGGTGATCAGCGATACCGGCGTGGGCCGCAAGGACAAGATTCTCGAGATCGTCAGAAAGTA
CGCGACGATCAACGACAACCGCGTGGACGAGCGTCAAAGCTCCACGGGTAAATACACCACGATCCAG
TTGCACATCGTTGCGACGGATCAGGACCAGCTCTACAACATCAACAGCGAACTGCGGGCTACCGGCTT
CGTGCACATGGTGCTGTGATGTCACAGGTCCTGGGCTTTCGCGAGCTCGGCCGGATGGACTACGAGC
CCGTCTGGCACGCCATGCAGCGGTTCAAAATGAGCGCGGCACGTCGGCCCCCGATGAGATCTGGCTG
GTCGAACACCGCCGGTCTTCACC 

lipoyl(octanoyl) transferase LipB 

[Pseudomonas sp. MIACH] 

58.2 58.2 0.54 1E-08 1 

pL3 
CAAAAGGCCGTGGGCGACGACACGACTCCGACGCCGGCAAACACGGCAGAAAGCCAATCCAACCCG
CAGAGCGTCGAAAAGAAAGACGTGTAATCACGTTTTCTGTTTGGCAATAAAAAACGGATGCCGCAAG
GACATCCGTTTTTTGGCGTTTCCGCAAGCTCAAGCGTAACAAATTGTTACCGCATTTACTTCACTTCCA
TCCCTTTCGCCTGCAAATCGGCATGGTAGGAGGAACGAACAAACGGGCCACAGGCCGCATGGGTAAA
GCCCATCGCCATCGCTTCTTCTTTCATTTCATCGAATTCGGCCGGGCTAACATAGCGCTGTACCGGCAG
GTGATGACGGCTTGGCTGCAGGTACTGGCCCAGGGTCAACATGGTGACGCCGTGGCGACGCAGGTC
GCGCATGACTTCAACGATTTCCGCATTGGTTTCCCCCAGGCCGACCATCAGACCGGATTTGGTTGGGA
TGTGCGGGTGCGCTTCTTTAAACCGTTCGAGCAGTTTTAGCGACCATTCGTAGTTGGCGCCCGGACGA
ACCTGGCGGTAGACGCGCGGCACGTTTTCCAGATTGTGGTTGAACACGTCCGGCGGCGTCTCTGTCA
GAATTTCCAGCGCGCGATCCATACGGCCACGGAAATCCGGCACCAGCGTTTCAATTTTGATGGTCGGG
TTTTTCACACGAATGGCGGCAATACAGTCGGCAAAGTGCTGAGCACCGCCGTCACGCAGGTCGTCGC
GGTCAACCGAAGTGATCACCACATAGCGCAGGCCCATGTCGGCGATGGTCTGAGCCAGTTTCTCCGG
TTCGTTGGCATCCGGGGCCACCGGACGGCCGTGGGCCACGTCGCAGAACGGGCAACGGCGGGTACA
GATAGCGCCCAGGATCATAAAGGTGGCGGTGCCGTGGTTAAAGCATTCAGACAGGTTCGGGCAGGA

AGCTTCTTCGCACACCGAATGCAGACCGTTTTTACGCATGGCGGCTTTAATGCCCTGAATGCGCGTAG

AGTCGGCAGGG 

lipoyl synthase [Serratia liquefaciens] 554 554 1 0 1 

pL4 

CAAAGGCCGTGGGCGACGACACGACTCCGACGCCGGCAAACACGGCAGAAAGCCAATCCAACCCGC

AGAGCGTCGAAAAGAAAGACGTGTAATCACGTTTTCTGTTTGGCAATAAAAAACGGATGCCGCAAGG
ACATCCGTTTTTTGGCGTTTCCGCAAGCTCAAGCGTAACAAATTGTTACCGCATTTACTTCACTTCCATC

CCTTTCGCCTGCAAATCGGCATGGTAGGAGGAACGAACAAACGGGCCACAGGCCGCATGGGTAAAG

CCCATCGCCATCGCTTCTTCTTTCATTTCATCGAATTCGGCCGGGCTAACATAGCGCTGTACCGGCAGG
TGATGACGGCTTGGCTGCAGGTACTGGCCCAGGGTCAACATGGTGACGCCGTGGCGACGCAGGTCGC

GCATGACTTCAACGATTTCCGCATTGGTTTCCCCCAGGCCGACCATCAGACCGGATTTGGTTGGGATG
TGCGGGTGCGCTTCTTTAAACCGTTCGAGCAGTTTTAGCGACCATTCGTAGTTGGCGCCCGGACGAAC
CTGGCGGTAGACGCGCGGCACGTTTTCCAGATTGTGGTTGAACACGTCCGGCGGCGTCTCTGTCAGA
ATTTCCAGCGCGCGATCCATACGGCCACGGAAATCCGGCACCAGCGTTTCAATTTTGATGGTCGGGTT
TTTCACACGAATGGCGGCAATACAGTCGGCAAAGTGCTGAGCACCGCCGTCACGCAGGTCGTCGCGG

TCAACCGAAGTGATCACCACATAGCGCAGGCCCATGTCGGCGATGGTCTGAGCCAGTTTCTCCGGTTC
GTTGGCATCCGGGGCCACCGGACGGCCGTGGGCCACGTCGCAGAACGGGCAACGGCGGGTACAGAT

AGCGCCCAGGATCATAAAGGTGGCGGTGCCGTGGTTAAAGCATTCAGACAGGTTCGGGCAGGAAGC

TTCTTCGCACACCGAATGCAGACCGTTTTTACGCATGGCGGCTTTAATGCCCTGAATGCGCGTAGAGT
CGGCAGGGAATTTGATCTTCATCCACTCGGGTTTACGTAACAGCTCCTGCCGTTCGGTGACC lipoyl synthase [Serratia liquefaciens] 588 588 1 0 0.9964 

pL8 

GTTCCGGCGGATCAACCCGTGTGGCTATGCCGGGTTGGCGATGACGCAACTGAGTGACCATGCTTCA

CCGATTAAATTTGCCGAGGTGAGTGCCCGGCTGCGTGCGCAGCTCGTCAAACACCTCGACTATGCTGA

GCAGACGACCCTTACGGGCGGAATCGACTGATTATGACTACTGATGCAGTGCAAACCATGATCCCGA

CGGTGGACGTTACCGACCGTCCGGCCCCGGCCCCGCGTGCCAAGGTGGAAGCCGGCGTCAAGCTGC

GCGGCGCCGAGAAGGTTGCACGCATCCCGGTGAAGATCATTCCGACCACCGAACTGCCGAAGAAACC

TGACTGGATCCGCGTGCGCATCCCGGTTTCGCCGGAAGTCGACCGTATCAAGGCCCTGCTGCGCAAA

CACAAGCTGCACAGCGTGTGCGAAGAAGCGTCCTGTCCGAACCTGGGCGAGTGCTTCTCCGGCGGCA
CCGCGACCTTCATGATCATGGGTGACATCTGCACCCGTCGTTGCCCGTTCTGCGACGTCGGCCACGGC

CGTCCGAAGCCATTGGACGTCAACGAGCCGGAAAGCCTGGCCATCGCCATCGCCGACCTGCGCCTCA

AGTACGTGGTGATCACCTCGGTAGACCGTGACGACCTGCGCGACGGCGGTGCCCAGCACTTTGCCGA

CTGCATCCGCGAAATCCGCAAACTGTCGCCGAACGTGATGCTCGAAACCCTGGTCCCGGACTACCGTG

GCCGCATGGACGTGGCGCTGGAAATCACCGCTGCCGAGCCGCCGGATGTGTTCAACCACAACCTGGA

AACCGTGCCGCGCCTGTACAAGGCTGCGCGTCCGGGTTCGGACTACCAGTGGTCGCTGACCCTGCTG
CAGAAATTCAAGCAGATGATGCCGCACATCCCGACCAAATCCGGCCTGATGCTGGGCCTGGGCGAGA
CTGACGAAAAGTCATCGAAGTCATGAAGCGCATGCGCG 

lipoyl synthase [Pseudomonas 
azotoformans] 537 537 0.98 0 0.9962 

pL9 

CACCATTCAGTTGCACATCGTTGCGACTGACCAGGACCAGCTCTACAACATCAACAGCGAACTGCGGG

CCACCGGCTTCGTGCACATGGTGTTGTGATGTCACAGACCCTGGGCTTTCGCGAGCTCGGCCAAATGG
CATATGAACCGGTGTGGCACGCCATGCAGCGGTTCACCAACGAGCGCGGCACCGAAGCCCCGGATGA

AATCTGGCTGGTGGAACACCCGCCGGTTTTCACCCAGGGCCAGGCCGGCAAGGCCGAGCATTTGTTG

CTGCCGGGAGAAATCCCGGTGGTGCAGGTCGACCGCGGCGGGCAGGTGACTTACCATGGCCCAGGC
CAATTGGTGGCTTATCTGTTGCTGGACGTGCGCAGGCTGGGTTTTGGCGTACGTGAGCTGGTCAGTCG
CATGGAGTCATGCCTGATCGAGTTGCTGGCCAGCTACGGTGTGACCGCAGCGGCCAAGCCGGATGCT
CCGGGGGTTTACGTAGAGGGCGCGAAAATCGCCTCCCTGGGCCTGCGGATTCGCCACGGCTGTTCCT

TTCACGGCCTGGCCTTGAACGTGGACATGGACCTGACGCCGTTTCGACGGATCAATCCCTGCGGTTAC

GCCGGTTTGGCGATGACCCAGTTGAGCGATCACGCAACACCACTAGAATTTGCCGAGGTAAGTGCCC
GGCTGCGCGCGCAGCTCGTCAAACACCTCGACTATGCTGAGCAGACGACCCTAACGGGCGGAATCGA

CTGATTATGACTACTGATGCAGTGCAAACCATGATCCCGACGCTGGATGTTACCGAGCGTCCGGCCCC

GCGTGCCAAGGTAGAAGCCGGCGTCAAGCTGCGCGGCGCCGAGAAGGTTGCACGCATCCCGGTGAA
GATCATTCCGACCACCGAACTGCCGAAAAAGCCTGACTGGATTCGCGTGCGCATCCCGGTTTCGCCGG

AAGTCGACCGCATCAAGGCCCTGCTGCGCAACACAAGCTGCACAGCGTCTGCGAAA 

lipoate-protein ligase B [Pseudomonas 
aeruginosa PAO1] 338 338 1 

2E-
118 0.7581 

pL11 

TCGAGGTCGACTATGCTGAGCAGACGACCCTTACGGGCGGAATCGACTGATTATGACTACTGATGCA

GTGCAAACCATGATCCCGACGGTGGACGTTACCGACCGTCCGGCCCCGGCCCCGCGTGCCAAGGTGG

AAGCCGGCGTCAAGCTGCGCGGCGCCGAGAAGGTTGCACGCATCCCGGTGAAGATCATTCCGACCAC

CGAACTGCCGAAGAAACCTGACTGGATCCGCGTGCGCATCCCGGTTTCTCCGGAAGTCGACCGTATCA
AGGCCCTGCTGCGCAAACACAAGCTGCACAGCGTGTGCGAAGAAGCGTCCTGCCCGAACCTGGGCGA
ATGCTTCTCCGGCGGCACCGCGACCTTCATGATCATGGGTGACATCTGCACCCGTCGTTGCCCGTTCT

GCGACGTCGGCCACGGCCGTCCGAAGCCATTGGACGTCAACGAGCCGGAAAGCCTGGCCATCGCCAT

CGCCGACCTGCGCCTCAAGTACGTGGTGATCACCTCGGTAGACCGCGACGACCTGCGCGACGGCGGT
GCCCAGCACTTTGCCGACTGCATCCGCGAAATCCGCAAACTGTCGCCAAACGTGATGCTCGAAACCCT
GGTCCCGGACTACCGTGGCCGCATGGACGTGGCGCTGGAAATCACCGCTGCCGAGCCGCCGGATGTG

TTCAACCACAACCTGGAAACCGTACCGCGCCTGTACAAGGCCGCGCGTCCGGGTTCGGATTATCAGTG

GTCGCTGACCCTGCTGCAGAAATTCAAGCAGATGATGCCGCACATCCCGACCAAATCCGGCCTGATGC
TGGGCCTGGGCGAGACTGACGAAGAAGTCATCGAAGTCATGAAGCGCATGCGCGAACACGACATCG
ACATGCTGACCCTGGGCCAGTACCTGCAACCGTCCCGCAGCCACTTGCCGGTGCAGCGTTTCGTGCAC
CCGGACACCTTCGCCTGGTTCGCCGA 

lipoyl synthase [Pseudomonas 

azotoformans] 631 631 1 0 1 

pL12 
GGTCGACTATGCTGAGCAGACGACCCTTACGGGCGGAATCGACTGATTATGACTACTGATGCAGTGC
AAACCATGATCCCGACGGTGGACGTTACCGACCGTCCGGCCCCGGCCCCGCGTGCCAAGGTGGAAGC
CGGCGTCAAGCTGCGCGGCGCCGAGAAGGTTGCACGCATCCCGGTGAAGATCATTCCGACCACCGAA
CTGCCGAAGAAACCTGACTGGATCCGCGTGCGCATCCCGGTTTCTCCGGAAGTCGACCGTATCAAGG
CCCTGCTGCGCAAACACAAGCTGCACAGCGTGTGCGAAGAAGCGTCCTGCCCGAACCTGGGCGAATG

CTTCTCCGGCGGCACCGCGACCTTCATGATCATGGGTGACATCTGCACCCGTCGTTGCCCGTTCTGCG
ACGTCGGCCACGGCCGTCCGAAGCCATTGGACGTCAACGAGCCGGAAAGCCTGGCCATCGCCATCGC

CGACCTGCGCCTCAAGTACGTGGTGATCACCTCGGTAGACCGCGACGACCTGCGCGACGGCGGTGCC
CAGCACTTTGCCGACTGCATCCGCGAAATCCGCAAACTGTCGCCAAACGTGATGCTCGAAACCCTGGT
CCCGGACTACCGTGGCCGCATGGACGTGGCGCTGGAAATCACCGCTGCCGAGCCGCCGGATGTGTTC
AACCACAACCTGGAAACCGTACCGCGCCTGTACAAGGCCGCGCGTCCGGGTTCGGATTATCAGTGGT
CGCTGACCCTGCTGCAGAAATTCAAGCAGATGATGCCGCACATCCCGACCAAATCCGGCCTGATGCTG

GGCCTGGGCGAGACTGACGAAGAAGTCATCGAAGTCATGAAGCGCATGCGCGAACACGACATCGAC
ATGCTGACCCTGGGCCAGTACCTGCAACCGTCCCGCAGCCACTTGCCGGTGCAGCGTTTCGTGCACCC

GGACACCTTCGCCTGGTTCGCCGAGGAAGGT 

lipoyl synthase [Pseudomonas 
azotoformans] 

638 638 1 0 1 

pL13 
CGGCCCCGGCCCCGCGTGCCAAGGTGGAAGCCGGCGTCAAGCTGCGCGGCGCCGAGAAGGTTGCAC
GCATCCCGGTGAAGATCATTCCGACCACCGAACTGCCGAAGAAGCCTGACTGGATCCGCGTGCGCAT
CCCGGTTTCGCCGGAAGTCGACCGTATCAAGGCTTTGCTGCGCAAACACAAGCTGCACAGCGTGTGC
GAAGAAGCGTCCTGCCCGAACCTGGGCGAGTGCTTCTCTGGCGGCACCGCCACCTTCATGATCATGG
GTGACATCTGCACCCGTCGTTGCCCGTTCTGCGACGTGGGCCACGGCCGTCCGAAGCCATTGGACGTC

AACGAGCCGGAAAGCCTGGCCATCGCCATCGCCGACCTGAAACTCAAGTACGTGGTGATCACCTCGG
TTGACCGCGACGACCTGCGTGACGGCGGTGCCCAGCACTTTGCCGACTGCATCCGCGAGATTCGCAA
GCTGTCGCCGAACGTGATGCTCGAAACCCTGGTGCCGGACTACCGTGGTCGCATGGAGGTAGCGTTG

GAAATCACCGCCGCCGAGCCACCGGATGTGTTCAACCACAACCTGGAAACCGTGCCACGCCTGTACA
AGGCGGCGCGTCCGGGGTCGGACTACCAGTGGTCGCTGACCCTGCTGCAGAAATTCAAGCAGATGAT
GCCGCACATCCCAACCAAATCCGGCCTGATGCTGGGTCTGGGCGAGACCGACGAAGAAGTCATCGAA
GTCATGAAGCGCATGCGCGAACACGACATCGACATGCTGACCCTGGGCCAGTACCTGCAACCGTCCC
GCAGCCACTTGCCGGTGCAGCGTTTCGTGCACCCGGACACCTTCGCCTGGTTCGCCGAGGAAGGTTAC
AAGATGGGCTTCAAGAACGTGGCGTCGGGGCCGTTGGTACGTTCCTCGTATCACGCTGATGAACAGG

CCAAGCTGGTCAAGGCTAGCCTGGTTTCCTGATCGGGTCAGCAT 

lipoyl synthase [Pseudomonas simiae] 496 496 1 1E-
175 

1 
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Figure S5: Testing of the IPTG-inducible toxic expression of slLipB and slLipA in various plasmid 

constructs shows that slLipB is not toxic. All growth-rate testing of the indicated plasmids were done in the 

same way, in BS2548 background strain. For plasmids lacking LipB, 10 µg/L lipoic acid was added to the 

media. Growth assaying was done in triplicate, figures show a representative replicate. All axes are of the 

same scale as that shown in panel a. a|pBS1505 contains the lipoic acid production plasmid with the native 

RBS sequence in front of the IPTG inducible slLipB and slLipA operon. The strain containing this plasmid 

was not inducible to toxicity with IPTG as seen from the growth curves. b| pBS1584, pBS1505 with slLipA 

removed. c| pBS1506, pBS1505 with a new synthetic RBS with ~10-fold higher predicted T.I.R. is inducible 

to toxicity. c|pBS1588, which is pBS1506 with slLipA, is no longer inducible to toxicity, indicating that 

LipA and not LipB is the toxic element of the IPTG induction of the slLipB-slLipA operon. 
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Table S2| Overview of 24 fed-batch benchtop fermentations carried out. All fermentations were carried out the 

same standard way as described in the methods, varying only in the parameters indicated in the table. The 

maximum titer of LA and maximum and OD reached in each fermentation is indicated. Note that the highest 

titer and OD was not necessarily reached at the final time-point (48 hours) as most fermentations decreased in 

titer and OD during the fed-batch phase due to toxicity. 
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1.1 BS2548 pBS1506 pBS1190 10 na 0 na 
Toxicity in fed-batch, 
stopped after 30 hrs 

15 54 

1.2 BS2548 pBS1506 pBS1190 10 na 0 na 
Toxicity in fed-batch, 
stopped after 30 hrs 

18 47 

1.3 BS2548 pBS1506 pBS1190 10 na 5 na 
Toxicity in fed-batch, 
stopped after 30 hrs 

20 53 

1.4 BS2548 pBS1506 pBS1190 10 na 5 na 
Slightly less Toxicity in 

fed-batch 
62 70 

1.5 BS2548 pBS1506 pBS1190 10 na 50 na 
Toxicity in fed-batch, 
stopped after 30 hrs 

28 49 

1.6 BS2548 pBS1506 pBS1190 10 na 50 na 
Toxicity in fed-batch, 
stopped after 30 hrs 

23 43 

2.1 BS2548 pBS1506 pBS1984 15 0 na na 
Seemed to "escape" 
toxicity but did not 
continue producing 

62 125 

2.2 BS2548 pBS1506 pBS1984 15 3 na na Toxicity in fed-batch 39 70 

2.3 BS2548 pBS1506 pBS1984 15 0 na na Toxicity in fed-batch 50 69 

2.4 BS2548 pBS1506 pBS1984 15 3 na 
Aeration turned off 

after ~14 hrs 
Continued producing 
despite not growing 

87 71 

2.5 BS2548 pBS1506 pBS1984 15 0 na na Toxicity in fed-batch 61 68 

2.6 BS2548 pBS1506 pBS1984 15 3 na na Toxicity in fed-batch 31 50 

3.1 BS2548 pBS1506 pBS1984 15 3 na 
Added succinate and 

acetate (10mM) 
Toxicity in fed-batch 34 40 

3.2 BS2548 pBS1506 pBS1984 15 3 na Triple feed rate Toxicity in fed-batch 35 38 

3.3 BS2548 pBS1506 pBS1984 15 3 na 
Triple feed rate, 25 deg 

fed-batch 
Toxicity in fed-batch 37 23 

3.4 BS2548 pBS1506 pBS1977 10 25 na na 
Lipoic acid independent 

strain (ALE) 
58 30 

3.5 BS2548 pBS1506 pBS1985 15 0 na na Toxicity in fed-batch 6 73 

3.6 BS2548 pBS1506 pBS1985 15 1000 na na Toxicity in fed-batch 4 62 

4.1 BS2548 pBS1506 pBS1984 0 3 na na 
Less toxic compared to 

4.2 and 4.3 
70 66 

4.2 BS2548 pBS1506 pBS1984 15 3 na 
IPTG added 

incrementally per 3x 
5uM/30 min 

Toxicity in fed-batch 36 58 

4.3 BS2548 pBS1506 pBS1984 10 3 na 
IPTG added 

incrementally per 2x 
5uM/30 min 

Less toxic compared to 
4.2 

33 49 

4.4 BS2548 pBS1506 pBS1899 0 3 na na 
efLpA plasmid replaced 
with aTet inducible GFP 

0 58 

4.5 BS2548 pBS1506 pBS1899 15 3 na na 
efLpA plasmid replaced 
with aTet inducible GFP 

0 80 

4.6 BS2548 pBS1779 pBS1985 15 3 na 
Auxotrophic strain. 0.1 
mg/L lipoic acid added 

slLipB, slLipA plasmid 
replaced with IPTG 

inducible GFP. Feed-
pump failed after 24 

hours. 

0 110 
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Production of free LA  with pBS2092

Figure S7| Small-scale de novo free LA production experiment using two background strains, one iscR mutant 

(BS2114) and one iscR wild-type (BS1912), in triplicate. The production plasmid used was pBS2092, which 

contains both efLpA, slLipB and slLipA, as well as AceFt on one plasmid. 

Figure S6| Small-scale production of pBS1506 (control) or pBS1980-L (NfuA RBS library), in combination with 

pBS1984 in the BS2548 background strain. pBS1980-L is the same plasmid as pBS1506, but with NfuA included in a 

constitutive synthetic operon with AceFt. An 8x RBS library was randomly inserting in-front of NfuA ORF and 6 

colonies along with three controls were tested for production using various IPTG and aTet concentration, in single 

replicates. There was no convincing evidence that NfuA containing plasmids  
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Figure S8| SDS-page gel electrophoresis, stained with Coomassie. Protein expression was done at 22 ºC (b and d) 

and 37 ºC (a and c). IPTG Induction level and strains/plasmids used are noted above the relevant lanes. Both 

soluble (S) and insoluble (IS) fractions are shown for each sample. Expression was done in BS1912, except where 

C92Y denotes the iscR mutation (these were done in BS2114). The molecular weight of ecLipA is 36 kDa, and as 

such, the 37 kDa standard is highlighted. 

Table S3| 1-liter Minimal MOPS media recipe. 

Component Volume (ml) 

10x Modified MOPS 

400 mM MOPS, 40 mM Tricine, 0.10 mM Iron Sulfate, 95 mM Ammonium Chloride, 2.76 mM Potassium Sulfate, 5 µM 

Calcium Chloride, 5.25 mM Magnesium Chloride, 500 mM Sodium Chloride, 2.92E-6 mM Ammonium Molybdate, 4.0E-4 

mM Boric Acid, 3.02E-5 mM Cobalt Chloride, 9.62E-6 mM Copper Sulfate, 8.08E-5mM Magnesium Chloride, 9.74E-6 mM 

Zinc Sulfate 

100 

0.132 M K2HPO4 solution 

Di-basic 

10 

500 X Vitamin soulution 

 2.38 mg/ml calcium pantothenate, 0.69 mg/ml p-aminobenzoic acid, 0.69 mg/ml p-hydroxybenzoic acid, 0.77 mg/ml 2,3-

dihydroxybenzoic acid 

2 

20% D-glucose* 10 

MQ water Fill To 1 L 

*For mMOPS succinate media, used for liquid bioassay, glucose was replaced by 50 mM (final concentration) na-

succinate. 
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Table S4| Fermentation Batch media recipe. 

Component Final Concentration - [g/L]  

(NH4)2SO4  10.00  

K2HPO4  4.00  

KH2PO4  4.00  

Na3Citrate · 2H2O  3.00  

Na2SO4  2.00  

NH4Cl  1.00  

MgSO4 · 7H2O  1.00  

ZnSO4 · 7H2O  0.000825  

CuSO4 · 5H2O  0.00075  

MnSO4 · H2O  0.00045  

FeCl3 · 6H2O  0.0627  

CoCl2 · 6H2O  0.0009  

CaCl2 · 2H2O  0.003  

Boric acid  0.001125  

Yeast extract  10.00  

D-glucose  10.00  

 

Table S5: The Feed Media recipe, for fed-batch fermentation phase. 

Compound  Final Concentration - [g/L]  

MgSO4 · 7H2O  10.00  

FeCl3 · 6H2O  0.270  

D-glucose  550.00  

 

Table S6| Strains used in this study. 

Strain Genotype Plasmid 1 Plasmid 2 Source 

BS1912 BW21153, ∆lipA na na Bali et al. (2020)17 

BS2114 BW21153, ∆lipA, iscR C92Y na na Bali et al. (2020)17 

BS2547 BW21153, ∆lipA, ∆lplA, iscR C92Y na na This work 

BS2548 BW21153, ∆lipA, ∆lipB, iscR C92Y na na This work 

BS1961 BS1912 pBS0991 na This work 

BS1995 BS1912 pBS0993 na This work 

BS1996 BS1912 pBS0994 na This work 

BS2014 BS1912 pBS0992 na This work 

BSmeta1 BS2548 pL2 pBS1190 This work 

BSmeta2 BS2548 pL4 pBS1190 This work 

BS3804 BS2548 pBS1506 pBS1984 This work 

BS3864 BS2548 pBS1980_1 pBS1984 This work 

BS3865 BS2548 pBS1980_2 pBS1984 This work 

BS3866 BS2548 pBS1980_3 pBS1984 This work 

BS3867 BS2548 pBS1980_4 pBS1984 This work 

BS3868 BS2548 pBS1980_5 pBS1984 This work 

BS3869 BS2548 pBS1980_6 pBS1984 This work 

BS3870 BS2548 pBS1980_7 pBS1984 This work 

BS3871 BS2548 pBS1980_8 pBS1984 This work 

BS3706 BS2548 pBS1506 pBS1904 This work 

BS3802 BS2548 pBS1506 pBS1982 This work 

BS3803 BS2548 pBS1506 pBS1983 This work 
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BS3707 BS2548 pBS1506 pBS1973 This work 

BS3805 BS2548 pBS1506 pBS1985 This work 

BS4191 BS2548 pBS2108 pBS1984 This work 

BS4189 BS2548 pBS2092 na This work 

BS3872 BS2548 pBS1506 pBS1997 This work 

BS3705 BS2548 pBS1506 pBS1904 This work 

BS3708 BS2548 pBS1506 BS1974 This work 

BS3709 BS2548 pBS1506 pBS1977 This work 

BS3055 BS2548 pBS1506 pBS1190 This work 

BS3710 BS2548 pBS1506 pBS1978 This work 

LA02_16 BS2548 pBS1502 pBS1516 This work 

LA02_17 BS2548 pBS1502 pBS1517 This work 

LA03_16 BS2548 pBS1503 pBS1516 This work 

LA03_17 BS2548 pBS1503 pBS1517 This work 

LA05_16 BS2548 pBS1505 pBS1516 This work 

LA05_17 BS2548 pBS1505 pBS1517 This work 

LA06_16 BS2548 pBS1506 pBS1516 This work 

LA06_17 BS2548 pBS1506 pBS1517 This work 

LA06_14 BS2548 pBS1506 pBS1514 This work 

LA06_15 BS2548 pBS1506 pBS1515 This work 

LA06_16 BS2548 pBS1506 pBS1516 This work 

LA06_17 BS2548 pBS1506 pBS1517 This work 

LA06_09 BS2548 pBS1506 pBS1509 This work 

LA06_10 BS2548 pBS1506 pBS1510 This work 

LA06_11 BS2548 pBS1506 pBS1511 This work 

LA06_12 BS2548 pBS1506 pBS1512 This work 

LA92_17 BS2467 pBS1492 pBS1517 This work 

LA92_90 BS2467 pBS1492 pBS1190 This work 

LA06_17 BS2548 pBS1506 pBS1517 This work 

LA06_90 BS2548 pBS1506 pBS1190 This work 

 

 

Table S7| Plasmids used in this study. 

Plasmid Resistance 

marker and 

origin 

Description Source 

AB95D01 KanR, ColE1 Metagenomic plasmid library, from soil. ~1-3 kb insert size. Sommer et al. (2009)33 

57SDb01 KanR, ColE1 Metagenomic plasmid library, from human fecal matter. ~1-3 kb 

insert size. 

Forsberg et al. (2012)32 

57SDb03 KanR, ColE1 Metagenomic plasmid library, from human fecal matter. ~1-3 kb 

insert size. 

Forsberg et al. (2012)32 

Granja Pig KanR, ColE1 Metagenomic plasmid library, from pig fecal matter. ~1-3 kb insert 

size. 

Genee et al. (2016)31 

Granja Cow KanR, ColE1 Metagenomic plasmid library, from cow fecal matter. ~1-3 kb insert 

size. 

Genee et al. (2016)31 

pBS0451 p15A, ZeoR Zeocin resistance plasmid used in the Bioassay strain Bali et al. (2020)17 

pBS848 pFree CRISPR-Cas9 based, one-step curing plasmid Lauritsen et al. (2017)59 

pBS136 AmpR, ColE1 pMA7-sacB (MAGE plasmid) Lennen et al. (2016)63 

pBS0910 AmpR, pSC101 Plasmid with TlacO, IPTG inducible promoter and apFAB309 

constitutive promoter 

Biosyntia internal plasmid 

collection 

pBS0991 AmpR, pSC101 IPTG inducible LipA, Synthetic RBS: 360K AU This work 

pBS0992 AmpR, pSC101 IPTG inducible LipA, Synthetic RBS: 360K AU 

apFAB309 constitutive AceFt, Synthetic RBS: 400K AU 

This work 

pBS0993 AmpR, pSC101 IPTG inducible LipA, Synthetic RBS: 360K AU 

apFAB309 constitutive AceFt, Synthetic RBS: 1M AU 

This work 

pBS0994 AmpR, pSC101 IPTG inducible LipA, Synthetic RBS: 360K AU 

apFAB309 constitutive AceFt, Synthetic RBS: 3.3M AU 

This work 
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pBS0489 SpecR, p15A Rhamnose inducible GFP Biosyntia internal plasmid 

collection 

pBS1189 SpecR, p15A Rhamnose inducible E. faecalis Lipoamidase. Synthetic RBS 1: 

101.14 AU 

This work 

pBS1190 SpecR, p15A Rhamnose inducible E. faecalis Lipoamidase. Synthetic RBS 2: 

898.4 AU 

This work 

pBS1191 SpecR, p15A Rhamnose inducible E. faecalis Lipoamidase. Synthetic RBS 3: 

3791.07 AU 

This work 

pBS1192 KanR, p15A IPTG inducible LipA, Synthetic RBS: 360K AU 

apFAB309 constitutive AceFt, Synthetic RBS: 300K AU ecLipB 

This work 

pBS1037  AmpR, p15A pBS0993 re-cloned with medium copy number plasmid Bali et al. (2020)17  

pBS1250 SpecR, pSC101 pBS1189 re-cloned with low copy number origin or replication for 

compatibility with p15A based production plasmids 

This work 

pL2 KanR, pBR322 Metagenomic library plasmid containing Pseudomonas sp. LipB 

and LipA in operon 

This work/AB95D01 

pL4 KanR, pBR322 Metagenomic library plasmid containing Serratia liquefaciens LipB 

and LipA in operon 

This work/AB95D01 

pBS1505 AmpR, pBR322 Serratia liquefaciens LipB and LipA operon from pL2 behind a 

T5lacO promoter. Constitutive AceFt ORF from pBS1037. 

This work 

pBS1506 AmpR, pBR322 pBS1505 with a synthetic high RBS (25k AU) in front of the slLipB-

slLipA operon 

This work 

pBS1584 AmpR, pBR322 pBS1505 with slLipA removed from the plasmid This work 

pBS1588 AmpR, pBR322 pBS1506 with slLipA removed from the plasmid This work 

pBS1980 AmpR, pBR322 pBS1506 with constitutively expressed NfuA RBS library inserted in 

operon after AceF 

This work 

pBS1492 KanR, pBR322 Same plasmid as pL2, with another name This work 

pBS1502 AmpR, pBR322 pBS1505 but with no AceF This work 

pBS1503 AmpR, pBR322 pBS1506 but with no AceF This work 

pG-Tf2 CamR, p15A pG-Tf2 from Takara chaperone Plasmid Set. Used for template for 

Tet induction system 

Takara Bio 

pBS1509 SpecR, pSC101 aTet inducible efLpA Synthetic RBS 2 This work 

pBS1510 SpecR, pSC101 aTet inducible efLpA Synthetic RBS 3 This work 

pBS1511 SpecR, pSC101 aTet inducible efLpA Synthetic RBS 4 This work 

pBS1512 SpecR, pSC101 aTet inducible efLpA Synthetic RBS 5 This work 

pBS1514 SpecR, pSC101 pBS1509 with new origin (medium copy number, p15A) This work 

pBS1515 SpecR, pSC101 pBS1510 with new origin (medium copy number, p15A) This work 

pBS1516 SpecR, pSC101 pBS1511 with new origin (medium copy number, p15A) This work 

pBS1517 SpecR, pSC101 pBS1512 with new origin (medium copy number, p15A) This work 

pBS0859 KanR, pBR322 In-house Tet induction system with higher promoter strength in 

front of tetR (repressor), giving better titratability of the inducible 

promoter 

Biosyntia internal plasmid 

collection 

pBS1904 SpecR, pSC101 aTet inducible efLpA Synthetic RBS 6 This work 

pBS1905 SpecR, p15A pBS1904 with new origin (medium copy number, p15A) This work 

pZE53luc TetA, pSC101 pZE53luc. Used for amplifying TetA from Expresssys 

pBS1973 TetA, SpecR, 

pSC101 

pBS1904 with TetA (tetracycline efflux-pump) introduced to 

decrease aTet induction sensitivity 

This work 

pBS1974 TetA, SpecR, 

p15A 

pBS1905 with TetA (tetracycline efflux-pump) introduced to 

decrease aTet induction sensitivity 

This work 

pBS1980 AmpR, pBR322 pBS1506 with NfuA inserted into the synthetic constitutive 

apFAB309-AceFt operon. Includes an 8xRBS library in front of 

NfuA 

This work 

pBS1982 SpecR, p15A pBS1509 with TetR-pTet system from pBS0859, giving better 

titratability 

This work 

pBS1983 SpecR, p15A pBS1510 with TetR-pTet system from pBS0859, giving better 

titratability 

This work 

pBS1984 SpecR, p15A pBS1511 with TetR-pTet system from pBS0859, giving better 

titratability 

This work 

pBS1997 SpecR, p15A pBS1974 with TetR-pTet system from pBS0859, giving better 

titratability 

This work 

pBS2092 AmpR, p15A Combination of pBS1506 and pBS1984, giving one “master” 

plasmid with all genes (efLpA, AceF, slLipB, slipA) 

This work 

pBS2108 AmpR, pBR322 pBS1506 with lowered synthetic RBS This work 
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Table S8| Oligos used in this study. 

Oligo Sequence Description 
moBS441 CAGCTCGGTCTTCAGCCTTAatAGtgAATCTCCCAGGCTATGCAT

GAATTCACCGATACCCGCGATGATAGTACCCTTGATGAAATCT
GG 

MAGE oligo for LipB translational knock-out 

oBS1591 AGAGATACU AGTTAGAGAACCTCCGATTTGAATC rv pBS0910, open for T5LacO:ecLipA cloning (pBS0991) 

oBS1587 ACAAGCTU TCCCACTCCCCCTAGAGGC fw pBS910, open for T5LacO:ecLipA cloning (pBS0991) 

oBS2197 AAGCTTGU TTACTTAACTTCCATCCCTTTCG rv EcoLipA with, pairs with oBS1587 

oBS2200 AGTATCTCU 

GGAGCGGCGAAGACTAAGGAGGTAAGAAATGAGTAAACCCAT
TGTGATGG 

fw EcoLipA with synthetic high RBS, pairs with oBS1591 

(pBS0991) 

oBS1177 ATTTGAAU CTATTATAATTGTTATCCGCTCACAAAG rv pBS910, open for apFAB309: AceFt cloning (pBS0991- 
pBS0994) 

oBS1647 ATCGGAGGU TCTCTAACTAGTATCTCT fw pBS910, open for apFAB309: AceFt cloning (pBS0992- 
pBS0994) 

oBS2223 ATTCAAAU 

AGGTAATATGGAATTCACGAAAAATAATATATAAGGAGGTACA

CA ATGGCTATCGAAATCAAAGTACC 

fw aceFt synthetic RBS 3 (pBS0994) 

oBS2224 ATTCAAAU 

AGGTAATATGGAATTCCAAAATTAAGGAGGTAATTAACAAA 

ATGGCTATCGAAATCAAAGTACC 

fw aceFt synthetic RBS 2 (pBS0993) 

oBS2225 ATTCAAAU 

AGGTAATATGGAATTCTTCGGGATATAAGTAGGGGCGGC 

ATGGCTATCGAAATCAAAGTACC 

fw aceFt synthetic RBS 1 (pBS0992) 

oBS2306 ACAGCGACU GAATTTCATTACGACCAGTCTAAAA rv pBS489, opening for efLpA cloning 

oBS2307 AGCTTCAU CATATGGTCCACAGGACACT fw pBS489, opening for efLpA cloning 

oBS2304 AGTCGCTGU 
TAAGGAGGTTAAAGCTTATTACTAAGCTAACTTCCCGC 

ATGCTGGCGCAGGAGT 

fw efLpA, synthetic RBS 1 (pBS1189) 

oBS2305 AGTCGCTGU 
TAAGGAGGTTAAAGCATAAATTAGCGAATTATTTCATTT 
ATGCTGGCGCAGGAGT 

fw efLpA, synthetic RBS 2 (pBS1190 and pBS1509, 
pBS1982) 

oBS2230 AGTCGCTGUTAAGGAGGTTAAAGTAATCTATAAACCTAAGAAG
TATAGAATGCTGGCGCAGGAGT 

fw efLpA, synthetic RBS 3 (pBS1191, pBS1510, pBS1983)  

oBS2231 AGTCGCTGUTAAGGAGGTTAAAGGCAAACGAACATAACGGAG
AATTAAATGCTGGCGCAGGAGT 

fw efLpA, synthetic RBS 4 (pBS1511, pBS1984) 

oBS2232 AGTCGCTGU 
TAAGGAGGTTAAAGCCAAGACCACGATTACATAAGGAGCTTTT
C ATGCTGGCGCAGGAGT 

fw efLpA, synthetic RBS 5 (pBS1512) 

oBS3430 AGTCGCTGU TATTAAGCGAGGATAAGGAGGTTTTTT 
ATGCTGGCGCAGGAGT 

fw efLpA, synthetic RBS 6 (pBS1904) 

oBS2278 ATGAAGCU TTATTTGCGGGTCTTACGGA rv efLpA 

oBS2277 ATGAAGCU TTACGCAGGAGCTGCC rv aceF for inserting ecLipB in operon with aceF (pBS1192) 

oBS1475 AGCTTCAUATGGTCCACAGGACACTCGTTG Fw pBS1037 for inserting ecLipB in operon with aceF 
(pBS1192) 

oBS2394 AGCTTCAU AATAGCGCAATCAAATCAAATTAAGGAGGTCTAAA 
ATGTATCAGGATAAAATTCTTGT 

fw ecLipB, for insertion after AceFt in apFAB309 
constitutive operon. Changes start codon TTG-ATG. 
synthetic RBS 3 (pBS1192) 

oBS2367 ATGAAGCU TTAAGCGGTAATATATTCGAAGTC Rv LipB for insertion after AceFt in apFAB309 constitutive 
operon. 

oBS0265  CCTCGAGGTCGACGGTATCGATAAG Fw Sequencing of metagenomic plasmid insert (e.g. pL2) 

oBS1223 ATTTGTCCUACTCAGGAGAGCGTTCACCG 
 

Rv Sequencing of metagenomic plasmid insert (e.g. pL2) 

oBS3464 AGCTTCAU AATGGCTTTACCACTTCTGTAACCTGACG 
ATGACTCTTTTGCAACCAGACAA 

Fw open pL2 for insertion of LacI-AmpR-ApFaB(AceF) 
operon-pT5lacO from pBS0991 (for pBS1502) or from 
pBS0993 (for pBS1505, with AceF), pairs with oBS3465. 
slLipB native RBS, used for pBS1505 

oBS3466 ATTCGATGGU GTCGTCATGACCAAAATCCCTTAACGTGAG Rv open pL2 for insertion of LacI-AmpR-ApFaB (AceF) 
operon-pT5lacO from pBS0991 (for pBS1502, no AceF) or 
from pBS0993 (for pBS1505, with AceF) (pairs with oBS 
oBS443) 

oBS443 ACCATCGAAUGGCGCAAAACCTTTCG fw LacI-AmpR-ApFaB(AceF)-pT5lacO with oBS443, from 
pBS991, pairs with oBS3466) 

oBS3465 ATGAAGCU AGAGATACTAGTTAGAGAACCTCCGATTTG Rv LacI-AmpR-ApFaB(AceF)-pT5lacO with oBS443, from 
pBS991, pairs with oBS3464) 

oBS3229 AGCTTCAU CACCTAAGGACTTTTTTTT 
ATGACTCTTTTGCAACCAGACAA 

fw slLipB, 25k AU RBS overhang, pairs with oBS3465, 
used for pBS1506 and pBS1503 

oBS3232 ACAGCGACU TTACTCATAATCGTGCAGGTTCCA Rv pBS1505/pBS1505, for removing LipA (pairs with 
oBS3483), used for pBS1584 and pBS1588 

oBS3483 AGTCGCTGU TCGCAGCAATGATTTGTTACGTTT Fw pBS1505/pBS1505, for removing LipA (pairs with 
oBS3232), used for pBS1584 and pBS1588 

oBS3677 ACTGCCATU TACGCAGGAGCTGCCGCA Rv pBS1560, opening up behind AceF for insertion of 
NfuA (pairs with oBS3677 used for pBS1980 

oBS3680 AGTATCTCU TGGTCCACAGGACACTCGTTG Fw pBS1560, opening up behind AceF for insertion of 
NfuA (pairs with oBS3678 used for pBS1980 

oBS3313 AtGGCAGU 
ATCTTGTCCCCAGGGACATCGACACTTTCCTAAGRARRTTTTTTT 

ATGATCCGTATTTCCGATGCTGC 

Fw ecNfuA, with degenerative RBS library (pairs with 
oBS3677) 
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oBS3678 AGAGATACU TTAGTAGTAGGAGTGTTCGCCGCG Rv ecNfuA (pairs with oBS3680) 

oBS3427 AAGTGGGU TTCCCTCGAGGTGAAGACGAAA Rv opening pBS489 backbone with no RhaR/S or pRha, 
pairs with oBS3738 

oBS3737 ATTTGTCCU GACAGCTTATCATCGATAAGCTTGCAT Rv pTet and TetR from pG-Tf2 or pBS0859, pairs with fw 
efLpA RBS, used for pBS1509, pBS1510, pBS1511, 
pBS1512 

oBS3738 ACCCACTU TTAAGACCCACTTTCACATTTAAGTTGTTTTT Fw pTet and TetR from pG-Tf2 or pBS0859, pairs with 
oBS3427 

oBS0502 ATTTGTCCUGTTTAAACCTCTTTATGTTGCAGTC 

 
Rv efLpA plasmids, opening for insertion of new origin or 
replication, pairs with oBS1220 

oBS1220 AGGACAAAUCCGCCGCCCTAGACCTAG 
 

Fw p15A origin or replication, from pBS1037, pairs with 
oBS0502 

oBS0564 AACCGGAUTTCTTAGTGGAACTCGCGAATT 

 
Rw p15A origin or replication, from pBS1037, pairs with 
oBS0499 

oBS0499 ATCCGGTUATTAATCCGCCCAAATCAAAGCGATTTCTAGTGCTT

GGATTCTCACCAA 

 

Fw efLpA plasmids, opening for insertion of new origin or 
replication, pairs with oBS0564 

oBS3431 AGCCCTCU CGCAAAGTGCGTCGGGTG Fw LpA plasmids for aTet insertion, pairs with oBS3886 

oBS3432 AGATGCAU CCGAATAAATACCTGTGACGGAAGATCAC Rw LpA plasmids for aTet insertion, pairs with oBS3886 

oBS3885 ATGCATCU ACAATGATACTTAGATTCAATTGTGAGCGG Fw aTet (including Promoter) 

oBS3886 AGAGGGCU ATTTGTCCTACTCAGGAGAGCGTT Rv aTet (including terminator) 

oBS4018 AGAGGGCU ATTCATGACCAAAATCCCTTAACGTGAGT Fw TetR-pTet-efLpA and p15A origin from pBS1984 , 
used with oBS3738, pairs with oBS3995 

oBS3995 AGCCCTCU AGCCGAACGCCCTAGGTCTAGG Fw open pBS1506 (removing origin) for insertion of TetR-
pTet-efLpA, pairs with oBS4019 

oBS4019 AAGTGGGU ACTCACGTTAAGGGATTTTGGTCATGAC Rv open pBS1506 for insertion of TetR-pTet-efLpA, pairs 
with oBS3738 

oBS3228 AGCTTCAU TTGAGGTCAAGGAGAACTTTA 

ATGACTCTTTTGCAACCAGACAA 
 

fw slLipB, 5k AU RBS overhang, pairs with oBS3465, used 
for pBS1506 

 

Table S9| Genes for production plasmid construction used in this study. 

Gene Sequence (Uniport if public) Description 

eflpa 

atgctggcgcaggagtcgattttagagactacagtgcaaacggaaacggagtcggtgactaccgagaccagccaaacagtcgcaaatcttgagtccgagactacatcccaaacggtcatgcaggaaaaaga
aagttcttctgccattgctgagtcgagctcacgcaacgtggtggcagtaacaacagaaacaactaacgaaattcagaactccggtactgatggtaaagccgtgagtgctgaaagcgtcttttcggaggctgact
acaagcaagccacagcattagaacttgcgacgttagtccgtgaaaagaaggtgactagcgaagaacttgtgaagatcgcattggccattacaaaacgcgagaatcccactttaaatgctgtaatcacgttacgt
gaagaagcagcgcttacggaggctaaggcattacaagacacaggccagccatttttgggtgttcctcttcttctgaaaggattggggcagagccttaagggtgagagcaacactaatgggttcggctttctgcgc

gatcaggtcgccgggggcacaagtacatttgtaaaagctcttcaaaatgccggcttcattatcatcggccagaccaattatcctgagttgggctggaagaacattagcgatagcaaactgtatggcgtaagcgta
aatccgtggaatccgaaccattacagtgggggctcctcgggtggggcgggtgcatcggttgctgccgccttcgtcccaattgcgtcaggctcagatgcgggtggttctattcgcatcccggctagctggactggg
accgtcgggctgaaacccagtcgtggagtaattatcgggaactcaaacagcgccaagggtcagacagtacactttggactttctcgcacggtagcggacacaaacgctttattcgaaacccttttgacgaaaaa
agacttaccggcaggccacctttctcaggctcagcccatcgcgtatacaactgagtcaccggcgggcacaccggttagtgccgaggccaaggaggccgttgctgaagccgtagccttcttgaaagatcagggc
tacaccttggtagaagtgaaacacccggttgacggggaacgtctgatgaagaattattacaccgtggccgctgggtccgcgggtatcgctgatttcatggctcgccagaagttaaagcgcccattggaacgcaa

cgatgtagagctgttaacctgggctctttttcaaacagggaagaacattacttcggaagaaaccaccgcagcatggactgatatcgccctgcaagctcaggctatggatgaattttatcaacaatacccaatctta
ttaaccccaacaaccgctgccacagctccgagcattgataacccactgttaaagcccgaacacgccgcgcagatggagaaaatcgaccagctgtcacccgcggagcaaaaacagctgatttatgaccaatg
gttgactgcttttacatacactccgttcacgcaacaagcgaatttgtttggacaccctgcccttagtgtcccgacgtatgtcagcaaagagggtctgcccttaggtattcagttcaattccgctcttaatgaggaccgt
acgcttttacagttgggtgccctgttcgagaacaatcacaagattaatcaaccgcacgttgaggagccggataaagacaaggaaccagacgcgtccggtgagccagagaaggataaggacccaaatgcaag

tggcgaaccggataaggataaagaaccagatgcttctggagagccggataaggacaaggagcccgatgcgtcgggcgaacccgataaagacaaggaaccggacgcctctggaaaaccagataaggaca
aagaaacaaagacgagtgaagggccgatcgaagggaaggaccagaatcagaatcctgataaagcaggaaagactaccagtggtagttcattagataacagccttaattcaagcgctaaccaaggtacaaa
gtccaccgagtcaactcacgccttctctaataagtctatgattggtaaacaggaacagcttcctaagaaggtcctgccgaaagcgggggcggaagtacccagtacattttggattgtccttggcggtgcattctta

gtgacgtcggggactatttacatccgtaagacccgcaaataa 

Codon optimized 
and synthesized 
(IDT) lipoamidase 

from Enterococcus 

faecalis 

aceFt 
atggctatcgaaatcaaagtaccggacatcggggctgatgaagttgaaatcaccgagatcctggtcaaagtgggcgacaaagttgaagccgaacagtcgctgatcaccgtagaaggcgacaaagcttctatg
gaagttccggcgccgtttgcaggcgtcgtgaaggaactgaaagtcaacgttggcgataaagtgaaaactggctcgctgattatgatcttcgaagttgaaggcgcagcgcctgcggcagctcctgcgtaa 

A truncated E. coli 

AceF, with one 
lipoylation domain64 

eclipA P60716 
BW25113 wild-type 
sequence 

eclipB A0A4S5AVE2 – Start codon optimized TTG->ATG 
BW25113 wild-type 

sequence 

sllipA 

atgagtaaaccaattcagatggaacgcggcgtcaaataccgcgatgcagacaaaatggcgttgatcccgattaaaacggtggtcaccgaacggcaggagctgttgcgtaaacccgagtggatgaaaatcaa

actccctgccgactctacgcgcattcagggcattaaagccgcaatgcgtaaaaacggtctgcattcggtgtgcgaagaagcttcctgcccgaacctgtctgagtgtttcaaccacggcaccgcgacctttatgatc
ctgggcgcaatctgtactcgtcgctgcccgttctgcgacgtagcgcacggtcgcccggtagccccggatgccaacgagccggaaaaactggctcagaccatcgccgatatgggcctgcgctatgtggtgatca

cctcggttgaccgcgacgacctgcgtgacggcggtgcccagcactttgccgactgcatcgctgccatccgcgcgaaaaacccaaccatcaagattgaaaccctggtgcctgacttccgcggccgtatggatcg
cgcactggaaattctgaccgaaacgccgccggatgtgtttaaccacaatctggaaaacgtgccgcgtgtttatcgccaggtgcgtccgggcgctaactacgagtggtcactgaagctgctggagcggttcaagg
aagcgcatccgcatatcccaaccaagtctggcctgatggtcggcctgggggaaaccaatgcggaaatcgttgaggtcatgcgcgatctgcgtcgccatggcgtcaccatgttgaccttaggccagtatttgcag

ccaagccgtcatcacctgccggtgcagcgttacgtcagccctgccgaattcgatgaaatgaaagaagaagcgatggcaatgggctttacccatgcagcctgcggtccgtttgttcgttcctcctaccatgccgatt
tgcaggcaaaagggatggaagtgaagtaa 

Metagenomic LipA, 
99.59% Identity to 
S. liquefaciens JL02 

sllipB 

atgactcttttgcaaccagacaagatcattttgcgtcagctggggttgcagccctacgagcctgtatcccaagccatgcacaacttcaccgatcgccgaaccgaagccacgcccgatgagctgtggttggttcag
catcagcccgtatttactcagggccaggccggtaaagcggagcatctgttaatgccgggtgacattccggtgatccagagcgatcgcggtggccaggtaacctaccacgggccggggcaacaggtgatgtac

gtgatggtcgatctgaaacgcagcaaggttggcgttcgccaactggtcacggctatcgaagataccgttattaataccctcgcccactttcacattgaatcgcgtgcccgtccggatgcgcccggtgtttacgtgg
gggagcaaaagatctgttcgttgggtttgcggatccgcaaaggcagttcattccacggcctggccctgaatgtggccatggatctcacccctttccagcgtatcaacccttgcggttacgccggcatgcagatggc
gcaggtcagcgcgctggcgcccggcgtcggcatagaagacgtacaccccgtcctggtacaggaatttgttcatttactcggctacccgaaggtcgagcttcgtaactggaacctgcacgattatgagtaa 

Metagenomic LipB, 
100% Identity to S. 

liquefaciens JL02 

pylipB 

atgtcacagaccctgggctttcgcgagctcggccaaatggcatatgaaccggtgtggcacgccatgcagcggttcaccaacgagcgcggcaccgaagccccggatgaaatctggctggtggaacacccgcc

ggttttcacccagggccaggccggcaaggccgagcatttgttgctgccgggagaaatcccggtggtgcaggtcgaccgcggcgggcaggtgacttaccatggcccaggccaattggtggcttatctgttgctgg
acgtgcgcaggctgggttttggcgtacgtgagctggtcagtcgcatggagtcatgcctgatcgagttgctggccagctacggtgtgaccgcagcggccaagccggatgctccgggggtttacgtagagggcgcg
aaaatcgcctccctgggcctgcggattcgccacggctgttcctttcacggcctggccttgaacgtggacatggacctgacgccgtttcgacggatcaatccctgcggttacgccggtttggcgatgacccagttga

gcgatcacgcaacaccactagaatttgccgaggtaagtgcccggctgcgcgcgcagctcgtcaaacacctcgactatgctgagcagacgaccctaacgggcggaatcgactga 

Metagenomic LipB, 
99.69% Identity to 
P. yamanorum 

LBUM636 

ecNfuA P63020 

E. coli Fe/S 

biogenesis protein 
NfuA 
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Chapter III 

Efforts towards developing a free-acting 

Lipoyl Synthase 
 

 

 

Abstract 

Lipoic acid (LA) is a high-value antioxidant that is currently produced exclusively by 

chemical synthesis. There is an interest in producing LA in a more sustainable way using cell 

factories, but a significant barrier to cell factory development lies in the perpetually protein-

bound intermediates and products of the de novo LA pathway. This work is based on the 

hypothesis that it may be possible to engineer or discover a Lipoyl Synthase (LipA), which 

produces free LA, rather than a protein-bound lipoyl moiety. In an extensive attempt to achieve 

this, we first developed and implemented a selection system that we demonstrate to be able to 

select for free LA production while deselecting the protein-bound version. We then use this 

selection system to select for free-acting LipAs from metagenomic libraries and error-prone PCR 

LipA and Biotin Synthase libraries, however, without identifying such activity. Subsequently, 

we genome-mine and analyze the distribution of LA metabolism-associated genes across the 

bacterial kingdom, searching for a putative pathway that may naturally utilize a free-acting 

LipA. While not ultimately successful in obtaining a free-acting LipA, we summarize the efforts 

towards this goal and the insights generated during the process. We bioinformatically discovered 

what is likely a novel biosynthetic pathway for LA in a large group of anaerobic bacteria. This 

pathway utilizes free octanoic acid (OA) as a precursor and does not require an octanoyl-

transferase activity for de novo biosynthesis of LA. Additionally, we adaptively evolved the first 

instance of E. coli growing aerobically solely on glucose without LA. Finally, we gained useful 

insight into the sequence-function relationship of LipA, using data on heterologous LipA 

sequences able or unable to function in E. coli, as well as deep sequencing of functionally selected 

E. coli LipA epPCR libraries. 
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Introduction 

Lipoyl Synthase (LipA) catalyzes the terminal step of lipoic acid (LA) biosynthesis. This 

biosynthetic enzyme is unique in that it only acts on a protein-bound substrate (octanoyl-LD) 

and subsequently produces a protein-bound product (lipoyl-LD) (Figure 1). In nature, this is a 

highly efficient design as LA is only biologically functional when bound to its cognate proteins. 

Synthesizing lipoyl co-factor in this way ensures that only the amount of LA needed for enzyme 

function is produced. Additionally, this elegant setup eliminates the need for transcriptional 

regulation, the need to expend ATP to re-activate and attach the co-factor after synthesis, and 

the risk of losing the free molecules to the environment through diffusion out of the cell1. 

While this protein-bound nature is ideally suited for 

the native metabolism, it is undesirable to work 

with protein-bound intermediates and products in a 

cell factory development setting. Most published 

efforts in cell factory production of LA have 

resorted to chemical cleavage by acid hydrolysis, in 

a downstream-processing step, to produce free LA2–

4. Recently heterologous expression of lipoamidase 

from Enterococcus faecalis in a LA cell factory has 

been used to continuously produce free LA in vivo, 

without the need for downstream processing5,6. 

Even so, the use of a lipoyl-amide hydrolyzing 

enzyme such as lipoamidase still presents major 

challenges. The expression must be carefully 

balanced to produce as high amounts of free LA as 

possible while not causing toxicity to the cell by 

cleaving too much LA, thereby inactivating the 

aerobically essential enzymes pyruvate-

dehydrogenase (PDH) and 2-oxoglutarate dehydrogenase (OGDH), which require this co-

factor7. Practically this means that the produced LA will never be released in its entirety during 

fermentation. The development of the cell factory development is also generally slowed down 

as working with a protein-bound pathway and toxic enzymes significantly increase complexity. 

Figure 1: E. coli LA de novo and scavenging 
pathways. The de novo pathway is initiated by LipB 
hijacking the octanoyl moiety from the fatty acid 
synthesis and transferring it to a lipoylation 
domain (LD) of one of the three lipoylated 
enzymes AceF, SucB or GcvH. The sulfur can then 
be inserted by LipA. LplA can scavenge either free 
OA or LA. 
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The protein-bound catalysis of LipA is unusual compared to similar enzymes that act on free 

small molecules. The catalysis of the closely related enzyme Biotin Synthase (BioB) functions 

using the same SAM-radical sulfur insertion mechanism as LipA. BioB diverges by inserting one 

sulfur, donated from a 2Fe-2S auxiliary cluster, rather than two sulfur atoms from a 4Fe-4S 

cluster as LipA does8.  

Figure 2: a| The active site of M. tuberculosis LipA unbound by its substrate (PDB: 5EXJ). In this conformational 
state, the two 4Fe-4FeS clusters are 15.4 Å apart, and R290 (R306 in E. coli LipA) sterically hinders the space 
between them. b| After half a round of catalysis, captured after adding one equimolar of SAM, the cross-linked 6-
mercaptooctanoyl-LD intermediate is bound to the partially degraded auxiliary cluster (PDB:5EXK). During 
catalysis, the two Fe-S clusters are in closer proximity, and R290 is shifted dramatically. In this intermediate state, 
the SAM has been reductively cleaved to methionine and the 5′-deoxyadenosyl radical (5’-dA). c| The active site 
of E. coli BioB bound to its substrates, SAM and desthiobiotin (PDB:1R30). d| Surface model of the mtLipA 
monomer unbound by its substrate. e| Surface model of the mtLipA monomer bound by the octanoyl-LD substrate. 
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The (8-mer peptide lipoylation domain (LD), in red, binds the cavity to the active site entrance of mtLipA (blue). 
This causes a conformational change in mtLipA, which decreases the disorder of the N-terminal α-helix. Figure 
inspired by McLaughlin et al. (2016)9. 

 

While LipA only functions on a protein-bound substrate, BioB instead inserts its sulfur 

directly into the free precursor, desthiobiotin, generating biotin, which must subsequently be 

attached to its cognate protein. Recent crystallization of M. tuberculosis LipA, bound and un-

bound by octanoyl-LD substrate, showed that hydrogen-bonding between the peptide of the 

octanoyl-LD substrate and LipA is required to induce a conformational change required for 

LipA catalysis (Figure 2|e)9. This conformational change stabilizes the N-terminus and shifts a 

sterically blocking arginine residue (Figure 2|a). It causes a reduction in the distance between 

the two Fe-S clusters of LipA, moving them into a catalytically active conformation (Figure 2|b) 

that very closely resembles that of BioB (Figure 2|c). In this active conformation of LipA, the 

stepwise sulfur insertion reaction takes place. The Radical SAM cluster expends an electron to 

perform reductive cleavage of SAM, generating a 5′-deoxyadenosyl radical which abstracts a 

hydrogen from octanoyl, allowing C6 to crosslink with a sulfur of the auxiliary 4Fe-4S cluster. 

After the Radical SAM cluster is regenerated by an electron input, this is repeated at C8, and 

dihydrolipoyl-LD is formed, accompanied by the destruction of the auxiliary cluster. 

It was previously observed that a strain of E. coli, with a deletion of LipA by transposon 

insertion, was able to grow with supplementation of 6- or 8-mecaptooctanoic acid but not 

octanoic acid (OA)10. This was initially a perplexing observation that could not be explained. 

However, it has recently been discovered that this is caused by BioB being able to insert one 

sulfur into non-natural substrates, 6- or 8-mercapotoctanoic acid, thus producing free LA (Tyler 

Grove, unpublished). Based on these crystallographic observations and the fact that one half of 

the conversion of free OA to free LA can already be completed by BioB, we hypothesize that it 

may be possible to either discover or engineering free-acting LipA activity. 

In this work, we explore several approaches to obtaining a free-acting LipA, and while 

ultimately unsuccessful, the methods and strategies developed and observations made during the 

project are worth dissemination. We develop and make use of a semi-synthetic auxotrophic 

selection system, which we show to theoretically be able to select a free-acting LipA over a 

traditional LipA. We use this to attempt to select free-acting LipA activity from metagenomic 

soil and gut plasmid libraries and plasmid libraries constructed by error-prone PCR of E. coli 
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LipA and BioB as well as B. obeum (Type II) BioB11. We perform bioinformatic genome mining 

to explore the diversity of LA biosynthetic machinery across bacterial genomes, identifying and 

describing a phylum of bacteria containing LplA and LipA but lacking any apparent genes 

coding for putative octanoyl-transferase activity. Synthesizing and expressing heterologous 

LipAs from the selected genomes indicates that they catalyze the standard protein-bound 

reaction. We show that a LplA-LipA fusion protein from this group can complement a ∆lipB, 

∆lipA E. coli strain. These bioinformatic and in vivo results point to what is likely a novel 

octanoyl-transferase independent de novo LA biosynthetic pathway. A pathway that attaches 

naturally occurring intracellular free OA via a LplA with a high affinity towards OA. This is 

then converted to protein-bound lipoyl moiety by LipA. This putative novel pathway seems to 

be relatively widespread and is present in mainly anaerobic gram-negative phyla of bacteria. 

Throughout this work, we find that most heterologous LipAs cannot function in E. coli but show 

that expression of the native Fe-S cluster assembly allows for function in one case. Finally, we 

utilize the data generated on the relationship between heterologous protein sequence and 

functional expression and deep sequencing of a selected vs. non-selected epPCR library of E. coli 

LipA to make a model of which residues are essential for LipA function in E. coli. This provides 

a practical computational framework for the next round of bioinformatic diversity discovery and 

a starting point for more targeted protein engineering of E. coli LipA. 

 

Results & Discussion 

Development of a free-acting LipA selection system - To make use of high-throughput and 

multiplexed approaches for the discovery or engineering of a free-acting lipoyl-synthase, we 

sought to develop a selection that could select for free-acting LipA activity while deselecting 

standard protein-bound activity. If a free LA biosensor was known, this could have been coupled 

to a synthetic selection system as previously done successfully with, for example, thiamine12,13. 

Lacking a known biosensor, we investigated possible alternatives and realized that the significant 

difference in KM of E. coli lipoate-protein ligase (LplA) towards its two natural substrates could 

potentially be utilized for the described selection. LplA has a much higher reported affinity 

towards LA (KM = 1.7 µM)14 than towards OA (KM = 214.3 ± 38 µM)15. We tested the growth 

response of a ∆lipA, ∆lipB LA auxotrophic strain expressing E. coli LipA from a plasmid 

(BS2691). In minimal media, this strain requires the addition of either octanoic or LA, where in 

both cases, growth is limited by ligation of these, catalyzed by genomic LplA. As we had hoped, 
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based on the difference in KM towards OA, the molar amount of OA needed for maximal growth 

of this strain was much higher than that of LA (Figure 3|a). This means a selection window 

between 10 and 45 nM OA can be used to select a free-acting LipA. In this window, the 

concentration of OA is too low for attachment by LplA, and the strain does not grow. However, 

the same molar concentration of LA easily allows for growth due to LplAs aforementioned lower 

KM for this. Therefore, one can imagine that if this strain contained a theoretical free-acting LipA 

and was fed with a concentration of OA in this selection window, it would be able to convert 

some or all the OA to free LA. LplA would then be able to attach this LA, allowing for growth 

and selection of the cell expressing the free-acting LipA (Figure 3|b). The selection window 

Figure 3: a| The growth of BS2691 (BS2548 with pBS0991), lacking LipB activity, is dependent of either 
exogenously added OA (blue) or LA (red). Due to the preference (lower KM) of LplA for LA over OA, a much 
lower molar concentration of exogenous LA is needed for maximum growth over-night in liquid minimal media. 
b|Visualizing the ∆lipB LA metabolism in E. coli under two concentration windows of added OA shows a selection 
window for a theoretical free-acting LipA with a KM for OA lower than that of LplA. 
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illustrated is shown in liquid minimal media for clarity. In order to perform selections and 

identify single colonies, the selection was made on minimal media agar plates to avoid cross-

contamination of lipoic acid. We found that selections on agar plates have the same selection 

window, with a slightly higher complementation requirement for OA. 

There are some noteworthy caveats to this selection system. While the system would 

select a theoretical free-acting LipA, this LipA would have to have a KM for free OA lower that 

of LplA (i.e., below 45 nM) for this selection to identify it. For comparison, we observed that 

only ~2 nM supplementation of the precursor desthiobiotin was sufficient for maximal growth 

of a strain requiring the conversion of desthiobiotin to biotin by BioB, and attachment by BirA 

for growth, in the same minimal media set-up as in Figure 3 (not shown). Of course, the KM of 

a theoretical free-acting LipA for free OA might be much higher than that of BioB towards 

desthiobiotin, but this is the best approximation we currently have. 

In addition, while testing the selection window on plates, we observed “escapees,” i.e., 

colonies growing under what should be selective conditions but not containing a free-acting 

LipA. Based on previous observation by Hermes & Cronan (2009) that spontaneous mutations 

in E. coli LplA can cause a significant reduction in KM towards OA, we sequenced the LplA open-

reading frames of the escaped colonies14. We found that these all had an A19V missense 

mutation in LplA, and based on the similarity to the mutations published by Hermes and Cronan 

(2009), we assume that this caused a reduction in LplAs KM towards OA, thus allowing these 

mutants to grow with lower OA concentrations to escape the selection. To overcome these and 

any other unforeseen false positives, we developed a plate-based bioassay counter screen and 

used this for screening potential hits in a more high-throughput manner than is possible by a 

liquid bioassay. In a 96-well based format, hits were picked, resuspended, and plated on a 

mMOPS plate with high OA (0.1 mg/L) added. On the bioassay plate, an aliquot of an LA 

auxotrophic strain expressing GFP had been pre-plated and allowed to dry. After incubation, an 

easily identifiable halo of green fluorescent colonies grew around any colony that produced free 

LA. This was validated with a previously constructed lipoamidase expressing free LA cell factory 

and found to work well (Figure S1). While not as quantitative as the liquid-based bioassay, the 

plate bioassay sped sup counter-screening many-fold. 
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Selecting from metagenomic plasmid libraries - To attempt to identify a heterologous LipA 

with free-acting activity in a high-throughput manner, we applied the developed system to select 

from five previously constructed metagenomic plasmid libraries (Table S7). Using functional 

metagenomic selection in this way is a powerful technique for exploring potentially novel, 

naturally occurring enzyme activities, in this case, free-acting LipA. This method prevents 

selection bias, such as only testing LipAs with sequence similarity to currently known 

sequences16. This unbiased selection also has some pitfalls, potentially yielding false positives, 

which in this case could include C8 thioesterases or LplA/LipB-LipA co-located on the genome 

with LipA, or as fusions proteins. 

We performed the free-acting selection with an OA gradient, including positive (LA 

addition) and negative controls (no additions).  All hits had their metagenomic insert sequenced 

and were bioassayed for free LA production simultaneously. None of the hits produced any free 

LA and inspecting the metagenomic inserts. Most were LipB-LipA operon false positives (Table 

1). The positive control included in the selection, with the addition of OA above the free-acting 

selection threshold (120nM), resulted in a standard auxotrophic selection for standard functional 

LipAs (Table 1). One noticeable outlier was Pseudomonas sp. dsbB; this was, however, not able to 

complement growth again when re-streaked. 

Table 1: List of metagenomic hits selected in the free-acting selection, using soil and gut metagenomic plasmid 
libraries: Ab01, F01, F03, and Granja Pig. 

Organism Metagenomic Insert Selection Plate 

Pantoea sp. lipB-lipA operon 0 nM OA 

Serratia Liquefaciens lipB-lipA operon 30 nM OA 

Pseudomonas fluorescens dacC, ybeD, lipB-lipA operon 30 nM OA 

Serratia plymuthica lipB-lipA operon 30 nM OA 

Pseudomonas fluorescens ldcA (peptidase), lipA 120 nM OA 

Pseudomonas fluorescens lipB-lipA operon 120 nM OA 

Pseudomonas sp. dsbB (disulphide bond forming) 120 nM OA 

Pseudomonas fluorescens lipA 120 nM OA 

Pantoea sp. lipA 120 nM OA 

Serratia Liquefaciens lipB-lipA operon 120 nM OA 
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Due to the recent discovery that a large group of BioBs only function in vivo 

anaerobically11, we sought to perform the same free-acting selection under anaerobic conditions. 

However, E. coli does not require LA for anaerobic growth under normal circumstances, as the 

two TCA cycle enzymes requiring the lipoyl co-factor, pyruvate, and 2-oxoglutarate 

dehydrogenases, are not needed for fermentative metabolism1. For this reason, we further 

engineered the selection strain by deleting D-3-phosphoglycerate dehydrogenase (SerA) of the 

de novo serine biosynthesis. The deletion of the serA causes serine auxotrophy, which can be 

bypassed by the addition of glycine, which must be converted to serine by the glycine cleavage 

system17. The glycine cleavage system requires a lipoyl-cofactor for catalysis. Thus LA is 

required to produce serine under both aerobic and anaerobic growth by the ∆serA strain growing 

on minimal media. The selection was repeated anaerobically, in the presence of glycine, using 

this selection strain (BS3501). This time many more hits were obtained on the selection plates 

than when the selection was carried out aerobically, but none produced free LA when counter-

screened by plate-based bioassay. Plating these on minimal media plates with different media 

additives showed that 89/94 “hits” no longer required glycine for growth and were therefore 

likely false positives in the form of heterologous SerAs (Figure S2). Those that were not SerAs 

were likely additional LipA-LipB operons, as seen by their ability to grow in the absence of 

added OA (Figure S2). The discovery of these SerA false positives was obvious in hindsight and 

could likely be avoided by deleting more serine biosynthetic genes. Luckily, in this case, the high 

false-positive level was not an issue due to the strength of the counter-screen. 

The diversity of organisms from which this selection identified the functional hits was 

surprisingly low. Only three genera, Serratia, Pseudomonas, and Pantoea, are represented, all of 

which are gram-negative facultative anaerobes that are phylogenetic very close to E. coli. Based 

on previous work performing a functional selection from the same metagenomic libraries, we 

know that these soil and gut microbiomes contain a much wider diversity than was seen in these 

LipA selections12,18,19. To function in vivo, LipA requires interaction with the Fe-S cluster 

biogenesis machinery to deliver two 4Fe-4S clusters and interface with electron transfer 

machinery. We inadvertently performed a quality control experiment by selecting SerAs, whose 

catalysis requires only NAD+ in addition to its precursor, from the same libraries. The number 

of SerA hits obtained was almost 20-fold higher than LipA hits, and while SerAs in sequenced 

bacterial genomes are ~2-fold more prevalent than LipAs20, this is still an impressive 

overrepresentation. These results indicate that E. coli’s endogenous machinery required for LipA 
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turn-over may not be compatible with most heterologous LipAs, preventing efficient functional 

metagenomic selection. 

 

Genome mining for a free-acting LipA – The E. coli LipB and LipA requiring LA biosynthesis, 

outlined in Figure 1, is one of two de novo pathways currently known in bacteria. The other 

pathway is less straightforward and was described first in the gram-positive Bacillus subtilis. This 

pathway uses a divergent octanoyl transferase (LipM) that transfers the octanoyl moiety from 

ACP, specifically to the lipoylation domain of the glycine cleavage system H-protein (GcvH)21. 

The octanoyl must then be transferred from the GcvH to the E2 domain of PHD or OGDH by 

an additional amidotransferase (LipL) step before having sulfur inserted by LipA22. This can also 

happen the other way around, with LipL acting after LipA. LA biosynthesis has only been 

closely studied in model microorganisms or important pathogens, and there are most likely more 

strategies used in nature. Many bacteria are LA auxotrophs, encoding no LipA or octanoyl-

transferase, mainly using the same free LA activating, LplA-dependent, scavenging pathway as 

E. coli. There are a few known exceptions to this, including E. faecalis which additionally utilizes 

a lipoamidase to allow cleavage, which it possibly uses for scavenging of protein-bound lipoyl7. 

Another possible scavenger, Listeria monocytogenes, encodes LplA, Lipoamidase, and LipL. LipL 

is needed as L. monocytogenes LplA exclusively transfers lipoyl to the glycine cleavage system H-

protein (GcvH), whereafter this is transferred to E2 by the amidotransferase LipL23.  

We hypothesized that identifying a bacterial genome lacking any putative octanoyl-

transferase encoding genes, but containing a LplA and a LipA, could potentially lead to the 

discovery of a free-acting LipA. In this supposed pathway, free OA produced by some 

endogenous thioesterase(s) would be converted to free LA by the free-acting LipA, which would 

then be attached to the lipoylation domain(s) by LplA. This is much the same way as BioB 

produces the similar cofactor, biotin, which subsequently needs to be attached by biotin ligase 

(BirA). Using the protein sequences of the functionally characterized LA biosynthetic proteins 

from E. coli, B. subtilis, and E. faecalis, we used these to seed a fast-BLAST analysis against ~2000 

microbial genomes available in MicrobesOnline, analyzing the co-occurrence of LA 

biosynthesis-related genes in these20,24. Refining this, we focused the analysis on the 1691 

available bacterial genomes and excluded ~600 putative LA auxotrophs, not encoding a LipA 

homolog. Visualizing the co-occurrence of the LA biosynthesis-related enzymes across the 
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~1100 remaining genomes in a heatmap, then clustering these by co-occurrence, indicates 

differences in LA metabolism across a wide range of organisms. (Figure 4|b). 

Figure 4: a|Known bacterial de novo and salvage pathways for LA, enzymes involved in each pathway are indicated 
by the arrow color corresponding to query genes below.  b|Heatmap and hierarchical clustering dendrogram, 
showing co-occurrence of all known types of LA biosynthesis genes in ~1100 bacterial genomes. Query protein 
sequences were fastBLAST’ed against all available genomes in MicrobesOnline. Only bacterial genomes encoding 
a LipA were included in the heatmap. The coloring indicates the number of homologs identified in the fast-Blast, 
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as indicated by the color gradient in the upper-left. Red corresponds to 0 homologs, yellow to 1, and the increasing 
green hue is 2-7. The expected LA biosynthetic pathway based on the combination of genes is indicated to the right 
of the heatmap for the major clusters in the dendrogram. 

 

Most of the queried genomes encode a LipB homolog, and of these, there is a large group 

that contains no LplA, indicating that they are only capable of de novo production and not 

scavenging. In the analyzed subset of genomes, the LipB octanoyl-transferase is much more 

prevalent than LipM, and the two are generally mutually exclusive. There is a relatively high 

number of genomes that encode more than one LipA and LpA. Manual inspection revealed that 

the multiple LipAs are likely true lipoyl-synthase homologs, while the putative LpAs in most 

genomes were probably a wide array of amidases and not necessarily LA hydrolyzing, i.e., 

lipoamidase. This indicated that the BLAST cut-off setpoint (E-value bits) might have been too 

low for LpA. Most larger clusters of LA biosynthetic gene combinations in the heatmap could 

be predictably assigned to a known pathway (Figure 4|a). 

We were interested in identifying genomes with only LipA and LplA, encoding no 

putative octanoyl-transferase or lipoamidase. While these did not constitute a large group in the 

above heatmap, indicated by the greyed question mark, 15 genomes fulfilling these criteria were 

identified (Table S1). This initial analysis was used as a first screen, and following manual 

genome inspection and validation, a few LipA genes were chosen, synthesized, cloned, and 

expressed heterologously in E. coli (Table 2). Besides the LipAs identified by the above 

comparative genome analysis, a few others were included in the study for various reasons, as 

indicated in the table below. Unfortunately, none of these tested LipA homologs were able to 

produce any free LA. Less than half of the heterologous LipAs were able to even complement 

growth at all, again indicating that LipA’s requirement for various protein-interaction partners 

and co-factors limits the diversity of LipA sequences that can be functionally expressed in a 

heterologous host like E. coli. 

The main groups of organisms that were identified as having only LipA and LplAs 

encoded on the genome were obligate anaerobes of the phylum Bacteroidetes, represented by 

Prevotella multisaccharivorax and Psychroflexus torquis, and the Firmicutes: Clostridium sporogenes 

and Finegoldia magna. While the two Bacteroidetes’ LipAs complemented but did not produce 

free LA, the Firmicutes’ LipAs were unable to be evaluated in the initial experiment as they were 

non-functional. 
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Table 2| Heterologous LipAs expressed from plasmid (Table S7) in BS2548 and BS3501. Some were able to 
function and complement a ∆lipA strain in minimal media, but none produced any detectable free LA from 
endogenously added free OA. Complementation and production were tested both aerobically and anaerobically. 
No LipAs complemented anaerobically but not aerobically. *These fusion proteins were both cloned in full and as 
only the putative LipA domain. The LipA domain alone complemented a ∆lipA, while the full-size genes also 
complemented a ∆lipA ∆lipB. 

 

To test this group, we set out to identify which interaction partner was missing for 

expressing functional F. magna LipA, as this organism specifically had a very interesting operon 

that contained a predicted thioesterase, as well as LipA and LplA (Figure S3). The first 

attempted strategy proved successful, and by co-expression of the native F. magna SUF operon, 

which is the only Fe-S cluster assembly system present in the genome of said organism, F. magna 

LipA was able to function in E. coli, as seen by complementation of growth (Figure S4). 

However, this LipA was not free-acting either, producing no quantifiable LA from fed OA when 

functionally assayed alongside its native suf operon. These results lead to the question of how 

the de novo LA biosynthesis functions in these organisms in nature, which lack any apparent 

octanoyl-transferase activity. Do these organisms not produce de novo LA at all despite encoding 

a functional LipA? Have they evolved to rely solely on scavenging, thus losing their original 

octanoyl-transferase but for some reason retaining LipA? 

Organism Phylum Reason for testing 

Complement 

∆lipA? Free acting? 

Clostridium sporogenes ATCC 15579 Firmicutes No octanoyl-transferase, lipoate-ligase ✖ ✖ 

Finegoldia magna ATCC 29328 Firmicutes No octanoyl-transferase, lipoate-ligase ✖ ✖ 

Prevotella multisaccharivorax 

PPPA20, DSM 17128 

Bacteroidetes No octanoyl-transferase, LplA-LipA fusion 
✔* ✖ 

Psychroflexus torquis ATCC 700755 Bacteroidetes No octanoyl-transferase, lipoate-ligase ✔ ✖ 

Chlamydia trachomatis B/Jali20/OT Chlamydiae No octanoyl-transferase no lipoate-ligase ✖ ✖ 

Desulfobacca acetoxidans DSM 11109 Proteobacteria No lipoylation domains ✖ ✖ 

Synechococcus sp. JA-3-3Ab Cyanobacteria Three LipAs in genome, one closer in 

sequence to BioB 
✔ ✖ 

Desulfomonile tiedjei DCB-1, DSM 

6799 

Proteobacteria Fusion of LipA-LipB 
✔* ✖ 

Sulfolobus solfataricus Crenarchaeota Diveristy (Archaea). Published structure25 ✖ ✖ 

Gluconobacter oxydans Proteobacteria Patent indicates free-acting activity26 ✖ ✖ 

Mycobacterium tuberculosis Actinobacteria Control, previously published as 

complementing in E. coli27 
✔ ✖ 

Escherichia coli Proteobacteria Control ✔ ✖ 
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A likely novel octanoyl-transferase independent LA biosynthetic pathway in anaerobic 

bacteria - Looking beyond the genomes initially queried, the lack of an octanoyl-transferase but 

presence of a LplA and LipA is quite widespread in anaerobic bacteria of certain genera within 

the Bacteroidetes and Firmicutes phyla. Virtually all (733/735) Prevotella genomes available in 

PATRIC28 contain no octanoyl-transferase homologs but only a LplA-LipA fusion protein. 

Many Firmicutes, mainly of the genus Clostridium and important pathogens like Parvimonas and 

Treponema, lack octanoyl transferases but are all characterized by having LplA and LipA in a 

predicted operon28. This indicated to us that there is a close relationship between the functions 

of LplA and LipA in these organisms, whereas they function mostly independently in all other 

known contexts. De novo and scavenging pathways of, e.g., E. coli are usually also physically 

separated on the genome with LipA found in operon with or in proximity to LipB, not LplA. 

Figure 5| Unrooted guide tree with neighborhood-joining, based on multiple sequence alignment of the Pfam 
BPL_LplA_LipB (PF03099) family. All reviewed bacterial proteins of the PF3099 family were retrieved from Swiss-
Prot (20-02-20). They were aligned with the three additional AA sequences of query LplAs from C. sporogens, F. 

magna, and P. multisaccharivorax (LplA domain of the fusion protein), using Clustal-Omega. Well-characterized 
members of this family from E. coli, S. aureus, and B. subtilis are highlighted, and the clades are colored 
correspondingly, indicating the likely functions of the clade members. 
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Further sequence analysis was done to ensure that these LipA associated LplAs were not 

just misannotated octanoyl-transferases, such as LipM, which is known to have higher sequence 

similarity to E. coli LplA than LipB, despite functioning as an octanoyl-transferase29. We 

compared the sequences of LplAs from F. magna, C. sporogenes, and P. multisaccharivorax 

(excluding the LipA domain of the fusion protein) with the Pfam family BPL_LplA_LipB 

(PF03099). A distance tree based on the alignment 

of these indicates that these are indeed true LplAs 

(Figure 5). The LplAs from the query organisms are 

found in a clade of known functional lipoate-protein 

ligases from S. aureus and B. subtilis. B. subtilis LplJ 

has previously been shown to complement a ∆lplA 

and ∆lipB double knock-out by Christensen et al. 

(2011)22, having high enough affinity for OA that it 

can utilize the endogenous levels of free OA known 

to be present in E. coli14. This fits well with the 

initially perplexing observation that the Prevotella 

multisaccharivorax LplA-LipA fusion protein was 

able to complement the growth of the ∆lipA and 

∆lipB selection strain of E. coli in minimal media 

(Table 2). This single fusion enzyme can produce 

LA with no exogenous addition of OA, allowing for 

de novo LA production with no octanoyl-transferase 

activity. Based on the presented observations, we 

hypothesize that while searching for a free-acting 

LipA, we inadvertently identified a novel and 

relatively widespread octanoyl-transferase 

independent de novo LA biosynthetic pathway.  

Thioesterase generated free OA is attached by LplA 

(likely with a naturally low KM for OA), which is 

then converted to functional lipoyl-LD by LipA 

(Figure 6). This pathway is reminiscent of the 

biotin biosynthesis pathway present in Bacillus subtilis, where instead of using an activated fatty 

Figure 6| Putative novel octanoyl-transferase 
independent de novo LA biosynthesis, occurring 
in several anaerobic bacteria genera lacking any 
octanoyl-transferase activities but encoding a 
LplA-LipA fusion protein, or the two genes in 
operon. 
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acid (pimeloyl-ACP) from the fatty acid synthesis, a ligase (BioW) can activate a naturally 

occurring free pimelic acid moiety, which is used as the biotin precursor30. This need for 

reactivation of free OA, spending seemingly unnecessary ATP, seems inefficient from an 

evolutionary standpoint. It should be noted that all organisms with this putative LipB-

independent de novo lipoic aid pathway are obligate anaerobes. For anaerobic respiration, the 

LA requiring enzymes PDH and OGDH of the TCA cycle are generally not needed, and as a 

result, the LA requirement is much lower than for aerobically respiring organisms. LA is only 

essential for anaerobic organisms under specific conditions, such as detoxification of high 

glycine level, via the glycine cleavage system31.  One could hypothesize that LplA is the ancestral 

LA de novo gene, appearing early in anaerobic microbial evolution. With the advent of molecular 

oxygen and aerobically respiring organisms requiring more LA to use oxygen as the terminal 

electron acceptor, selective pressure for a more energy-efficient de novo mechanism caused the 

evolution of LipB. However, without this selective pressure, many anaerobes did not evolve this 

enzyme. LplA and LipB share significant sequence and catalytic similarity and indeed, it has 

been previously argued by Reche (2000)32 that the LipB family evolved from LplA losing its 

ability to utilize ATP. We have presented convincing bioinformatic and initial in vivo evidence 

for this novel pathway. This should be verified by demonstrating that this pathway is 

physiologically relevant in an organism which utilizes it naturally, by demonstrating that these 

anaerobes do indeed produce de novo LA and that it is dependent on LplA. 

 

Protein engineering with the aim of a free-acting LipA activity - Unable to discover a naturally 

occurring free-acting LipA by our initial metagenomic selection or bioinformatic genome 

mining, we instead attempted to protein engineer this activity. Due to its previously discussed 

ability to insert one sulfur into free OA, half of the reaction we were looking for, E. coli BioB, 

was included in this study. If not achievable with mutant LipA alone, we envisioned that the 

free-acting activity could potentially be engineered using a two-step catalysis with the second 

sulfur inserted by wild-type E. coli BioB and the first by a mutated LipA or BioB. Finally, we also 

involved a newly discovered “Type II” BioB. This BioB utilizes two 4Fe-4S clusters, utilizing a 

ligated sulfur rather than the auxiliary Fe-S cluster as a sulfur insertion source, and functions in 

vivo in E. coli11. This enzyme could theoretically be engineered to insert two sulfurs into OA, 
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though we do not currently know whether the wild-type enzyme can insert one sulfur, like E. coli 

BioB can11. 

The conformational change undergone by LipA when binding the octanoyl-LD substrate 

is complex, and choosing regions for targeted mutagenesis based on a static crystal structure of 

the enzyme is therefore tricky. For this reason, and because of our ability to perform a selection 

for free LipA activity with the previously described selection system, we opted for a non-targeted 

protein engineering approach and performed error-prone PCR on E. coli LipA, E. coli BioB, and 

B. obeum BioB (Type II). Several individual plasmid libraries were cloned in combinations of 

epPCR mutational frequency and plasmid origin of replication (Table S2). After quality control 

by sequencing 96 inserts, the libraries were pooled, totaling ~107 variants of ecoLipA and ~106 

variants each of ecBioB and boBioB. With these pooled epPCR plasmid libraries, we performed 

selections using the developed free-acting LipA selection system and simple auxotrophic 

selections, using various approaches and hypotheses to identify a free-acting LipA activity 

(Table 3). Selecting from these libraries with the indicated selection strains, the library sizes were 

covered >10-fold by the number of transformants, and a few false positives were counter-

screened with plate-based bioassay and sequenced, unfortunately resulting in no true hits. 

Table 3: Selection strategies used with epPCR libraries of ecLipA, ecBioB, and boBioB 

With a sizable library and a robust selection system, we could not direct the evolution of 

LipA towards a free-acting variant. There may simply be too many “moving parts” of the 

epPCR 
libraries Selection strain and Type The question addressed by selection 

Selection 

successful? 
ecLipA Free-acting OA gradient (BS2548 - 

∆lipA, ∆lipB, iscR C92Y) 
Can LipA be induced into a permanent 
conformational change that allows for sulfur insertion 
into OA, rather than octanoyl-D*?  

NoNoNoNo  

ecLipA Biotin auxotrophy, 50 uM 
desthiobiotin (BS1575 - ∆bioA, 
∆bioB-bioD, ∆bioH, iscR H107Y) 

Can LipA be engineered into having biotin synthase 
activity? This activity would be free-acting. Besides 
being interesting in and of itself, if a mutant LipA can 
insert a sulfur into a desthiobiotin molecule, it may 
also be able to insert one or more into OA.  

NoNoNoNo 

ecBioB LA auxotrophy, 50 uM OA 
(BS2548 - ∆lipA, ∆lipB, iscRC92Y) 

Can ecBioB be engineered to allow the insertion of the 
first sulfur into OA? We know that the second sulfur 
can be inserted into 6/8-mercapto OA by the genomic 
wild-type BioB in the strain used.  

NoNoNoNo 

boBioB LA auxotrophy, 50 uM OA 
(BS2548 - ∆lipA, ∆lipB, iscRC92Y) 

Can boBioB be engineered to allow the insertion of the 
first sulfur into OA? We know that the second sulfur 
can be inserted into 6/8-mercapto OA by the genomic 
wild-type BioB in the strain used. 
  

NoNoNoNo 
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catalysis to allow for random mutagenesis engineering this conformational change required for 

free-acting activity without disrupting one of the other “parts” of the catalysis. These results do 

not necessarily mean that a free-acting LipA is impossible. We still believe that the discussed 

half free-acting lipoyl-synthase activity of wild-type BioB indicates that the whole reaction 

should be theoretically achievable. More targeted approaches could help eliminate some of the 

mutational bias of using epPCR, which may have influenced the failure to identify a successfully 

engineered LipA/BioB33. Some of the selections described were done to identify the half-reaction 

of sulfur insertion under the assumption that genomic BioB would perform the other half. While 

this half LipA reaction by BioB has been described in the literature, we are uncertain what 

concentration of 6- or 8-mercapto-OA is needed to complement growth and whether 

overexpression of wild-type BioB would be more conducive to this selection than wildtype 

genomic levels of this protein. 

 

Sequence-function relationship of LipA in E. coli: Heterologous LipAs - Via the approaches 

used to attempt to identify a free-acting LipA, data was generated pertaining to the relationship 

between LipA protein sequences and their functional expression in E. coli. A simple multiple 

sequence alignment (MSA) of heterologous LipA sequences, able or unable to function in E. coli, 

shows some of this data (Error! Reference source not found.). There is an initial correlation 

between sequence similarity (horizontal distance) to the host organism’s native protein (E. coli 

LipA) and the chance for successfully expressing the heterologous LipA in E. coli.  

Figure 7: Sequence-similarity distance tree of protein sequences of heterologous LipAs tested for function when 
expressed in E. coli, during this study. Green: functional & Red: non-functional. 
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Those with very high sequence similarity, such as LipA from Pantoea, Serratia, and Pseudomonas, 

could function in E. coli. However, as evolutionary distance increases, the outcome seems to no 

longer be explainable by simple sequence similarity. 

To attempt to explain the difference in functional complementation of heterologous 

LipAs expressed in E. coli, we investigated the similarities and differences in the protein 

sequences between the complementing and non-complementing groups. This was done with a 

focus on the evolutionary conservation of specific amino acid residues instead of overall 

sequence similarity. Using ConSurf34, the degree of conservation for each residue was calculated 

both for the MSA with all 16 heterologous LipA sequences and an MSA of only the 9 

complementing LipAs. Comparison of these two indicated that there indeed are some residues 

in the complementing LipAs that are more significantly more conserved compared to all 16 

sequences, i.e., likely more critical for catalysis in the LipAs that can function in E. coli (Figure 

8).  

Figure 8: Difference in residue conservation score for amino acid residues in an alignment of all 16 in vivo tested 
LipAs vs. only the 9 LipAs that complemented growth of a LipA deletion strain. Residues that are either statistically 
significantly more or less conserved in functional LipAs are highlighted by labeling with the residue. Absolute 
overall residue conservation across all 16 in vivo tested LipAs is shown below in a 1D heatmap, from high (light 
blue) to low (black). Conservation data was visualized by using M. tuberculosis LipA sequence as the scaffold 
sequence and the indicated individual residues correspond to this sequence. 
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When looking at the significantly more conserved residues in functional LipAs mapped 

to the crystal structure of M. tuberculosis, 9 of the 11 residues present in the structure were solvent-

exposed (Figure S6). This is interesting as many of these residues map to areas on the crystal 

structure that could potentially be important for protein-protein interactions. These include the 

octanoyl-LD binding cavity and surfaces near the Radical SAM cluster, which requires input 

from an electron carrier protein for each turn-over of the enzyme. Some are near the auxiliary 

cluster, which requires cluster regeneration by interaction with, e.g., an A-type carrier like NfuA 

to regenerate the 4Fe-4S cluster destroyed by sulfur-insertion for each turn-over. These protein-

protein interactions, though thought to be essential, have not been studied in detail. This model 

provides some potential input to guide a future study of these. These heterologous LipAs, though 

not able to perform catalysis when expressed in E. coli, are most likely functional in their native 

context. Previous studies have found that functional expression of heterologous enzymes often 

depends on global sequence predictors, such as GC-content and codon usage35. However, most 

of the tested heterologous LipAs were synthesized with E. coli codon-optimized sequences, 

which did not seem to affect the outcome of complementation (Table S9). These observations 

seem to agree with our hypothesis that the complex protein-protein interactions needed for LipA 

catalysis are the main determinator for heterologous function. 

 

Sequence-function relationship of LipA in E. coli: Error-prone PCR - In addition to the 

heterologous LipA data, we generated data on which residues were essential for the function of 

E. coli LipA. We used a low mutation rate and high copy-number E. coli LipA error-prone PCR 

plasmid library (pBS2035-L) that we previously constructed with the aim of protein engineering 

free-acting activity. After transforming this into a LA auxotrophic strain, (BS2114), half of the 

transformants were grown in dilutions on large plates with minimal media containing LA (non-

selective) and the other half with no LA (selective). The dilutions with visible separation of single 

colonies, corresponding to ~200 000 colonies from each plate, were scraped, resuspended, and 

directly. The selected and non-selected plasmid libraries were deep-sequenced by Illumina next-

generation sequencing. The low error-rate epPCR library was chosen as this has the only two 

missense mutations on average per copy, and of course, the lowest non-sense and frame-shift 

mutation rate (Figure S5). This is important as the Illumina NGS read length is 150 bp on 

average, and the low error rate is necessary to reduce noise from false positives. False positives, 
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in this case, being if a mutant LipA has a missense mutation of residue X, which destroys the 

function of LipA, but the same mutant gene contains a mutation of residue Y, which does not 

affect LipA function, there is no way to tell which is causative and both mutations of X and Y 

are predicted to disrupt function. 

By analyzing the difference in mutations present in the selected and non-selected aliquots, 

we predicted which residues can be mutated while still allowing for a functional LipA and vice-

versa. The NGS data output consisted of ~15*106 reads, and we were able to map ~2.8*106 of 

the reads to the ecLipA ORF. Variants were detected, and to start, we performed quality control 

on the dataset. This was done by analyzing the cumulative distribution of frame-shifts and 

missense mutations detected in the selected data (Figure 9|a). We chose a coverage cut-off that 

filtered out 95% of the frame-shift mutations in the selected data set. This was done under the 

assumption that frame-shift mutations will almost always disrupt the function of an enzyme, and 

most must therefore be noise. As a measure of the mutability of each residue in ecLipA, we 

calculated log2 of the ratio between missense mutations seen at each residue in the selected NGS 

data versus un-selected data, where a higher value indicates lower mutability (Figure 9|b). It 

should be noted that there was no statistically significant difference in the mutability of any 

residue, indicating that there was not enough coverage at each residue to infer this.  

Even though the statistical significance could not be inferred, when looking at the data, 

there seems to be little doubt that there is a biological significance in the difference in calculated 

mutability. Unlike the previous analysis of complementing heterologous LipAs, the epPCR 

approach highlights residues that can destroy the protein's function by simple destabilization and 

does not necessarily have any biologically relevant impact apart from this. The highly non-

mutable residues indicated in Figure 9|b include all six cysteine residues that are known to be 

essential in 4Fe-4S cluster binding and, therefore, function36. Looking at the least mutable 

residue mapped to a homology model of the structure of E. coli LipA in Figure 9|c, many of 

these seem to map to the loops in the vicinity of these two 4Fe-4S clusters. Besides the obvious 

destabilization by mutating the cysteines, the mutation of these nearby residues probably also 

interferes with Fe-S cluster binding by changing the conformation of the adjacent loops or simple 

steric interference by the novel residue side chains. The R306 residue and the adjacent S308 

participates in the conformational change upon substrate binding9, and unsurprisingly these 

cannot be mutated without losing enzyme function either. 
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When visualizing the highlighted residues on a surface model of LipA, some hot spots 

appear (Figure 9|d). These could potentially indicate positions important for protein-protein 

interactions. R96, G106, P108, R138, D139, G145, and D171 map to the surface near the SAM 

Figure 9: a|Cumulative distribution function, Fn(x), of frame-shift and missense mutations in the selected 
dataset, as a function of the Count (coverage) of the identified mutations. A cut-off value for the count, i.e. the 
coverage, of each  frame-shift mutation was chosen so that 95% of frame-shift mutations were removed from the 
dataset. This in turn, removed ~10% of missense mutations. b|The log2 ratio of mutability based on the sum of 
missense mutation coverage at each residue of ecLipA. The least mutable residues based on the log2 ratio are 
indicated in red. A noise filter of 0.45 was chosen based on the most negative value seen, as negative values (more 
mutable in the unselected subset than the selected subset) should not be possible. c|A cartoon representation of a 
homology model of E. coli LipA with 4Fe-4S clusters and an octanoyl-peptide substrate (lightblue). The SAM 
radical cluster is on the left and the auxiliary cluster on the right. The residues highlighted in b| are visualized in 
red, with color intensity as a function of their log2 mutability values. d|The same as figure c| but including the 
surface rendering of the protein. 
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radical cluster, potentially interacting with, e.g., the electron transfer machinery needed to 

transfer two electrons to this cluster per turn-over of the enzyme. Another cluster of non-mutable 

residues with no initial apparent disruption of essential of the enzyme are G263, Q264, and 

Y265. These are located in the binding groove where the lipoylation domain (LD) of the 

octanoyl-LD substrate. Specially Q264 is likely to participate in the hydrogen bonding to the 

lipoylation domain. Many of the observed trends are in agreement with the ones seen in the 

previous model utilizing the heterologous LipA complementation data. 

 

Sequence-function relationship of LipA in E. coli: A combinatorial logistical regression 

model for predicting heterologous function – Interestingly, there is no overlap in significantly 

over-represented residues that are more conserved in functional heterologous LipAs and the 

residues we identified as non-mutable in the epPCR ecLipA model (Table S3). As such, we were 

interested to see if we could combine the heterologous LipA complementation model for residue 

conservation (Figure 8), the E. coli epPCR mutability model (Figure 9), and possibly the simple 

sequence similarity measurements used for e.g., MSAs (e.g., in Figure 7), in a meaningful way 

that may be a statistically better predictor of complementation of a heterologous LipA sequence 

expressed in E. coli, than any of these on their own. 

For this, we initially set up some simple scoring models. The input for all presented 

models is a pairwise alignment Clustal-Omega (.clustal_num) of E. coli LipA and the query 

gene37. Only residues aligning in both E. coli LipA and the query gene were included in the 

model, and a conservation score between each residue in the alignment was computed using the 

BLOSUM62 substitution-matrix, giving a conservation score between -4 and 11 at each 

residue38. The sum of these substitution-matrix scores is basically what is used to show the 

evolutionary relationship in a multiple sequence alignment like the one shown in Error! 

Reference source not found.. A simple scoring function, Σ(BLOSUM62), was used to score the 

pairwise alignments of the 15 heterologous tested LipAs, in Figure 10|f, which shows that this 

metric is not sufficient to significantly differentiate groups of complementing and non-

complementing LipAs (P = 0.097). To generate a score based on the experimental data, i.e., 

residue specific complementation score and epPCR mutability score, the products of the positive 

values for these and the BLOSUM62 score at each residue was calculated. With this, residues in 

the alignment are weighted not only by in silico conservation (BLOSUM62) but are related to the 
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functional data obtained in the lab (heterologous LipA complementation and epPCR 

mutability). For example, it makes less of a difference if a residue is highly, or not at all conserved 

in the alignment if . 

These were likewise used to score the heterologous LipAs, with a Σ(BLOSUM62*epPCR 

mutability) (Figure 10|d) and Σ(BLOSUM62*Conservation) score (Figure 10|b) individually, 

as well as the product of the two scores (Figure 10|c). Somewhat unsurprisingly, the 

Conservations scores were a significant predictor of complementation outcome, as this model 

was initially made using the same data that it is now testing. Unfortunately, the epPCR score 

was not significantly predictive of the outcome. These simple models do not consider complex 

interactions between the predictors at individual residue positions, interactions that may not be 

obvious at first glance. Logistical regression (logit) is a statistical model used to identify 

significant predictors for a binary outcome, often used for machine learning39. We ran a 

generalized linear model to calculate a logistical regression in base R, taking into account 

complex predictor interactions (Figure S7). In practice, this model learns which predictors 

(BLOSUM62, complementation conservation score, epPCR mutability score) are significantly 

statistically important for the outcome (complementation of a heterologous LipA sequence) and 

assigns them weights without human bias. 

Figure 10| Testing 6 different scoring functions for predicting whether a heterologous LipA complements when 
expressed in E. coli. The score and statistical significance of all functions were tested on the complementing 
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heterologous LipAs (n=8) and non-complementing heterologous LipAs (n=7). These are visualized as green and 
red boxplots, respectively, with the p-value of the difference in mean (Students t-test) shown above. For the “Logit” 
functions, the score is the logarithm of the odds: p/(1-p), where p is the probability of complementation. For the 
rest of the models, the score is an arbitrary value. 

 

The first logistical regression model, Figure 10|e, was not significantly predictive, but 

after performing χ² based model fit reduction, a significantly predictive model for a 

complementation score was generated (Figure 10|a). This model only considers the subset of 

residues identified as important in the previous analyses (Figure S8). This was the best predictive 

model, but unfortunately, the epPCR score metric was dropped due to insignificance, indicating 

that the epPCR mutability data cannot be used for predicting the complementation of a 

heterologous LipA expressed in E. coli. 

�����_���	
_��� = −0.49781 + 0.27414 ∗ Σ�BLOSUM62 ∗ comp_cons() + 0.10395 ∗ Σ�BLOSUM62( 

There is a major bias issue in testing the model on data (sequence to function data for 

heterologous LipAs) that was used to build the model (conservation of residues in functional vs. 

non-functional LipAs). However, we still find this an interesting case of integrating sequence 

similarity data with functional experimental data to generate better prediction models than is 

possible by simple sequence similarity, e.g., BLOSUM62 scoring, on its own. While this specific 

complementation model is highly specific to LipA, the methods used to generate it could serve 

as inspiration for developing other models to predict heterologous complementation of other 

families of complex enzymes, such as other Fe-S cluster enzymes. This model would have to be 

tested on data that it was not “trained” on, i.e., seeing if it is actually predictive for the function 

or lack thereof when tested further on randomly selected heterologous LipAs expressed in E. coli. 

If validated, a model such as this could be beneficial for bioinformatically prescreening LipAs of 

interest, reducing the amount of lab work needed to identify functional homologs. 

 

Adaptive laboratory evolution with the aim of BioB promiscuity - As discussed, E. coli BioB 

inserts one sulfur into 6/8-mercapto OA. Adaptive laboratory evolution (ALE) is a powerful 

technique with which the power of natural evolution can be harnessed in the lab40. As we were 

not successful in directed evolution with epPCR, we attempted the use of ALE. The premise for 

the ALE experiment was similar to the synthetic selection previously described for the epPCR 

libraries. We designed an evolution experiment in which there was selection pressure to turn two 
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copies of BioB into one fully functional, free-acting LA synthase. The evolution experiment 

utilized a ∆lipA, ∆lipB, ∆fadD strain containing one BioB on the genome and additional copies 

of BioB in the form of a low-copy number plasmid: pBS679. The strain could not grow on 

minimal media with glucose as the sole carbon source, as it does not have a functional TCA 

cycle, lacking LA. Long-chain-fatty-acid-CoA ligase (FadD) was deleted from the chromosome 

in addition to the LA biosynthetic genes to prevent activation and potential utilization of OA as 

a carbon and energy source. We envisioned that one way for this strain to “solve” this selection 

pressure would be for the plasmid-based BioB to evolve into an enzyme that can insert the first 

sulfur into the OA present in the media, whereafter the genome-based BioB would insert the 

second, or vice-versa. This would produce free LA, which, attached by genomic LplA, would 

reactivate PDH and OGDH, restoring maximal growth. 

We performed ALE with this strain in minimal media, in the presence of 2 g/L glucose, 

10 mM acetate, 10 mM succinate, and 1 µM OA. This media allows very slow growth as acetate 

and succinate addition bypasses PDH and OGDH activity, respectively. In addition to this, we 

performed the same experimental setup but with a wild-type fadD strain, not being fed OA, as a 

control. The two strains were evolved in triplicate for ~2 months in a 2 mL deep-well plate, 

passaging 1 % of the volume during the late log phase every two days. Every two weeks, the 

fitness of the strains was evaluated, growing them in a gradient of added acetate and succinate 

to see how far the concentrations of these could be lowered while still maintaining growth but 

maintaining a high selection pressure (as slow a growth rate as possible). As intended, the strains 

adaptively evolved and required less added acetate and succinate for growth over time. 

Eventually, towards the end of the experiment, the strains were able to grow on glucose as the 

sole carbon source. The strains were further passaged in the same media, lacking acetate and 

succinate to optimize growth on glucose as the sole carbon and energy source. 

The LipA deletion “scar” was resequencing to ensure that these were still indeed lipA 

deletion strains and not cross-contaminations. The strains did not contain LipA, and this meant 

that they either a.) Shifted their entire central metabolism to overcome the functional knock-out 

of PDH and OGDH caused by lack of LA or b.) Evolved to convert the media added OA to LA 

using one or more mutated biotin synthases. Since both the control lineage and the lineage with 

extra BioB and added OA both exhibited the same fitness improvement, we believed scenario 

a.) to be more likely. Indeed, when we examined the acetate and succinate independent growth 

of the evolved strains, we found it to be independent of added OA. Mutant BioB-dependent 
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production of LA by the evolved strain would have required the exogenously added OA. Despite 

not resulting in free-acting LA synthase activity, the main aim of the experiment, the ALE still 

resulted in the first-ever demonstration of LA independent aerobic growth on glucose as the sole 

carbon and energy source to our knowledge. Further work to characterize and study these strains 

is ongoing. 

 

Testing a structurally novel dimeric LipA discovered in Archaea - Recently, a novel, yet still 

not fully elucidated, LipA mechanism has been discovered by Jin et al. (2020)41. This mechanism 

is found in archaea and requires two LipAs, previously misannotated as BioBs, to insert both 

sulfur atoms into octanoyl-LD. The authors designate these as LipS1 (TK2109) and LipS2 

(TK2248). If only one LipS is present, the reaction cannot be completed, and the intermediate 

mercapto-octanoyl is generated. Jin et al. did not test these enzymes on a free OA substrate, but 

the fact that the mechanism and indeed sequence similarity is more akin to BioB than classic 

LipAs indicated that these might be candidates for free-acting activity. This could be a native 

activity or could be achieved by protein engineering or in combination with BioB. Another 

striking feature of LipS1 and LipS2 is that they contain two 4Fe-4S clusters, although they only 

insert one sulfur each. This is not touched much upon by the authors. However, we recently 

described a novel class of Biotin Synthase with two 4Fe-4S clusters. This Type II BioB utilizes a 

novel mechanism, with which it inserts a single sulfur from a sulfate ligated to the auxiliary 4Fe-

4S cluster rather than by the sacrifice of a 2Fe-S2 cluster11. Like the newly described single sulfur 

inserting LipS1 and LipS2, Type II BioB is also found in primordial obligate anaerobic 

organisms. It could well be that they utilize the same non-destructive sulfur insertion 

mechanism, which would further increase the biotechnological interest of this new LipA 

mechanism. This hypothesis could relatively quickly be tested by UV-vis measurements after in 

vitro catalysis, which would indicate whether the auxiliary 4Fe-4S cluster is lost after catalysis or 

not. 

To further explore the distribution of this novel dimeric LipA, we used the TkLipAS1 

and TkLipAS2 sequences for an EFI sequence similarity BLAST analysis42 to study the diversity 

of organisms with homologs of these two enzymes. We found that in addition to archaea, many 

bacteria, including many from the genus Clostridia, also contain homologs of these two, often in 

operon with each other and an annotated LplA. We chose to test bacterial homologs of the 
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dimeric LipA, as we have previously found LipA and the similar SAM radical, type II BioB, 

from archaea to be non-functional when heterologously expressed in E. coli. LipAS1 Q189S7 

and LipAS2 Q189T2 from Clostridioides difficile DSM 27147 were cloned, individually, in a 

synthetic operon. However, when expressed in E. coli, they could not complement a ∆lipA. Upon 

further inspection of the “LplA” in these operons, we found that this is likely misannotated and 

not a true LplA, but more likely a LipM-like octanoyl transferase. This means that the native 

mechanism of this dimeric LipA is not likely naturally free-acting. Obtaining a functional 

homolog of these in E. coli would still be interesting mechanistically for exploring the possibility 

of more efficient, potentially non-destructive, sulfur insertion and possible inclusion for further 

rounds of protein engineering. 

 

Conclusions and next steps 

We attempted to discover or engineer a LipA that could catalyze the insertion of sulfur 

into a free OA precursor and produce free LA. To this end, we developed a selection system to 

select for free-acting LipA activity and used this to select from metagenomic and error-prone 

PCR LipA and BioB plasmid libraries. We performed comparative genome mining to explore 

the biosynthetic diversity of LA metabolism in bacteria. Testing some of these putative free-

acting heterologous variants of LipA from a wide array of bacteria, we discovered that these 

were not free-acting but that these bacteria most likely employ a novel octanoyl-transferase 

independent de novo LA biosynthetic pathway. We utilized adaptive laboratory evolution, 

trying to pressure the cell into evolving this activity on its own. We tested a novel class of recently 

discovered LipAs from archaea. Finally, we utilized the sequence-function data generated 

during the study to generate a model of which residues are essential for LipA function in E. coli 

that can predict which heterologous LipA sequences can function in E. coli. 

While no naturally occurring free-acting LipA was identified or evolved by random mutagenesis 

or ALE, we gained valuable insights that can be used in future work involving LipA and LA 

biosynthesis. OA is quite aliphatic compared to, e.g., desthiobiotin, which reduces the possibility 

of hydrogen bonding to stabilize it in the active site. It may be one of the reasons why the LipA 

substrate has evolved to its unusual protein-bound form. It may be that we underestimated the 

catalytical complexity caused by LipAs structural changes during turn-over when this project 

was initiated. There is, however, no thermodynamic reason why the LipA enzymatic reaction 
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should not be possible on a free substrate, demonstrated by the fact that BioB can insert one 

sulfur into 6- or 8-mercaptooctanoyl, and other enzymes like LplA gladly bind a free LA moiety 

in their active sites. We still believe it likely that the free-acting LipA reaction is possible by 

protein engineering or identifying a naturally occurring variant, and we will be discussing some 

possible future directions for this. 

Bioinformatics - In our genome mining attempt, we focused on the presence of combinations 

of various LA-related biosynthetic genes as a possible indicator of a novel free-acting 

mechanism. Another way of “prospecting” the increasingly available bioinformatic data is to 

relate a possible free-acting mechanism to a predictive divergence in the amino acid sequence of 

LipA. We have previously shown that divergence in a single residue of BioB, previously thought 

to be highly conserved, can successfully be used to predict homologs with a novel catalytic 

mechanism11. For LipA, one such conserved residue is the arginine that shifts with LipAs 

conformational change upon octanoyl-LD binding and opens up the space between the Radical 

SAM and auxiliary cluster for catalysis (Figure 2). The residues around this C-terminal arginine 

are likewise conserved, and these can be used to formulate an amino acid motif. 

Developing an amino acid motif for this residue, a scan of all 30,539 bacteria protein 

sequences annotated as Lipoyl Synthase in Uniprot indicates that there are some potential leads 

that seem to be missing this arginine residue (Table S4)43. Many are likely sequencing artifacts 

or miss-annotations, some are probably non-functional LipAs from duplication events, but one 

could potentially be a free-acting LipA. These would need to be functionally tested by, e.g., 

heterologous expression in E. coli, bringing us back to the limitations of heterologous LipA 

functionality. Using the developed model for heterologous LipA sequence to function prediction 

(Figure 10|a), we have indicated which of the heterologous sequences have the greatest chance 

of complementing in E. coli (Table S4). This can be used as a bioinformatic prescreen to choose 

genes for synthesis and screening. 

Functional metagenomic selections –The possibility of selecting a functional free-acting LA 

synthase activity from the metagenome, with no human bias involved in choosing sequences to 

test, still requires more exploration. The discovery of the structurally divergent dimeric LipAs 

annotated as BioBs in sequence databases41 cemented our opinion that it is a mistake to only test 

LipAs annotated as such, with high sequence similarity to known LipAs. The low diversity of 

LipA in our metagenomic selection was likely due to the incompatibility of Fe-S cluster 
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machinery. This was indicated by the fact that we could obtain functional, heterologous 

expression of an otherwise non-functional LipA homolog from F. magna, only when we co-

expressed it with the suf operon from the same organism. 

By lucky coincidence, Shomar et al. (2021) recently tested almost precisely what we have 

been pondering44. In a systematic study, they initially over-express and tested 135 heterologous 

Fe-S cluster-utilizing enzymes in E. coli, with a wide phylogenetic breadth. They found that most, 

by far, did not successfully complement a knock-out of the same gene, i.e., they were non-

functional in E. coli. Focusing on two specific enzymes, NadA and IspG, they showed that 

successful heterologous function depends on either the native Fe-S biogenesis pathway or 

electron transfer machinery, respectively. In the case of NadA, the co-expression of a 

heterologous Fe-S biogenesis pathway, suf from B. subtilis, allowed not only functional 

expression of the NadA from the same organism but further allowed functional expression of 

5/33 additional homologs that were originally incompatible with E. coli’s own machinery. The 

same was generally the case for IspG and the electron transfer machinery. However, this is 

slightly more convoluted. While microbial genomes often contain one or two easily identifiable 

Fe-S cluster biogenesis operons, they usually encode many different electron transfer proteins, 

and selecting the correct partner for an individual enzyme is not trivial. 

Based on the observations made in this work and by Shomar et al., one could imagine 

the need for a plasmid-based platform of heterologous Fe-S cluster biogenesis machineries, 

chosen to represent as wide a phylogenetic diversity as possible. For the purposes of selecting 

from our metagenomic libraries, these could, for example, be from 20 representatives of the most 

common phyla known to be present in these gut and soil microbiomes. The metagenomic 

selection that we carried out for a free-acting LipA would be performed in the same way, instead 

using either 20 different selection strains, each with a different Fe-S cluster machinery, or a single 

pool of these, based on preference. This would radically increase the selectable sequence 

diversity space of the metagenomic libraries and significantly improve the chances of a true free-

acting LipA hit if such one indeed exists. This Fe-S cluster machinery platform could also be 

helpful for increasing the diversity of many other functional Fe-S cluster-dependent enzymes 

various other purposes. 

Protein engineering - Increasing the substrate promiscuity of an enzyme is often relatively easy 

in protein engineering45. Indeed, it is through natural substrate promiscuity that much novel 
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enzymatic diversity has been thought to have evolved over time46. The similarity of structure and 

catalytic mechanism between BioB and LipA indicates that they are likely products of divergent 

evolution. BioB's ability to still insert one of two sulfurs into OA may be an evolutionary artifact 

of their common ancestor. We initially took a random mutagenesis approach to this substrate 

promiscuity, with epPCR, because of its ease and because of the strength of our selection system. 

We included one homologue of LipA and two of BioB in our study and one way of increasing 

the total diversity, and thus the chance of success, could be to simply utilize more starting points, 

i.e. LipA and BioB homologs for the diversity generation. 

With the discovery of the aforementioned dimeric and structurally divergent archaeal 

type LipA41, there is at least one more obvious candidate to include in another round of epPCR. 

In this dimeric LipA, one sulfur is inserted by each dimer into octanoyl-LD, and one could 

imagine that one of these dimers could be more amenable engineering of a single sulfur insertion 

free-acting activity that could be coupled with BioBs. On the other hand, more targeted and 

structure-guided approaches may be a better option for engineering LipA and could be explored. 

We believe that the use of molecular dynamics to simulate the conformations changes of LipA 

could provide valuable insights and guide a more targeted approach to protein engineering with, 

e.g., saturation mutagenesis of conformational hot spots. 
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Materials and Methods 

Data availability - All data and scripts used for treating and visualizing the data are available in 

a Github repository: https://github.com/DavidL-H/Free_acting_LipA 

General Methods - Chemicals were from Sigma Aldrich or Carl Roth unless state. All 

selections, testing of complementation or production of free LA was done in minimal media 

mMOPS (Table S5), contain various levels of added LA, OA, glycine, acetate, and/succinate as 

indicated, and relevant antibiotic depending on plasmids contained by the strain (Table S7). 

Antibiotic concentrations used: (ampicillin: 100 µg/L, kanamycin: 50 µg/L; spectinomycin: 50 

µg/L, zeocin: 40 µg/L). All incubation was done aerobically as standard, or anaerobically when 

specified, using a Merck Anaerocult®, at 37 ºC with 300 rpm shaking for liquid cultures (Innova® 

44). Strains auxotroph for LA were grown in the same way but with LB media. All PCR products 

and plasmids used were purified with E.Z.N.A.® Cycle Pure Kit (V-spin) and E.Z.N.A.® 

Plasmid Mini Kit I (V-spin) from Omega Bio-Tek, respectively. All transformations were done 

using homemade electrocompetent cells prepared according to Dower et al. 47. 

Metagenomic plasmid library selections - The double knock-out strain, BS2548, was used as 

the aerobic selection strain, and the same strain with a serA deletion, BS3501, was used for 

anaerobic selections. These strains have neither functional lipB nor lipA. When expressing LipA 

from a plasmid, the strain can grow under supplementation of sufficient octanoic acid (Figure 

3). 2.5 mL electrocompetent selection strain was prepared from 125 mL exponentially growing 

cell culture. Each of the five metagenomic plasmid libraries was transformed in five 

transformations by adding 95 µl competent cells to 1 µl plasmid and electroporating. The five 

transformations for each library were pooled and rescued in SOC for 2 hours, whereafter they 

were washed in mMOPS twice and plated on mMOPS kanamycin plates with added OA. 30 

nM was added for free-acting LipA selection, 0 nM for the negative control, and 120 nM for 

positive control. Additionally, a 10.000x dilution was plated on non-selective LB kanamycin 

plates as a control to calculate the total number of transformants obtained. All 5 libraries had 

~1*106- 8*106 transformants. Selection plates were incubated overnight aerobically or 

anaerobically. Single colonies growing on the plates, the “hits,” were incubated overnight in 

mMOPS kanamycin media with 120 nM OA, and plasmids were purified. To identify the 

inserted fragment of metagenomic DNA, sequencing oligos oBS0265 and oBS1223 were used 

for PCR with DreamTaq PCR Master Mix (2X), purified, and sequenced via Sanger method 
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using oBS0265. Sequencing results were analyzed with the NCBI Open Reading Frame Finder61 

to identify the enzymes and their organism of origin. 

Bioassay of free LA concentration - For production and quantification of free LA in liquid 

media, growth, and bioassay were done as we previously described19. Plate-based bioassay 

counter-screening was carried by toothpick picking of query colonies and resuspending in 100 ul 

mMOPS. These resuspensions were spotted on mMOPS 1.5% agar with 0.1 g/L OA, 0-1 mM 

IPTG, and relevant antibiotic(s), which had been pre-plated with the reporter strain: BS2548 

containing pBS1779 (GFP). In this way, free LA-producing colonies could easily be visually 

identified by GFP halos (Figure S1). 

Cloning and transformation - Heterologous LipA plasmids were cloned by USER cloning using 

either native DNA sequences or gBlocks® of heterologous LipA sequences codon-optimized for 

E. coli by Integrated DNA technologies (Table S9). Each LipA gene and plasmid backbone were 

amplified with PhusionU polymerase using primers designed with 5′ end USER-excision 

compatible overhangs (Table S8). The PCR products were treated with Thermo Scientific DnpI 

according to manufacturer protocol. The products were then PCR purified, combined, and 

treated with New England Biolabs USER® enzyme according to manufacturer protocol. These 

were T4 Ligase treated and transformed into electro-competent cells of the strain of interest. 

After transformation, single colonies from selective plates were inoculated in the same liquid 

media, grown overnight, and the plasmid(s) were prepped, and the correct assembly of plasmids 

was verified by Sanger sequencing (Eurofins Genomics). All plasmids were transformed by 

electroporation using homemade electro-competent cells of strains indicated in (Table S6). 

Transformations were rescued in SOC media for 1-2 hours, then washed twice in mMOPS, and 

plated on selective plates with relevant antibiotics and concentrations of OA for growth 

overnight. If no selection was performed, cells were not washed and were plated on LB with 

antibiotics. All Oligos used for USER-cloning and sequencing as well as resulting plasmids are 

shown in Table S7 & Table S8. 

Genome editing and recombineering of E. coli - Translational knock-out of serA and fadD was 

constructed by MAGE48. BS2548 holding pBS136 was grown to 0.5 OD in 4 mL 2xYT 

ampicillin media, and L-Arabinose was added to a final concentration of 2% to induce the λ-

Red system for 30 minutes of additional growth. For making electrocompetent cells, cultures 

were placed on ice for 20 minutes, centrifuged at 5000G for 5 min, and washed in 4 mL ice-cold 
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water, the washing was repeated twice, and cells were resuspended in 200 µl ice-cold 10% 

glycerol. 45 µl cells were mixed with 5 µl of 100 µM either mOBS493 (serA) or moBS418 (fadD) 

and electroporated at 1800 V. The cells were rescued in 950 µL prewarmed 2xYT media with 

ampicillin, and after 30 minutes, this was inoculated into a final volume of 4 mL 2xYT ampicillin 

media and incubated to 0.5 OD whereafter another round of MAGE was carried out. This was 

repeated to a total of 4 times, whereafter cells were plated on LB ampicillin plates and incubated 

overnight. Single colonies were colony PCR’ed using DreamTaq PCR Master Mix (2X) with 

oBS3832 and oBS3833 amplifying the serA region of the E. coli BW25113 genome or oBS4219 

and oBS419 amplify fadD. The presence of the translational knock-out was confirmed by Sanger 

sequencing. Confirmed knock-out strains were transformed with pBS848, the CRISPR/Cas9 

pFREE plasmid curing system, and cured of all plasmids according to published protocol49. 

Successful plasmid during was confirmed by loss of ampicillin and kanamycin resistance by 

screening on LB plates with and without antibiotics. The MAGE oligos for knocking out 

genomic serA and fadD were designed with the MODEST web-server by selecting 

“E_coli_K12_MG1655”, “serA,” or “fadD2, and “translational-knockout“ operation50. 

Directed evolution by error-prone PCR - epPCR of E. coli LipA (originating from pBS2026) 

and BioB (originating from pBS2027) and B. boeum BioB (originating from pBS2028) was 

performed using the primers oBS4037 and oBS4038, with the GeneMorph II Random 

Mutagenesis Kit by Agilent according to manufacturer protocol using low, medium, and high 

error-rates (Table S2). The epPCR products and plasmid backbone (pBS2029 or pBS2030) were 

digested, and with Thermo Scientific NheI and NotI Fast Digest, digest backbone was treated 

with Anza Alkaline Phosphatase. Digests were gel-purified after validation of complete digestion 

by migration distance during gel-electrophoresis and then cloned and ligated with Thermo 

Scientific T4 DNA ligase according to manufacturer protocol. For epPCR plasmid libraries, 

1/10,000 of the rescue mix was plated on LB amp agar for calculating library diversity, whereas 

the rest of the rescue mix was diluted 1:10 into 2xYT amp liquid media and grown to full OD 

overnight. The entire library was plasmid prepped from this overnight culture. To verify 

assembly and introduction of mutations by epPCR, 96 single colonies with correctly assembled 

epPCR plasmids were colony PCR’ed with oBS4037 and oBS4038, and the crude PCR samples 

were sent for 96-well plate PCR purification and Sanger sequencing by Eurofins Genomics.  
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Comparative genome analysis and general sequence analysis - Microbesonline was used for 

comparative genomics, using the sequences of E. coli LipA, LipB  LplA, B. subtilis LipM, LipL, 

GcvH and E. faecalis LpA. Using the phylogenetic tree phylogenetic profile sequence comparison 

tool with a threshold of >=100 bits, the sequences were fastBLAST’ed against all genomes in 

the database. All multiple sequence alignments were performed with Clustal Omega using 

default settings37. Using these MSAs, the phylogenetic trees were constructed by Neighborhood 

joining, without distance correlation and visualized with iTOL, and used for amino acid 

sequence conservation analysis with ConSurf34,51. Significant difference in conservation was 

defined by no overlap in the ConSurf conservation confidence intervals between two alignments. 

Motif scan of Uniprot for lack of conserved arginine was done by first fetching sequences with 

the following pattern from UniProt release 2021_01: "lipoyl synthase" taxonomy:bacteria 

fragment:no length:[250 TO *]. The resulting 28 345 sequences were downloaded and used in the 

ScanProsite tool as a custom databased, against which the following motif was scanned: C-

x(3)-C-x(2)-C-x(175,225)-[PAVT]-[LMFVYI]-[VATIMQD]-R-[STYFP]-[ESVP]-

[HYSFPTEA]. LipA sequences lacking this motif were re-scanned with the radical SAM motif 

alone: C-x(3)-C-x(2)-C. The resulting sequences, lacking the conserved R motif but containing 

the Radical SAM motif, are listed in Table S4 

epPCR library deep sequencing and analysis - pBS2035-L was transformed into BS2114, and 

half the rescue mix was plated on mMOPS amp (selected), and the other half was plated on 

mMOPS amp 10 ug/L LA (non-selected). Several dilutions were made, the lowest dilution 

plates with visible separation of colonies were chosen for both and cells scraped and 

resuspended, and plasmid purified with E.Z.N.A.® Plasmid Mini Kit I, (Q-spin). An aliquot of 

the plasmid library from selected and non-selected were next-gen sequenced by Eurofins 

Genomics: Genome Sequencer Illumina HiSeq, NovaSeq 6000 S2 PE150 XP. The ecoLipA 

ORF was sequenced at a coverage of ~4*105. CLC genomics workbench 11.0 was used to 

analyze data. Reads were mapped with standard settings to the ecoLipA ORF plus ~100 bp up 

and downstream. Basic variant detection tool was used, setting “Minimum coverage” and 

“Minimum count” to 1 and “Minimum frequency” to 10-8, with all “Noise filters” disabled. A 

noise filtering “count” cut-off for NGS data was chosen based on removing 95% of all frame-

shift mutations in the selected library dataset, under the assumption that no true frame-shift will 

be present in this library due to almost certain loss-of-function with a frame-shift mutation. The 
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distribution was calculated using the Empirical Cumulative Distribution Function, ecdf(x), 

function in R. After filtering, the difference in the sum of counts for every residue was calculated. 

The amino acid sequence of E. coli LipA was used as input for querying the homology prediction 

server, HHpred52, and PDB:5EXJ (M. tuberculosis LipA) was chosen as the template for 

homology modeling. The E. coli LipA homology model had an RMSD of 0.166 Å when aligned 

to 5EXJ. All visualization of protein structure was done in Pymol. The 4Fe-4S clusters and 

octanoyl-peptide precursor stem from alignment for the homology model with 5EXJ and 5EXK, 

respectively, as these are not included in the homology model. The model does not show the N-

terminal of ecLipA but starts at L45 due to a lack of homology modeling and disorder of this 

domain.  

Adaptive laboratory evolution – BS4459 containing pBS679 and BS2548 containing pBS1776 

were adaptively evolved in mMOPS containing ampicillin. Initially, these strains were grown in 

the media containing 10 mM K-acetate and 10mM Na-succinate. BS4459 with pBS679 

additionally had 1 µM octanoic acid added to the ALE media. Three replicates of each strain (6 

in total) were grown in a working volume of 2 mL in a 24 well deep-well plate. Incubation was 

done at 37⁰C at 300 rpm. Every 48 hours before hitting the stationary phase, the strains were 

passaged by diluting 100-fold into fresh media. Every two weeks, the concentration of K-acetate 

and Na-succinate in the ALE media was approximately halved. This was done for 2 months, or 

~30 passages, whereafter the strains were able to grow in mMOPS without added acetate or 

succinate. These were passaged similarly for 1 additional month until strains were able to grow 

well on glucose as the sole carbon and energy source. Adaptively evolved BS4459/pBS679 was 

assayed for free lipoic acid production as we previously described19. This was done with a 

gradient of octanoic acid concentration and IPTG concentrations added to the media. 
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Chapter III – Supplementary material 

 

Figure S1| Plate-based LA bioassay. Positive and negative controls we plated along with 96 query colonies on 
mMOPS amp 0.1 g/L OA and 0.01 mM IPTG, already plated with BS2548 + pBS1779 (GFP). Under UV light, it 
is obvious that the high free LA producing strain, BS3804 (BS2548 containing pBS1506 and pBS1984), has a halo 
of complementation. A few of the query colonies show a weak halo, which could indicate very low production of 
free LA. However, when retested in a standard production and liquid bioassay, they did not produce, leading to the 
hypothesis that the complementation could be caused by the production of acetate and succinate by the query 
colony, causing bypass of LA auxotrophy. 
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Figure S2: Spot-testing the colonies identified in the anaerobic metagenomic plasmid selection with the BS3501 
(∆lipB, ∆lipA, ∆serA, iscR C92Y) strain. All 94 colonies identified in the selection were plated on four different 
mMOPS kan plates with the media additions indicated: 0.1 g/L glycine (gly), 10 ug/L lipoic acid (LA), 10 mg/L 
octanoic acid (OA), or combinations thereof and grown aerobically over-night. 89 of the “hit” colonies were able 
to grow in the presence of LA without glycine (bottom-right), indicating that they no longer needed to convert 
glycine to serine and likely encoded a serA homolog in their metagenomic plasmid. In contrast, the last 5 “hits” did 
not require OA for growth (upper-left) and therefore likely encoded LipA-LipB. A free-acting LipA would require 
OA for complementation of growth under these conditions. 
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Table S1| All genomes with no octanoyl-transferase homologs, identified by the Microbesonline fastBLAST 
analysis shown in Figure 4. There were some “false” positives. These genomes may have been of bad quality or 
simply represent a specific strain that is LA auxotrophic, notably the E. coli and S. enterica genomes which are known 
to generally contain a LipB. 

Genome Phylum ec
L

ip
A

 

ec
L

ip
B

 

ec
L

p
lA

 

b
sL

ip
M

 

b
sL

ip
L

 

b
sG

cv
H

 

ef
L

p
A

 

Clostridium sporogenes ATCC 15579 Firmicutes 1 0 3 0 0 1 1 

Corynebacterium kroppenstedtii DSM 44385 Actinobacteria 1 0 1 0 0 1 0 

Deinococcus proteolyticus MRP, DSM 20540 Deinococcus 1 0 1 0 0 1 0 

Escherichia coli O157:H7 str. EC508 Proteobacteria 1 0 1 0 0 1 0 

Finegoldia magna ATCC 29328 Firmicutes 1 0 1 0 0 1 0 

Flavobacteriaceae bacterium 3519-10 Bacteroidetes 1 0 1 0 0 1 0 

Flexibacter litoralis Fx l1, DSM 6794 Bacteroidetes 1 0 1 0 0 1 2 

Peptostreptococcus micros ATCC 33270 Firmicutes 1 0 2 0 0 1 0 

Prevotella bivia 653C, DSM 20514 Bacteroidetes 1 0 1 0 0 1 0 

Prevotella multisaccharivorax PPPA20, DSM 17128 Bacteroidetes 1 0 1 0 0 1 0 

Psychroflexus torquis ATCC 700755 Bacteroidetes 2 0 1 0 0 3 0 

Salinibacter ruber Bacteroidetes 1 0 1 0 0 1 1 

Salinibacter ruber DSM 13855 Bacteroidetes 1 0 1 0 0 1 0 

Salmonella enterica enterica serovar str. SL480 Proteobacteria 1 0 1 0 0 1 0 

Treponema denticola ATCC 35405 Spirochaetes 1 0 2 0 0 1 1 

 

 

 

Figure S3| The predicted operon in which F. magna ATCC 29328 LipA participates, and the adjacent operon which 
uses an overlapping promoter indicating possible co-regulation on the transcriptional level. 
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Figure S4: Complementation of growth of LA auxotroph BS3501 (∆lipA, ∆lipB, ∆serA, iscR C92Y), with various 
plasmids, on mMOPS plates containing various media additives. a| Four different plasmids. Two were positive 
controls pBS1506 (S. liquefaciens LipB and LipB) top-left, pBS991 (E. coli LipA) bottom-left6. One was a negative 
control, pBS1779 (GFP). As expected all strains grew on media containg Ampicilin, glycine, octanoic acid and 
lipoic acid. b|Same as in a|, media lacking lipoic acid. Now only those with functional LipAs grow. pfmLipA (F. 

magna LipA), in the bottom-right did not grow, indicating that this LipA is not functional under the tested 
circumstances. c|On mMOPS containing ampicillin, kanamycin, glycine and octanoic acid, BS3501 carrying 
pfmLipA plus an additional plasmid expressing the F. magna suf operon (pBS1901), was not able to grown. This 
indicated that the native suf operon was able to restore function, and subsequent growth, of F. magna LipA. 
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Table S2| Table of constructed epPCR libraries for this work. For each gene, 6 libraries were made with 3 
combinations of mutation rates (low, medium, high) and the origin of replication of the expression plasmid into 
which they were cloned. The expected diversity for individual libraries and the plasmid name is shown, the sum of 
the libraries of each gene is used to calculate the total diversity. 

Origin epPCR rate ecoLipA ecoBioB boBioB 

pSC101 

low 120 000 
pBS2032-L 
 

200 000 
pBS2080-L 

110 000 
pBS2082-L 

medium 120 000 
pBS2033-L 
 

180 000 
pBS2081-L 

100 000 
pBS2082-L 

high 120 000 
pBS2034-L 

60 000 
pBS2082-L 

92 000 
pBS2082-L 

pBR322 

low 3 200 000 
pBS2035-L 

500 000 
pBS2083-L 

15 000 
pBS2082-L 

medium 3 200 000 
pBS2036-L 

160 000 
pBS2084-L 

220 000 
pBS2082-L 

high 3 000 000 
pBS2037-L 

300 000 
pBS2085-L 

350 000 
pBS2082-L 

Total diversity: ~107 ~106 ~106 
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Figure S5| Sanger sequencing of 96 single colonies/plasmids of the low (L), medium (M) and high (H) error-rate 
epPCR libraries (Table S2), 74 of which gave high quality reads. The mean point-mutation (missense) rate per ORF 
and standard deviation is indicated by the barplot. The mean of non-sense and frame-shift mutations are shown by 
the lines. 
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Figure S6| M. tuberculosis LipA crystal structure (PDB:5EXK)9. The substrates are shown in light-blue, and residues 
significantly more conserved in functional LipAs (Figure 8) are labeled, highlighted in red, and shown as stick 
representation. Almost all these residues (9/12) are solvent-exposed and part of the surface of the protein. W67 and 
V176 are buried, and S310 is not mapped as it is a part of the C-terminal that is not modeled due to disorder. 
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Table S3| Combined data from the heterologous complementation/residue data and the epPCR mutability data 
presented in Figure 8 & Figure 9, respectively. In the aforementioned figures, residues are mapped to the M. 

tuberculosis and E. coli LipA sequences respectively, in this table, they are aligned for easy comparison. 

M_tuberculosis_LipA E_coli_LipA Align_EcPOS Align_MtPOS epPCR_mutability epPCR_mutability_sig Compl_cons Compl_cons_sig 

m m 7 1 -0.131618967 FALSE -0.44603 TRUE 
a v 11 5 0.174418844 FALSE -0.63138 TRUE 
k k 37 25 0.274682743 FALSE 0.327855 TRUE 
l l 64 51 0.465036886 TRUE 0.162754 FALSE 
t s 66 53 0.633167626 TRUE -0.09828 FALSE 
c c 68 55 0.802041797 TRUE -0.07187 FALSE 
a a 71 58 0.737917554 TRUE -0.0768 FALSE 
c c 73 60 0.909762448 TRUE -0.07187 FALSE 
e e 78 65 0.122005166 FALSE 0.248886 TRUE 
c c 79 66 0.986208864 TRUE -0.07187 FALSE 
w f 80 67 0.152990902 FALSE 0.32622 TRUE 
c c 94 81 0.651704052 TRUE -0.07187 FALSE 
r r 96 83 0.777968568 TRUE -0.02864 FALSE 
c c 98 85 0.456378295 TRUE -0.07187 FALSE 
c c 101 88 0.870204571 TRUE -0.07187 FALSE 
g g 106 93 0.687963177 TRUE -0.21153 FALSE 
p p 108 95 0.533496333 TRUE 0.069167 FALSE 
t t 134 121 0.470301518 TRUE -0.01695 FALSE 
r r 138 125 0.97144288 TRUE -0.02864 FALSE 
d d 139 126 0.503345116 TRUE -0.0293 FALSE 
p r 142 129 -0.153011619 FALSE 0.351314 TRUE 
g g 145 132 0.751056555 TRUE -0.0725 FALSE 
t c 152 139 0.622131064 TRUE 0.058221 FALSE 
d d 171 158 0.593832854 TRUE -0.0293 FALSE 
g g 174 161 0.201816724 FALSE 0.3191 TRUE 
r r 178 165 0.03698668 FALSE -0.31906 TRUE 
v v 190 176 0.165315748 FALSE 0.223351 TRUE 
r r 206 192 0.77672976 TRUE -0.02864 FALSE 
s s 214 200 0.529109266 TRUE -0.08768 FALSE 
l l 218 204 0.471113424 TRUE -0.05128 FALSE 
s s 232 216 0.632829853 TRUE -0.16187 FALSE 
g g 237 221 0.700439718 TRUE -0.0725 FALSE 
e e 240 224 0.478696137 TRUE -0.01228 FALSE 
t t 241 225 0.00651751 FALSE 0.233338 TRUE 
t g 263 247 0.651160312 TRUE -0.07579 FALSE 
q q 264 248 0.599404013 TRUE -0.00345 FALSE 
y y 265 249 0.584962501 TRUE -0.04948 FALSE 
h l 273 257 0.185195516 FALSE 0.291895 TRUE 
p p 274 258 0.181758673 FALSE 0.363261 TRUE 
r r 277 261 0.105157171 FALSE 0.262862 TRUE 
g a 293 277 0.006767933 FALSE -0.2844 TRUE 
f f 296 280 0.552541023 TRUE 0.172007 FALSE 
r r 306 290 0.658906035 TRUE -0.02864 FALSE 
s s 308 292 0.543361596 TRUE -0.00414 FALSE 
a - 323 307 NA NA 0.550023 TRUE 
s - 326 310 NA NA 0.378949 TRUE 
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#### R script for generating a logistical regression model on BLOSUM62 weighted Conservation score (“Cons_score_RES”) and epPCR 

score (“epPCR_score_RES”), as well as their interactions with each other and themselves. The outcome being predicted in 

(“Complementation). R version 4.0.1 (2020-06-06) #### 

# An preview of the input data 

>Head(Final_model_DF) 

 Query_geneE_coli_LipA EcPOS BLOSUM Cons_score_RES epPCR_score_RES Complementation 

... 

229 C_sprogenes p 226 -1 0 -0.100136671 0 

230 C_sprogenes e 227 0 0 0 0 

231 C_sprogenes i 228 4 0 0 0 

232 C_sprogenes p 229 -3 0 -0.206685243 0 

233 C_sprogenes t 230 5 0 0.786198710 

234 C_sprogenes k 231 5 0 1.741629910 

235 C_sprogenes s 232 4 0 2.531319412 0 

236 C_sprogenes g 233 6 0 2.148735018 0 

237 C_sprogenes l 234 0 0 0 0 

238 C_sprogenes m 235 5 0 0.377724250 

239 C_sprogenes v 236 4 0.234174709 0 0 

240 C_sprogenes g 237 6 0 4.202638308 0 

241 C_sprogenes l 238 4 0 1.433585048 0 

... 

# The data has 4815 observations (rows) 

>Nrow(Final_model_DF) 

 [1] 4815 

# Calling the logit function. I denotes interactions. 

>model <- glm(Complementation ~  

                         Cons_score_RES + 

                         I(Cons_score_RES^2)+ 

                         epPCR_score_RES + 

                         I(epPCR_score_RES^2)+ 

                         I(Cons_score_RES*epPCR_score_RES)+ 

                         BLOSUM+ 

                         I(BLOSUM^2), 

                       data = Final_model_DF, family=binomial(link="logit")) 

Figure S7: R-script for running the generalized linear logistical regression model. See Github link for full script. 
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#### R-script Generating the best logistical regression model “scores_logit_sig” #### 

# Residues (ecLipA-based) included in this model are the ones that are important in the complementation/conservation and epPCR 

>SIGRES_cons<-c(37,78,80,142,174,190,241,273,274,277) 

>SIGRES_epPCR<-c(64,66,68,71,73,79,94,96,98,101,108,134,138,139,145,152,171,206,214,218,232,237,240,263,264,265,296,306,308) 

Final_model_DF_SIG<-subset(Final_model_DF, Final_model_DF$EcPOS %in% c(SIGRES_cons,SIGRES_epPCR)) 

> mylogitSIG <- glm(formula = Complementation ~ I(Cons_score_RES^2) + BLOSUM,  

    family = binomial(link = "logit"), data = Final_model_DF_SIG,  

    maxit = 100) 

>summary(mylogitSIG) 

Call: 

glm(formula = Complementation ~ I(Cons_score_RES^2) + BLOSUM,  

    family = binomial(link = "logit"), data = Final_model_DF_SIG,  

    maxit = 100) 

Deviance Residuals:  

   Min      1Q  Median      3Q     Max   

-2.064  -1.187   0.748   1.124   1.488   

Coefficients: 

                    Estimate Std. Error z value Pr(>|z|)     

(Intercept)         -0.49781    0.17825  -2.793 0.005225 **  

I(Cons_score_RES^2)  0.27414    0.09030   3.036 0.002399 **  

BLOSUM               0.10395    0.03103   3.350 0.000808 *** 

--- 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

(Dispersion parameter for binomial family taken to be 1) 

    Null deviance: 806.85  on 583  degrees of freedom 

Residual deviance: 782.78  on 581  degrees of freedom 

AIC: 788.78 

Number of Fisher Scoring iterations: 4 

Figure S8|Snippet of R-script Generating the best logistical regression model “scores_logit_sig”. See Github link 
for full script. 
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Table S4| Table of Lipoyl Synthase Uniprot entries seeming lacking a conserved arginine in the position known to 
be essential for shifting during protein-bound catalysis and sulfur insertion by known LipAs. Each protein sequence 
was scored with the “scores_logit_sig” logistical regression function for likelihood of function when heterologously 
expressed in E. coli. Those with scores above the expected complementation threshold, based on Figure 10|a, are 
highlighted in bold. 

Entry Organism Length Phylum Scores_logit_SIG 
A0A6M8R671 Proteus vulgaris 302 Proteobacteria 30.089011 

A0A2N2UMU0 Betaproteobacteria bacterium HGW-Betaproteobacteria-
13 

303 Proteobacteria 29.465311 

A2W9S8 Burkholderia dolosa AU0158 321 Proteobacteria 28.795237 

A0A3D5DAN2 Gammaproteobacteria bacterium 296 Proteobacteria 28.70737 

V4Y397 Betaproteobacteria bacterium MOLA814 313 Proteobacteria 26.520598 

N9KZX7 Acinetobacter baumannii NIPH 80 340 Proteobacteria 26.143706 

A0A2E4KC68 Acidimicrobiaceae bacterium 573 Actinobacteria 24.308889 

A0A1J1EUT0 Thermus thermophilus 423 Deinococcus-Thermus 23.417267 

A0A2A2Y8S4 Opitutae bacterium AMD-G1 277 Verrucomicrobia 23.244764 

A0A1Q7TMA7 Verrucomicrobia bacterium 13_1_20CM_4_54_11 305 Verrucomicrobia 23.007119 

A0A5J4KN23 Dictyobacter vulcani 256 Chloroflexi 22.975771 

A0A0T5X804 Acetomicrobium hydrogeniformans ATCC BAA-1850 261 Synergistetes 22.78552 

A0A381H6T7 Citrobacter koseri (Citrobacter diversus) 286 Proteobacteria 22.771427 

A0A2V5YL16 Verrucomicrobia bacterium 280 Verrucomicrobia 22.496268 

A0A0S9BYY4 Arthrobacter sp. Leaf69 297 Actinobacteria 22.17613 

A0A380E1A1 Staphylococcus aureus 254 Firmicutes 22.13396 

A0A4V3FVE0 Rhodococcus sp. LP_11_YM 305 Actinobacteria 22.088707 

A0A4R6WXU4 Rhodococcus sp. LP_3_YM 305 Actinobacteria 22.088707 

A0A0K2RDC4 Arthrobacter sp. Hiyo8 374 Actinobacteria 21.399784 

A0A4Q3J279 Myxococcales bacterium 255 Proteobacteria 21.374684 

A0A3S4GSQ8 Klebsiella pneumoniae 284 Proteobacteria 20.942663 

A0A538D6E7 Actinobacteria bacterium 366 Actinobacteria 20.848089 

A0A2E8RUI7 Candidatus Poribacteria bacterium 267 Candidatus Poribacteria 19.407679 

F7WZA2 Buchnera aphidicola (Cinara tujafilina) 265 Proteobacteria 18.627213 

A0A1J1LM45 Planktothrix tepida PCC 9214 270 Cyanobacteria 17.205665 

A0A0E9LLJ2 Alicycliphilus sp. B1 331 Proteobacteria 12.309193 

A0A650MN45 Clostridium neonatale 446 Firmicutes 6.242424 

Figure S9|View of LipAS1, LipAS2 and LplA (LipM) in select anaerobic bacteria. View from PATRIC 
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Table S5| Minimal MOPS medium (mMOPS) recipe 

Minimal MOPS (mMOPS)                    Component Volume (ml) 

10x Modified MOPS 

400mM MOPS, 40mM Tricine, 0.10mM Iron Sulfate, 95mM Ammonium Chloride, 2.76mM Potassium Sulfate, 5µM Calcium 

Chloride, 5.25mM Magnesium Chloride, 500mM Sodium Chloride, 2.92E-6mM Ammonium Molybdate, 4.0E-4mM Boric 

Acid, 3.02E-5mM Cobalt Chloride, 9.62E-6 mM Copper Sulfate, 8.08E-5mM Magnesium Chloride, 9.74E-6 mM Zinc Sulfate 

100 

0.132 M K2HPO4 solution 

Di-basic 

10 

500 X Vitamin soulution 

2.38 mg/ml calcium pantothenate, 0.69 mg/ml p-aminobenzoic acid, 0.69 mg/ml p-hydroxybenzoic acid, 0.77 mg/ml 2,3-

dihydroxybenzoic acid 

2 

20% D-glucose* 10 

MQ water Fill To 1 L 

*For mMOPS succinate media, used for liquid bioassay, glucose was replaced by 50 mM na-succinate 

(final concentration). 

 

Table S6| Strains used in this study. 

Strain Genotype Source 

BS1912 ∆lipA, Bali et al. (2020)53 

BS2114 ∆lipA, iscR C92Y Bali et al. (2020)53 

BS2548 ∆lipA, ∆lipB, iscR C92Y Lennox-Hvenekilde et al. (2021)54 

BS3501 ∆lipA, ∆lipB, iscR C92Y, ∆serA This work 

BS4459 ∆lipA, ∆lipB, iscR C92Y, ∆fadD This work 

 

Table S7| Plasmids used in this study. 

Plasmid Genotype Description Source 
AB95D01 KanR, ColE1 Metagenomic plasmid library, from soil. ~1-3 kb insert 

size. 
Sommer et al. 
(2009)55 

57SDb01 KanR, ColE1 Metagenomic plasmid library, from human fecal 
matter. ~1-3 kb insert size. 

Forsberg et al. 
(2012)56 

57SDb03 KanR, ColE1 Metagenomic plasmid library, from human fecal 
matter. ~1-3 kb insert size. 

Forsberg et al. 
(2012)56 

Granja Pig KanR, ColE1 Metagenomic plasmid library, from pig fecal matter. 
~1-3 kb insert size. 

Genee et al. 
(2016)57 

Granja Cow KanR, ColE1 Metagenomic plasmid library, from cow fecal matter. 
~1-3 kb insert size. 

Genee et al. 
(2016)57 

pPH151 ChlR, p15A Consitutive expression of the E. coli suf operon, Hänzelmann et al., 
(2004)59 

pBS0136 AmpR, ColE1 pMA7-sacB (MAGE plasmid) Lennen et al. 
(2016)58 

pBS0451 p15A, ZeoR Zeocin resistance plasmid used in the Bioassay strain Bali et al. (2020)53 
pBS848 pFree CRISPR-Cas9 based, one-step curing plasmid Lauritsen et al 

(2017)49 
pBS0991 T5lacO: ecoLipA, pSC101, lacI, ampR IPTG inducible E. coli LipA Bali et al. (2020)53 
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pBS1506 AmpR, pBR322 pBS1505 with a synthetic high RBS (25k AU) in front 
of the slLipB-slLipA operon. Used for positive control 
for de novo lipoic acid production 

Lennox-
Hvenekilde et al. 
(2021)54 

pBS1984 SpecR, p15A pBS1511 with TetR-pTet system from pBS0859, giving 
better titratability. Control for free acting LA 
production 

Lennox-
Hvenekilde et al. 
(2021)54 

pBS1779 T5lacO: sfGFP, pBR322, lacI, ampR IPTG inducible GFP Biosyntia 
pBS1886 T5lacO: boBioB, pBR101, lacI, ampR IPTG inducible Blautia obeum BioB Lennox-

Hvenekilde et al. 
(2021)11 

pBS679 T5lacO: ecbioB, pSC101, lacI, ampR IPTG inducible E. coli BioB Bali (2019)19 
psyLipA T5lacO: sylipA, pBR322, lacI, ampR IPTG inducible expression of heterologous 

Synchococcus sp. LipA 
This study 

pptLipA T5lacO: ptlipA, pBR322, lacI, ampR IPTG inducible expression of heterologous 
Psychroflexus torquis LipA 

This study 

ppmLipAA T5lacO: pmlipAA, pBR322, lacI, ampR IPTG inducible expression of heterologous Prevotella 
multisaccharivorax LipAA 

This study 

ppmLipA T5lacO: pmlipA, pBR322, lacI, ampR IPTG inducible expression of heterologous Prevotella 
multisaccharivorax LipA (truncation of LipAA 

This study 

pfmLipA 
 

T5lacO: fmlipA, pBR322, lacI, ampR IPTG inducible expression of heterologous Finegoldia 
magna LipA 

This study 

pdtLipA T5lacO: dtlipAB, pBR322, lacI, ampR IPTG inducible expression of heterologous 
Desulfomonile tiedjei LipAB 

This study 

pdtLipAB T5lacO: dtlipA, pBR322, lacI, ampR IPTG inducible expression of heterologous 
Desulfomonile tiedjei LipA (truncation of Desulfomonile 
tiedjei LipAB) 

This study 

pdaLipA T5lacO: dalipA, pBR322, lacI, ampR IPTG inducible expression of heterologous Desulfobacca 
acetoxidans LipA 

This study 

pssLipA T5lacO: sslipA, pBR322, lacI, ampR IPTG inducible expression of heterologous Sulfolobus 
solfataricus LipA 

This study 

pgoLipA T5lacO: golipA, pBR322, lacI, ampR IPTG inducible expression of heterologous 
Gluconobacter oxydans LipA 

This study 

pctLipA T5lacO: ctlipA, pBR322, lacI, ampR IPTG inducible expression of heterologous Chlamydia 
trachomatis LipA 

This study 

pecLipA T5lacO: eclipA, pBR322, lacI, ampR IPTG inducible expression of heterologous Escherichia 
coli LipA 

This study 

pmtLipA T5lacO: mtlipA, pBR322, lacI, ampR IPTG inducible expression of heterologous 
Mycobacterium tuberculosis LipA 

This study 

pcsLipA T5lacO: cslipA, pBR322, lacI, ampR IPTG inducible expression of heterologous Clostridium 
sporogenes LipA 

This study 

pBS1901 apFAB346: fmSufCBDSU, pBR322, kanR Consitutive F. magna suf operon expression This study 
pBS2024 T5lacO: fmLipA, pBR101, lacI, ampR IPTG inducible expression of heterologous Finegoldia 

magna LipA. New origin 
This study 

pBS2026 T5lacO: eclipA, pBR322, lacI, ampR IPTG inducible expression of heterologous Escherichia 

coli LipA, flanked by NheI and NotI restriction sites 
This study 

pBS2027 T5lacO: ecbioB, pBR322, lacI, ampR IPTG inducible expression of Escherichia coli BioB, 

flanked by NheI and NotI restriction sites 
This study 

pBS2028 T5lacO: ecboBioB, pBR322, lacI, ampR IPTG inducible expression of heterologous Blautia 

obeum BioB, flanked by NheI and NotI restriction sites 
This study 

pBS2029 T5lacO:, pSC101, lacI, ampR IPTG inducible expression of 2 kB untranslated 
dummy DNA, flanked by NheI and NotI restriction 
sites 

This study 

pBS2030 T5lacO:, pBR322, lacI, ampR IPTG inducible expression of 2 kB untranslated 
dummy DNA, flanked by NheI and NotI restriction 
sites 

This study 

pBS2032-L T5lacO: eclipA, pBR101, lacI, ampR IPTG inducible epPCR E. coli LipA. Low mutation 
rate. 0.12*106 variants 

This study 

pBS2033-L T5lacO: eclipA, pBR101, lacI, ampR IPTG inducible epPCR E. coli LipA. Medium 
mutation rate. 0.12*106 variants 

This study 

pBS2034-L T5lacO: eclipA, pBR101, lacI, ampR IPTG inducible epPCR E. coli LipA. High mutation 
rate. 0.12*106 variants 

This study 

pBS2035-L T5lacO: eclipA, pBR322, lacI, ampR IPTG inducible epPCR E. coli LipA. Low mutation 
rate. 3.2*106 variants 

This study 

pBS2036-L T5lacO: eclipA, pBR322, lacI, ampR IPTG inducible epPCR E. coli LipA. Medium 
mutation rate. 3.2*106 variants 

This study 

pBS2037-L T5lacO: eclipA, pBR322, lacI, ampR IPTG inducible epPCR E. coli LipA. High mutation 
rate. 3*106 variants 

This study 

pBS2080-L T5lacO: ecbiob, pBR101, lacI, ampR IPTG inducible epPCR E. coli BioB. Low mutation 
rate. 0.2*106 variants 

This study 

pBS2081-L T5lacO: ecbiob, pBR101, lacI, ampR IPTG inducible epPCR E. coli BioB. Medium mutation 
rate. 0.18*106 variants 

This study 
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pBS2082-L T5lacO: ecbiob, pBR101, lacI, ampR IPTG inducible epPCR E. coli BioB. High mutation 
rate. 0.06*106 variants 

This study 

pBS2083-L T5lacO: ecbiob, pBR322, lacI, ampR IPTG inducible epPCR E. coli BioB. Low mutation 
rate. 0.5*106 variants 

This study 

pBS2084-L T5lacO: ecbiob, pBR322, lacI, ampR IPTG inducible epPCR E. coli BioB. Medium mutation 
rate. 0.16*106 variants 

This study 

pBS2085-L T5lacO: ecbiob, pBR322, lacI, ampR IPTG inducible epPCR E. coli BioB. High mutation 
rate. 0.3*106 variants 

This study 

pBS2086-L T5lacO: bobiob, pBR101, lacI, ampR IPTG inducible epPCR B. obeum BioB. Low mutation 
rate. 0.11*106 variants 

This study 

pBS2087-L T5lacO: bobiob, pBR101, lacI, ampR IPTG inducible epPCR B. obeum BioB. Medium 
mutation rate. 0.1*106 variants 

This study 

pBS2088-L T5lacO: bobiob, pBR101, lacI, ampR IPTG inducible epPCR B. obeum BioB. High mutation 
rate. 0.092*106 variants 

This study 

pBS2089-L T5lacO: bobiob, pBR322, lacI, ampR IPTG inducible epPCR B. obeum BioB. Low mutation 
rate. 0.015*106 variants 

This study 

pBS2090-L T5lacO: bobiob, pBR322, lacI, ampR IPTG inducible epPCR B. obeum BioB. Medium 
mutation rate. 0.22*106 variants 

This study 

pBS2091-L T5lacO: bobiob, pBR322, lacI, ampR IPTG inducible epPCR B. obeum BioB. High mutation 
rate. 0.35*106 variants 

This study 

pcdiLipAS1 T5lacO: cdiLipAS1, pBR322, lacI, ampR IPTG inducible expression of heterologous C. difficilie 

LipAS1 
This study 

pcdiLipAS2 T5lacO: cdiLipAS2, pBR322, lacI, ampR IPTG inducible expression of heterologous C. difficilie 
LipAS1 

This study 

pcdiLipAS1+2 T5lacO: cdiLipAS1 and cdiLipAS2, 
pBR322, lacI, ampR 

IPTG inducible expression of heterologous C. difficilie 

LipAS1 and C. difficilie LipAS2 
This study 

 

Table S8| Oligos used for this study. 

Primer Sequence Description 

moBS418 TCATCCCGGCACGCAAAATGCCAAACAGCGCCACCGGATATTaCtATcAATTAGGCAT
CATCAACGCAACGCGATCGCCTTTCTTCAGCC 

MAGE oligo for translational KO of 
fadD, preventing oxidation of OA. 

moBS493 ATCGCAGGCCGATGAAGTGGGCATCGCGGATGGATTCTTTTcATTacTaATCATCCAGC
GCGCCTTTGTGAAATTCGATGTTGGTGTAAC 

MAGE oligo for translational KO of serA, 
needed for anaerobic LA auxotrophy 

oBS0265  CCTCGAGGTCGACGGTATCGATAAG Fw Sequencing of metagenomic plasmid 
insert  

oBS1223 ATTTGTCCUACTCAGGAGAGCGTTCACCG Rv Sequencing of metagenomic plasmid 
insert  

oBS3832 GCAAGTCAGTGACCTGCCCG fw Genomic serA sequencing primer  
oBS3833 GTTGAAAGGCGGATGCAAATCCGC rv Genomic serA sequencing primer  
oBS4218 GTTGGGTAATTATCAAGCTGGTATGATGAGTTAATATTA fw Genomic fadD sequencing primer  
oBS4219 GGATTAACCGGCGTCTGACGAC rv Genomic fadD sequencing primer  
oBS2284 GGCCATTAAAGGGTTCAAGA fw Genomic lipA sequencing primer  
oBS2285 CTGCCTTTTCCGTCCTTAAAT rv Genomic lipA sequencing primer  
oBS1587 acaaGCTUTCCCACTCCCCCTAGAGGC 

 
fw open pBS679/pBS1779 for insertion of 
an IPTG inducible LipA 

oBS1591 AGAGATACUAGTTAGAGAACCTCCGATTTGAATC 
 

rv open pBS679 /pBS1779 for insertion of 
an IPTG inducible LipA 

oBS2830 AGTATCTCU GGAGCGGCGAAGACTAAGGAGGTAAGAA 
ATGAGTCAACGCATTACTATCG 

fw GoxLipA 

oBS2831 AAGCTTGU TTACAGGGATTCCTTCAGACG rv GoxLipA 
oBS3244 AAGCTTGU CTAATCCTTGTTAGGAAGCAATGAACTT rv ctLipA 
oBS3245 AGTATCTCU GGAGCGGCGAAGACTAAGGAGGTAAGAA 

ATGACCGATTCAGAATCGCCC 
fw ctLipA 

oBS3286 AAGCTTGU CTATGTACCCGGGCGAGGG rv syLipA 

oBS3287 AGTATCTCU GGAGCGGCGAAGACTAAGGAGGTAAGAA 
ATGAGCGCCGTTAGTTCTCC 

fw syLipA 

oBS3288 AAGCTTGU CTA CAAGCCGGCGTTATTCTTCTCC rv ptLipA 

oBS3289 AGTATCTCU GGAGCGGCGAAGACTAAGGAGGTAAGAA 
ATGGAGATTATTGCTACGACCAAGATC 

fw ptLipA 

oBS3290 AAGCTTGU TCAGCAAAAAAGTTATCGAACTTCTCATCATAA rv pmLipAA 

oBS3291 AGTATCTCU GGAGCGGCGAAGACTAAGGAGGTAAGAA 
ATGAAGTACCTTTTGATTCCGGATATTGA 

fw pmLipAA 

oBS3292 AGTATCTCU GGAGCGGCGAAGACTAAGGAGGTAAGAA ATG 
GCACAGCTGGTTCGCCT 

fw pmLipA 

oBS3293 AAGCTTGU TTATTCATTCTCCTTTTTTTCCAGACTCTTGAA rv fmLipA 

oBS3294 AGTATCTCU GGAGCGGCGAAGACTAAGGAGGTAAGAA 
ATGCGCATTAAGATCGAAGGTTCG 

fw fmLipA 
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oBS3295 AAGCTTGU TCAGCCTTTTGATTGATAGCTTTTTAAGGG rv dtLipAB 

oBS3296 AGTATCTCU GGAGCGGCGAAGACTAAGGAGGTAAGAA 
ATGACGGACGCGTCAATTAGTCA 

fw dtLipAB 

oBS3297 AGTATCTCU GGAGCGGCGAAGACTAAGGAGGTAAGAA ATG 
CGTATCTTCGGGTATGCAACACC 

fw dtLipA 

oBS3298 AAGCTTGU TTAGGGCGAGGAACTGCGC rv daLipA 

oBS3299 AGTATCTCU GGAGCGGCGAAGACTAAGGAGGTAAGAA 
ATGGCATATCCAGAGTGGTTACAAGG 

fw daLipA 

oBS3300 AAGCTTGU TTAGGAGTGGTTTTTTGCATTTTCAATTGC rv ssLipA 

oBS3301 AGTATCTCU GGAGCGGCGAAGACTAAGGAGGTAAGAA 
ATGGAAAAGAAAGTGCAGATCGCC 

fw ssLipA 

   

oBS3636 AGTATCTCU GGAGCGGCGAAGACTAAGGAGGTAAGAA 
ATGTCGGTAGCCGCAGAAGGT 

fw mtLipA 

oBS3637 AAGCTTGU TTAACGACTAGCAAGAGCACGACTATTAC rv mtLipA 

oBS3992 AGTATCTCU GGAGCGGCGAAGACTAAGGAGGTAAGA 
ATGTATAAAAGAAAACCAGAATGGCTAAAAATAAAGTT 

fw cspLipA 

oBS3993 AAGCTTGU TTATTTTAGCGCTTCTGCTGCATTATAGG rv cspLipA 

oBS3989 AAGCTTGU TTACTCATTTTCTTTTTTCTCCAATGATTTAAATACATTG rv fmLipA 
oBS3997 AGTATCTCU GGAGCGGCGAAGACTAAGGAGGTAAGA 

TTGATTAGAAAACCAAAATGGATGAGAATAAAGA 
fw fmLipA 

oBS4037 ATTTGTCCTACTCAGGAGAGCGTTCACCG fw pBS679/pBS1779 based plasmid for 
epPCR or sequencing 

oBS4038 ATCCCCTGCGCCATCAGATCCTTGG rv pBS679/pBS1779 based plasmid for 
epPCR or sequencing 

oBS5008 attcaaaU CTACAAACGGTACTCTACGAGGAAACATTTA 
ATGAATAAGAATCTATCTGAAAAAATGAAAATAGCATTT 

fw CdiLipAS1 USER-overhang oBS1591 

oBS5012 agcttgU TCATAAAACGCAACACTCCTTACACT rv CdiLipAS1 USER-overhang for 1587  
oBS5013 aactcgaU TCATAAAACGCAACACTCCTTACACT rv CdiLipAS1 USER forCdiLipAS2 fw 
oBS5016 attcaaaU GACACTTTGAAAGAAAACACCGGGGGGAAAA 

ATGATTAGACTATCAGTTGGGACAGCA 
fw CdiLipAS2 USER-overhang oBS1591 

oBS5017 atcgagtU GACACTTTGAAAGAAAACACCGGGGGGAAAA 
ATGATTAGACTATCAGTTGGGACAGCA 

fw CdiLipAS2 USER-overhang oBS5013 

oBS5020 agcttgU CTATAGATTTATTTCTCTTATTGCTAAATCTATCTCACTTTG rv CdiLipAS2 USER-overhang for 1587  

 

 

Table S9: DNA for genes/proteins used in this study. 

Gene Sequence Description 

ecLipA 
https://www.ncbi.nlm.nih.gov/protein/AAA24072 

Wild-type E. coli BW25113 

lipA 

ecBioB 
https://www.ncbi.nlm.nih.gov/protein/AAA23515 

Wild-type E. coli BW25113 

bioB 

boBioB 
https://www.ncbi.nlm.nih.gov/protein/EDM86794 

Wild-type Blautia obeum 

ATCC 29174 bioB 

csLipA https://www.ncbi.nlm.nih.gov/protein/EDU37446 

 

Wild-type Clostridium 

sporogenes ATCC 15579 lipA 

fmLipA https://www.ncbi.nlm.nih.gov/protein/BAG08708 

 

Wild-type Finegoldia magna 

ATCC 29328 lipA 

cdLipAS1 https://www.ncbi.nlm.nih.gov/protein/CAJ67565 Wild-type Clostridioides 

difficile DSM27147 LipAS1 

cdLipAS2 https://www.ncbi.nlm.nih.gov/protein/CAJ67566 Wild-type Clostridioides 

difficile DSM27147 LipAS2 

pmLipAA 
ATGAAGTACCTTTTGATTCCGGATATTGAACCCAGCCGCAAGACCCCCGCATTTTATTTTGCGGTTGAAGAGTACGTTACGACCCATTTCGACGACGACGAGTA

TTTTTTTATCTGGTCCGTACAGCCATGTCTGATGGTAGGGCGTAACCAACTTATTGAAAATGAAATCAACGAGGTGTACTGCCGTGAACACAGCGTTGGAATTT

TCCGCCGTAAGTCGGGCGGGGGATGCGTCTACGCAGATATGGGCTGCTTGCAGTTTTCTTACGTAGTTAATCGTCAGAATGTTGAAGAGACCTTCAAAAAGTG

CATCGGCCTGACCGCGAGCGCTCTGCGTGCCGCAGGAATCCCAGCCGAAACAACAGGGCGCAATGATATCCTGGTTGATGGTAAAAAGGTTGCTGGCGCAGC

CTTCTACACTAGCCCTGTCCGCAATGTAATGCACAACACCCTTCTTTACAACGGGGACTTGAACATCTTACAGCACTGTATCACGACTGATAAGAAAAAGTTTA

CCAGTAAGGGAGTCCCTAGCCTTGGCGCGAAAGTAACCAATGTTAAGGGTTACACTCCCCTGCCCATCGATGAAGTCGCTGAGGTGGCTCGCCGCGAGGTAT

GTGGTAACGCCTGCCGCCGTTTAACGGTGACAGACATGGCGCATATCTCTGAGCTTGAGAAAAACTGGCTGTCAGAGGCCTTCATCCGCGGCAAGAACCCTCC

CTATACTCTTGCATGCAAACACCGTTTTCCTGATGTGGGAGTCGTTGAAGCATATGTCTCAATTCGCAATTTTAAAATCGAAGATATTCGCTTTGGAGGCGATTT

CTTTCCCCTTTCTAGTTTGGAGCCACTTTGTGAGGCACTTCACGAAGTCGAATTCTCCCGTGAGGCTGTAGAAAAAACGCTGGCCGCCACGGACGTAAGTACTC

TGATTCGTGGGCTTGACAATGCACAGCTGGTTCGCCTGCTTTTCGGACGTGAGCCTCACGTAGCCAAGCCTGAATGGTTACGCACGTCAATGCTTACCAACCGT

CACTTCGGAGACACCCAAGCCATCATCCACGAACATCGCTTGCACACTATCTGTGAGTCTGGATTATGCCCTAATCGCAATGAATGTTGGCGCAACGGGACGG

CGACTTTTATGATTGGGGGAGACGTGTGTACCCGTTGCTGTCGTTTCTGCAACACCAAATCTGGTCACCCGCTTCCCCTTGATAAGGAGGAACCGTTAAAAGTC

Codon optimized Prevotella 

multisaccharivorax DSM 

17128B lipAA fusion 
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GCGCAGTCTATCCAGAAAATGTATTTGCGCTACGCGGTGATTACATCAGTGGACCGCGACGACCTGCCGGATTATGGGGCACGTCATTGGGCGGAGACCGTA

CGTGAGTGTCGTCGCTTAAATCCTGAGACAGGCCTTGAGTTGCTGATCCCTGATTTCCGCGGCCATATGGATTTGATTGAACAGATCTTGGATACGAAGCCGG

ACGTGGTCGGTCACAACATGGAAACCGTTCGCCGCCTGACACCCTCTGTACGTTCTGTCGCTACTTACGATGGTTCCCTTGACGTTTTACGTATCATCGCAAAG

GCTGGGATCAAATGTAAGACTGGGATGATGTTAGGCTTAGGCGAAACACGCAAGGAAGTTTTAGAGGCCATGGACGATATCCTGGCTACTGGTTGCAGTATT

CTGACACTTGGTCAGTATCTGCAACCCACAGCTCGTCATTTGCCGGTTAAAGCCTACATTACGCCGCAAGAGTTCGAGGAGTTGCGCTCGATCGCGCGTTCGA

AAGGTTTTGCGTTTGTGGAAAGTGCTCCTCTGGTACGTTCATCCTATCATGCGGAACAGGTAATCAAAGGGAATGATCAGTTATCAGCAAAAAAGTTATCGAA

CTTCTCATCATAA 

pmLipA 
ATGGCACAGCTGGTTCGCCTGCTTTTCGGACGTGAGCCTCACGTAGCCAAGCCTGAATGGTTACGCACGTCAATGCTTACCAACCGTCACTTCGGAGACACCC

AAGCCATCATCCACGAACATCGCTTGCACACTATCTGTGAGTCTGGATTATGCCCTAATCGCAATGAATGTTGGCGCAACGGGACGGCGACTTTTATGATTGG

GGGAGACGTGTGTACCCGTTGCTGTCGTTTCTGCAACACCAAATCTGGTCACCCGCTTCCCCTTGATAAGGAGGAACCGTTAAAAGTCGCGCAGTCTATCCAG

AAAATGTATTTGCGCTACGCGGTGATTACATCAGTGGACCGCGACGACCTGCCGGATTATGGGGCACGTCATTGGGCGGAGACCGTACGTGAGTGTCGTCGC

TTAAATCCTGAGACAGGCCTTGAGTTGCTGATCCCTGATTTCCGCGGCCATATGGATTTGATTGAACAGATCTTGGATACGAAGCCGGACGTGGTCGGTCACA

ACATGGAAACCGTTCGCCGCCTGACACCCTCTGTACGTTCTGTCGCTACTTACGATGGTTCCCTTGACGTTTTACGTATCATCGCAAAGGCTGGGATCAAATGT

AAGACTGGGATGATGTTAGGCTTAGGCGAAACACGCAAGGAAGTTTTAGAGGCCATGGACGATATCCTGGCTACTGGTTGCAGTATTCTGACACTTGGTCAGT

ATCTGCAACCCACAGCTCGTCATTTGCCGGTTAAAGCCTACATTACGCCGCAAGAGTTCGAGGAGTTGCGCTCGATCGCGCGTTCGAAAGGTTTTGCGTTTGTG

GAAAGTGCTCCTCTGGTACGTTCATCCTATCATGCGGAACAGGTAATCAAAGGGAATGATCAGTTATCAGCAAAAAAGTTATCGAACTTCTCATCATAA 

Codon optimized Prevotella 

multisaccharivorax DSM 

17128B LipA domain from 

lipAA fusion 

ptLipA 
ATGGAGATTATTGCTACGACCAAGATCACAAACCGTGATGGTATTAAGGCAGTCAAGAACGGGCAGAAACTGAATAAGTACAGTGAGATCCCGACGCCCAAG

AAGCCCTCGTGGCTGAAGGTAAAAGCAGAATTCAACCCCAACTTTCACAAGGTTAAGGAGCAAGTCCAAAGCAAGCAGCTTTATACCGTGTGTGAGGAGGCA

CACTGCCCTAATATCAACGAATGCTGGTCTGCAGGGACAGCCACCTTTATGCTTATGGGCTCGGTATGCACCCGCGCTTGTAAATTTTGTTCTGTCGATACCGG

AAATCCGAACGGGTGGCTGGATAAGGATGAGCCCCTGAACACCGCTAAAGCTGTTGAGATTATGAAACTGAAATACGTCGTACTGACCAGCGTAAACCGTGA

CGATCTGCCTGACGGCGGGGCTCAACATTTCGCAAATACGGTTAAATTAATCAAAGACCTTAATCCAGATACCGCCGTAGAAGCGCTTACCCCAGATTTTAAA

GGGCTTTCTTCTTCGATCGAAACATTAGTCAATTGTGGCTTGGAGGTCTTTGCACAAAATATTGAGACAGTTGAGCGCTTGACACATCAAGTACGCGATATCCG

CGCAGGATATCAGCAAACGCTTGATGTTTTGGCCGAGAGTAAACGCATTAACCCAAAGGTTTTAACAAAAACCAGCATTATCTTGGGTTTGGGTGAGACCGAT

AGCGAAATCGAACAAACTTTAAACGATTTGGCCAAGAACAAGGTAGACATCGTTACTATCGGCCAATATCTGCGCCCCACACGCAATCACCATCCCATTGAAC

GCTGGGTGACTCCCGAAGAATTTGAACGTTACCGCCAGATCGGATTAAATAAGGGGTTCTTAGAAGTAGTATCAGGGCCAATGGTTCGTAGTTCATATCGTGC

GGAGCGTGCGTTGGAGAAGAATAACGCCGGCTTG 

Codon optimized 

Psychroflexus torquis ATCC 

700755 lipA 

ctLipA 
ATGACCGATTCAGAATCGCCCACCCCAAAAAAGAGTATACCCGCAAGATTTCCTAAATGGCTTCGCCAAAAGTTACCTCTGGGGCGCGTCTTCGCTCAAACCG

ACAACACGATAAAAAACAAGGGACTTCCAACCGTATGTGAGGAAGCAAGCTGTCCAAACCGCACTCACTGTTGGTCGAGACATACTGCAACTTACTTGGCGCT

GGGTGACGCCTGCACAAGAAGATGCGGGTTTTGCGACATTGATTTTACACGGAATCCCCTTCCGCCTGATCCCGAGGAAGGAGCAAAGATTGCCGAGAGTGC

GAAAGCATTGGGCTTAAAACATATAGTAATTACAATGGTCTCGCGGGACGACCTTGAAGATGGGGGGGCGTCAGCCCTGGTTCACATTATAGAGACGTTACA

TACCGAACTTCCTACGGCTACCATTGAAGTTCTTGCGTCAGACTTCGAGGGTAACATAGCCGCGTTACACCATTTGCTGGACGCGCACATTGCAATCTACAATC

ACAATGTTGAGACGGTGGAAAGACTTACACCATTCGTACGCCATAAAGCCACCTACAGACGGTCCTTAATGATGCTTGAGAACGCCGCCAAATATCTGCCGAA

CCTGATGACTAAGAGTGGCATAATGGTTGGACTGGGCGAACAGGAGAGTGAAGTGAAGCAAACCTTGAAGGATTTAGCCGATCATGGTGTGAAAATCGTCAC

TATCGGTCAATATTTACGGCCAAGCCGCCGGCATATTCCTGTGAAGTCCTATGTCAGTCCAGAGACCTTTGACTACTATAGAAGTGTCGGGGAAAGTCTTGGG

TTGTTCATATACGCAGGGCCCTTTGTCCGTTCGTCGTTTAATGCTGATTCAGTATTTGAAGCGATGCGTCAGCGGGAAACTAGCACAAGTTCATTGCTTCCTAA

CAAGGATTAG 

Codon optimized 

Chlamydia trachomatis 

B/Jali20/OT lipA 

daLipA 
ATGGCATATCCAGAGTGGTTACAAGGATTACTGGGCTCTCGCTTGTCACCAGAGCGTAGTGCTGAATCAGAGAAGTTAGCATATCGTTTGCGTAACTTGGAAT

TGCGTACCATTTGCCAGACGGCACGTTGTCCTAATCAAGCGCATTGCTGGTCCCAGGGCCGCGCGACGTTCCTTATCATGGGGGAAATCTGTACTCGCGGATG

TCGTTTTTGTAATTTGCGCCCGGGTAAGCCGCGCGAAGTCGAAGAGGACGAGCCGTGGCGTTTGTTACGCGCGGCTCAGGAGTTGCAACTTCGTCATCTGGTT

GTGACTAGCGTTACGCGTGATGACTTGGCAGACGGCGGAGTCGCCCATTTCGCAAAGGTAGTGCGTGTGGTTCGTCGTGGAGTCCCCGGGATCGTGTTAGAA

TTACTGACTCCTGACTTCCAGGGGCAAACTGAATCTTTAAAGGCCGTTGCGGCGGCCGGTCCTGATGTCTGGGGACACAACATCGAGACTGTGCCACGTTTGT

ATCCGAGTATCCGTCTGGGTGCCGACTACCGCCGTAGCTTGCGCTTACTTGCCCAAATCCGTACAATTCAACCCGGGACGATCACAAAATCGGGACTGATGTT

GGGCCTTGGAGAAACCGGGGAGGAGATTTCTGAGGTACTTCATGACCTTCGTCAAGCTGGGGTTCAACACTTGACCCTTGGACAGTACTTAGCCCCCTCGCGT

CGCCATGTTCCCGCAGCTCGTTATGTTGTTCCTGCGGAATTTGATTTTTGGGGGAACTTTGCGCGCTCGCTTGGTTTTGCCAAGGTGAAGTCGGGACCACTTGT

GCGCAGTTCCTCGCCCTAA 

Codon optimized 

Desulfobacca acetoxidans 

DSM 11109 lipA 

syLipA 
ATGAGCGCCGTTAGTTCTCCTAGTGGCAAGCCACCCTGGCTTCGCGCAAAAGCCCCGCAGCGTGCCGGAAGTGTTCAACAGCTGCTGCGTGACCTGGGGCTTA

ATACGGTTTGCGAAGAAGCCAGCTGTCCGAATTTGGGGGAATGCTTTGCGAATGGTACAGCAACGTTTCTTATTATGGGTCCTGCCTGCACTCGTGCTTGTCCG

TATTGCGACATTGATTTCACAAAACGCCCGCCACCGCTTGATCCCACAGAGCCACTTCGCGTTGCTACTGCCGTTCAACGTTTGGGATTGCGTCACGCTGTTAT

CACCTCGGTAAACCGCGACGACCTGCCAGATGGAGGAGCCTCACAGTTCGTGGCTTGTATCACGGAGATCCGTTGCCGTATGCCCCAAACCACAATTGAAGTG

TTGATCCCGGATTTGTGTGGTAATTGGCAAGCACTGGAGCAGATTCTTGCTGCTCGCCCAACTGTCTTGAATCACAACACTGAAACCGTTCCACGCCTGTATCG

TCGTGTCCGTCCGCAAGGTAACTACGAGCGCTCATTACGTTTGCTGGAACTGGCTCGTCAATGGGATCCGGGTTTATATACCAAGTCAGGTGTGATGTTAGGT

TTGGGCGAAACTGCAGAAGAAATTCTTCAAATTATGCAAGACCTGCGCCGCGTCGGTTGTGACATCTTGACTCTTGGACAGTACCTGCCTCCCAGTCCCAAGC

ATCTTCCTGTTGAACGCTATGTACCGCCTGAGGAATTTGACCACTGGCGTCAAGTTGGAGAGGAGTTGGGATTCCTTCAGGTCGTATCATCCCCCCTGACCCGT

AGCTCCTACCATGCGGAAGCTGTCCAGGAGTTGATGCAGCGCTTCCCTCGCCCGGGTACATAG 

Codon optimized 

Synechococcus sp. JA-3-3Ab 

lipA 

dtLipA 
ATGCGTATCTTCGGGTATGCAACACCGCCTGAGGTCCGCCAACGCCCCACGGAACGCCCTTCGTGGTTAGTATTGAGTCCAAGCTGCACGGAGTCGATTGACC

GTATGGAAAGCGTCTTATCATGGCTGCGCTTAAGTACAGTTTGCCAAAGTGCCCGTTGTCCTAACCTGGGGGAATGCTTTGCCCGTGGGACAGCCACGTTCAT

GATCTTGGGTACAATCTGTACGCGCACGTGTCGCTTCTGCGCTGTTGACAAAGGTAAACCGGATGCGGTTGATGGTGGGGAACCTGAACGCATCGCCCAAGC

CGTCCAGTTATTGCGTCTGAAACATGCTGTTATCACGAGCGTCACCCGCGACGATCTTCCCGACGGAGGCGCGGAACATTTCGTGCGTACAGTCGAGAAGGTG

CGCGAATGCTGCCCAGATGTGAGCGTGGAAGTGCTTGTCCCTGATTTCCGTGGATCACTTAAAGCTCTTCAGCGCATCTGCGACATTCGTCCAGATGTCTTTAA

CCATAACGTGGAAACTGTAAAGCGTCTGTATCCTATTGTTCGCCCCAAAGCTCGCTACCAACGCAGCCTGGGCATCCTTGAATACGCGGGAAAGCATGGACTG

ATCGTAAAATCGGGGATTATGTTAGGGCTGGGGGAAACCGAGCAGGAGATCCTTGAGGCCATTACCGACCTGCGCCGTACTGGGTGCAGTTTTCTTACATTAG

GCCAGTACTTGGCCCCATCCAAAGAACATTTTCCAGTATCACGTTACGTATCCCCCGCGGAATTCGAAGAATGGGCGCAAATCGCTCGCTCTGAAGGTTTCAA

GAAAGTAGCTGCCGGGCCACTTGTACGTTCCTCTTACCGCGCGGGAGAGATGGTATGTTCGATGCGTCAGCCCTTAAAAAGCTATCAATCAAAAGGCTGA 

Codon optimized 

Desulfomonile tiedjei DSM 

6799 lipA 

ssLipA 
ATGGAAAAGAAAGTGCAGATCGCCGTCTACGAAAACGAGAACTTTAAGCGCGTAGCAGAAATCGTAAAGAAAAAATCCATCGCTACAGTATGCGAGGAGGC

GCTGTGCCCGAACATCATGGAATGCTGGGGGTCGGGTACAGCCACCTTTATGATTATGGGTTCTATTTGTACTCGCGGCTGTCGTTTTTGTTATGTCCTGAAGG

GTAAACCCAGCCCTCTTGATGATGAAGAGCCCAAGCGCGTGGCTGAGGCTGTAAAAGAGATGGAGTTGGATTATGTTGTAATCACATCCGTTGACCGCGATG

ACCTGTCGGACGGCGGCGCGCAGCATTTCGCAAACGTGGTTAAGACTGTGAAGGAATTGAACCCTGGTATTATTGTAGAGGTCTTAACGCCTGATTTTCGTGG

TAATATCGACGCAGTTAAAAAGGTAATTGACGCAGGTGTTGACGTTTTCGCTCATAATGTCGAAACTGTCCGTCGCCTGACTCCCATCGTGCGCGATCCGCGCG

CGTCCTATGAGCAATCGTTAAATGTTTTGAAATATGCCGAAAACGTTATCAAGAAGTCGTCTATTCTTCTGGGTCTGGGGGAGACCTGGGATGAGATTGTTGA

AACGATGCGTGACTTACGCTCCGTGGGCGTTTCTATCTTGGTATTATCACAATATATGCGCCCGAGCCGCAAGCAATTAGAAGTCAAAAAACGTTATACCTTGG

AGGAGTTCAAAGAACTTGAGGAGATCGCATACTCGATGGGCTTCAGTGCTGTGATCTCCTTACCTTTAGCCCGTACCTCTTATAAGGCAAAGGAGGCATACTTT

CGTGCAATTGAAAATGCAAAAAACCACTCCTAA 

Codon optimized Sulfolobus 

solfataricus lipA 

goLipA ATGAGTCAACGCATTACTATCGACCACCGTTCCGCCCCGGCTCTTCGTCATCCTGAAAAAGCACACCGTCCTGATAATCCCATCCAGCGCAAACCGTCCTGGAT

TCGTGTCAAGGCCCCTAATCATCCCGTGTACCACGAGACGCGTGCGCTTATGCGCGACGCAGGGTTGGTGACAGTCTGTGAGGAAGCAGCCTGTCCTAATATT

GGCGAATGTTGGTCTCAGCGTCATGCTACTATGATGATCATGGGTGAAATTTGCACCCGTGCATGCGCCTTCTGTAATGTGACTACCGGGCTGCCAAAACATTT

GGACGAAGATGAACCTCGCCGTGTAGGAGAAGCAGTAGCAAAATTAGGCTTGAAACATGTCGTAATCACATCCGTGGATCGTGACGACTTGGAGGACGGAG

GAGCCATGCACTTCGCACGTGTAATTCACGCCATTCGTGAAACTTCTCCCCAGACCACCATTGAGATTTTGACGCCGGATTTTCTGCGTAAGGATGGCGCCCTG

GAGGTCGTGGTCGCAGCCCGTCCAGACGTTTTCAACCATAACATCGAAACCATCCCTCGCCTTTATCCGACTATCCGTCCTGGGGCACGCTACTATCAGTCGGT

GCGCTTGTTGGACGGGGTAAAAAAACTGGACCCCTCCATTTTTACTAAGTCTGGGTTAATGCTGGGTTTAGGCGAAGAACGTATGGAGGTCGCACAGGTAAT

GGACGACTTCCGCATCGCGGACGTGGATTTTCTTACTTTAGGGCAGTATCTGCAGCCCTCCGCTAAGCATGCAGCCGTAGAAAAATTTGTCACACCCGATGAG

TTTGATGGCTACGCGGCCGCCGCTCGCTCGAAAGGATTCCTTCAAGTTTCGGCCTCGCCCTTAACGCGCTCCTCTTACCATGCAGACAGTGATTTCGCCAAGCT

TCAGGCCGCACGCAATAGTCGTCTGAAGGAATCCCTGTAA 

Codon optimized 

Gluconobacter oxydans lipA 

mtLipA ATGTCGGTAGCCGCAGAAGGTCGCCGCCTTCTTCGCTTGGAAGTGCGCAACGCGCAGACCCCCATCGAGCGTAAGCCCCCTTGGATTAAAACTCGCGCACGCA

TCGGTCCCGAGTACACAGAGCTTAAAAATCTGGTGCGCCGTGAGGGGCTTCACACTGTATGTGAAGAAGCTGGATGTCCCAACATTTTTGAATGTTGGGAAGA

TCGTGAAGCAACCTTTTTAATCGGTGGTGACCAATGTACTCGCCGTTGCGATTTTTGTCAAATCGATACAGGGAAACCGGCCGAGCTTGATCGCGACGAACCA

CGCCGCGTGGCCGATAGTGTCCGTACAATGGGGCTGCGCTATGCAACTGTTACGGGTGTTGCCCGTGATGACCTTCCTGATGGTGGTGCGTGGCTTTATGCTG

CTACCGTTCGTGCCATTAAAGAGCTGAATCCGTCGACTGGGGTGGAACTTCTGATTCCAGATTTCAATGGTGAGCCCACGCGCTTAGCTGAGGTATTCGAATC

AGGTCCTGAGGTACTGGCGCATAACGTCGAGACTGTCCCGCGCATTTTTAAACGTATCCGCCCGGCCTTCACATACCGTCGCTCTTTAGGGGTGTTGACCGCCG

CTCGTGATGCGGGTTTGGTGACGAAATCCAACCTGATTCTGGGCTTAGGTGAAACATCCGATGAAGTCCGTACGGCGCTGGGAGATTTGCGCGACGCCGGAT

GCGATATTGTGACGATTACGCAATATCTTCGTCCTAGTGCTCGTCACCACCCCGTAGAACGCTGGGTTAAACCAGAAGAGTTTGTGCAATTTGCCCGTTTCGCT

GAGGGCTTAGGCTTCGCAGGAGTGTTGGCTGGGCCACTGGTGCGCAGCAGTTATCGCGCAGGACGTCTGTATGAACAAGCTCGTAATAGTCGTGCTCTTGCT

AGTCGTTAA 

Codon optimized 

Mycobacterium tuberculosis 

lipA 
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A novel and widespread Type of Biotin 

Synthase does not sacrifice an iron-sulfur 

cluster for sulfur-insertion 
 

 

 

 

 

Abstract 

Biotin synthase (BioB) is a well-studied Radical SAM (S-adenosyl-methionine) enzyme that 

catalyzes the terminal step of biotin (vitamin B7) biosynthesis. The mechanism of BioB has been 

a subject of controversy, although it is now widely accepted that the S-atom present in biotin 

stems from the sacrifice of the 2Fe-2S auxiliary cluster of BioB. In contrast, its 4Fe-4S cluster 

participates reductive cleavage, generating the titular SAM radical needed for catalysis. Here we 

bioinformatically explore the rich diversity of BioBs available in sequence databases and find an 

unexpected variation in the coordination of the auxiliary Fe-S cluster across phylogenetic clades. 

After in vitro characterization and solving representative crystal structures, we report a new class 

of BioB that is utilized by practically all obligate anaerobic organisms. Instead of a 2Fe-2S 

cluster, this novel Type of BioB harbors an auxiliary 4Fe-4S cluster, which employs a ligated 

sulfate to insert the required sulfur atom into desthiobiotin in a non-destructive manner. We 

have termed this novel type of mechanism “Type II” BioB. The prototypical E. coli 2Fe-2S cluster 

sacrificial enzyme represents “Type I” BioBs. This surprisingly ubiquitous Type II BioB has 

implications for understanding the function and evolution of enzyme catalysis based on Fe-S 

clusters and highlights the different strategies between the anaerobic and aerobic world still 

found today. Finally, this discovery has potential applications within microbiome and antibiotics 

targeting as well as industrial biotechnology, the latter of which we explore here. 
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Introduction 

Biotin (vitamin B7) is a sulfur-containing vitamin that functions as an essential cofactor 

for enzymatic carboxylation, decarboxylation, or transcarboxylation in almost all organisms and 

can only be synthesized by microbes, fungi, and plants. While the upstream biosynthetic 

pathway of biotin biosynthesis can vary significantly across organisms, they all share biotin 

synthase (BioB) as the terminal catalytic step1. BioB is a Radical SAM (RS) enzyme that inserts 

a sulfur into the precursor, desthiobiotin (DTB), generating biotin. The BioB reaction, along 

with Lipoyl Synthase, are the only two known enzymes known to perform this type of 

biochemically challenging sulfur-insertion reaction, which has been the subject of much 

debate2,3. Like all other RS enzymes, BioB utilizes a 4Fe-4S iron-sulfur cluster to transfer an 

electron, initiating homolytic cleavage of SAM to generate a highly reactive 5-deoxyadenosyl 

radical, which can then abstract a hydrogen atom from the substrate4, in this case, DTB. 

Unlike most other RS enzymes, BioB has an auxiliary Fe-S cluster that is “sacrificed” for 

inserting one of its sulfur atoms into the substrate during catalysis5. This destructive approach 

only allows one turnover per molecule of the enzyme, making it one of nature’s slowest enzymes, 

which prompted the argument that BioB should be classified as a substrate rather than an actual 

catalytic enzyme6,7. Nevertheless, multiple turnovers have been observed only in the absence of 

inhibition of byproducts, demonstrating BioB as a de facto an enzyme8. Recently it was shown 

that Lipoyl Synthase, which employs the same destructive catalysis as BioB, can be continually 

regenerated with Fe-S clusters supplied by the A-type FeS cluster carrier NfuA in E. coli, allowing 

it to perform multiple turnovers in vitro9. Although there is no biochemical evidence indicating a 

specific A-carrier for BioB, co-expression of the Fe-S cluster biosynthesis machineries Isc or Suf 

(containing A-carriers IscA or SufA, respectively) is thought to regenerate BioB’s auxiliary 

cluster for multiple turnovers per polypeptide in vivo10–12. However, no corresponding mechanism 

has been shown for BioB in vitro. The destructive mechanism of the auxiliary cluster sacrifice is 

a seemingly wasteful process. It has previously been explained by the fact that very few biotin 

molecules are needed per cell13, so the overall fitness loss associated with this inefficient catalytic 

mechanism may be negligible3. Even so,  the uncommonly large amount of cellular resources 

expended per molecule of biotin generated is puzzling14.  

In pursuit of discovering possible alternative types of BioBs, we performed a 

bioinformatic analysis highlighting the natural diversity of auxiliary cluster coordination. 
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Contrary to our assumption that cysteine is generally conserved for the coordination of BioB’s 

auxiliary Fe-S cluster (C97 residue in E. coli), we discovered that many sequences contain 

alternative residues at this position, most commonly serine. Further characterization revealed 

that this clade represents a novel type of BioB that does not utilize the currently known 2Fe-2S 

sacrificial sulfur insertion mechanism. This new Type of BioB, which we term Type II BioB, 

contains two 4Fe-4S clusters. Rather than using the inorganic sulfur from a 2Fe-2S cluster, Type 

II BioB likely inserts sulfur from a sulfate attached to the auxiliary 4Fe-4S cluster, leaving it 

intact after turnover. Type II BioB is highly oxygen-sensitive, even in vivo, and is widespread in 

nature. It is likely the ancestral biotin synthase from which Type I evolved in aerobes. It is still 

used by virtually all sequenced obligate anaerobic biotin prototrophic bacteria, including well-

studied pathogens and those often found in the human gut microbiome. Though we have not 

yet identified the biological source of the inserted sulfur, we discuss the implications of this novel 

BioB mechanism concerning fundamental biochemical understanding and potential 

biotechnological applications and outline our work done to this end. 

Results 

The Biotin Synthase enzyme family has a variety of auxiliary Fe-S cluster coordinating 

residues - BioB is a ubiquitous enzyme with an interesting and complex mechanism, yet to date, 

only BioB from E. coli has had its three-dimensional structure solved, and only a few have been 

characterized biochemically7. To study sequence diversity, we computed a Sequence Similarity 

Network (SNN) for the BioB enzyme family using the EFI enzyme similarity tool15. The 

clustering of sequences showed that the main cluster contained sequences similar to E. coli BioB, 

but several other large and differentiated clusters of BioB sequences appeared outside this main 

cluster (Figure S2). We chose to investigate one of the large groups of uncharacterized BioB 

sequences, which contained no experimentally investigated homologs of BioB16–23. 

At first glance, this secondary cluster of BioB sequences all seemed to originate from 

anaerobic bacteria. These were further inspected by multiple sequence-wise alignment of a subset 

of such “Type II” sequences with previously studied and published homologs of BioBs, including 

ones from model organisms E. coli and S. cerevisiae. The alignment in Figure 1|a shows that, 

expectedly, all sequences contain the highly conserved standard CxxxCxxC motif, coordinating 

the archetypical RS cluster motif (4Fe-4S)24. BioB’s auxiliary 2Fe-2S cluster is known to be 
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coordinated by three cysteines and one arginine, which, while not in proximity in the primary 

sequence, but are highly conserved (residues are C97, C128, C188, and R260 in E. coli). These 

cysteine residues are essential for catalysis, with any disruption leading to loss of activity25. 

Unexpectedly, cysteine is swapped by a serine in almost all aligned BioBs from this cluster of 

BioBs of anaerobic origin (Figure 1|a), from now on termed Type II BioB, suggesting  that this 

group of enzymes could employ alternative coordination of the axillary Fe-S cluster. 

 

Figure 1: a|Alignment of a group of representative sequences from the anaerobic Type II SNN cluster of BioBs, 
with previously experimentally studied BioBs (biochemically, as reported in BRENDA26) suggests that these all 
utilize serine, instead of cysteine, at the first auxiliary Fe-S cluster coordinating position. b|Based on custom 
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PRATT motifs centered on this cluster coordinating residue and varying only in the single coordinating residue, 
23,268 BioB sequences (available in UniProt) were analyzed. In addition to S, many enzymes use A, D, or G as an 
alternative coordination residue. c|While most bacteria seem to employ the standard Cys, when looking at the 
distribution within 21 bacterial phyla with > 20 sequences, many of these have high percentages of alternative 
coordination, mainly Ser (Type II). 

To investigate the prevalence and distribution of alternative auxiliary cluster 

coordination, we investigated the 23,268 protein sequences annotated as biotin synthase in 

UniProt. We formulated a sequence motif centered around the coordinating residue. The main 

motif features include the coordinating residue flanked by hydrophobic residues and always 

located 37±5 residues downstream of the CxxxCxxC RS cluster coordinating motif. Initially, we 

only searched for cysteine (Type I) and serine (Type II) coordinating motifs; however, after 

mapping the motifs to the BioB sequences, many sequences did not fall into either of these two 

categories. We found that this was caused mainly by G, T, and A also occurring as the auxiliary 

cluster coordinating residue. With the updated motif, 22,762 of 23,268 BioB sequences (98%) 

were identified as falling into one of these five auxiliary cluster coordination categories: Type I 

(Cysteine), Type II (Serine), Type G (Glycine), Type D (Aspartic Acid), or Type A (Alanine) 

(Figure 1|b).  

Remarkably, eukaryotes (i.e., plants and fungi) exclusively encode Type I BioBs, whereas 

archaeal sequences have the highest percentage of alternative cluster coordination and sequences 

without any mapped motifs. Manual inspection indicated that this was partially caused by many 

archaeal BioB sequences not containing the CxxxCxxC RS cluster motif, but instead an 

alternative CxxxxxCxxC motif (e.g., A0A2I0PIW6, T2GJS2, R7PV60). Bacteria is the only 

kingdom with Type A and Type D coordination. At first glance, the Bacterial Kingdom has by 

far the most Type I BioBs. However, this is skewed by the database bias towards often re-

sequenced genomes from, e.g., Proteobacteria and Actinobacteria. These two phyla represent 

over half of the ~23,000 BioB sequences analyzed and basically contain only Type I BioB 

sequences, as observed in Figure 1|c. Looking in-depth at distribution within the top 21 most 

commonly occurring bacterial phyla in the dataset reveals high variation within individual 

phyla. Further inspection of the phylum Firmicutes, for example, shows that the variability can 

be further explained at the genus level. For example, Bacillales, comprised mainly of the 

facultative anaerobes of the genera Bacillus, Listeria, and Staphylococcus, contain only Type I BioB 

sequences (Figure S3). Whereas the order Veillonella, which are obligate anaerobes (e.g., 
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Dialister, Veilonella, and Megasphaera), contain only alternative coordination BioB sequences, the 

majority using serine. 

A few sequences also appeared to have two motifs for auxiliary cluster coordination. The 

BioB from Pythium insidiosum (A0A2D4BNY5) BioB is a duplicated Type I BioB, with a 

predicted phosphatase domain interjected. However, this sequence is an outlier and stems from 

preliminary whole genome shotgun data, and the physiological significance is uncertain. After 

filtering out sequences with more than one auxiliary motif anchored to the same RS motif 

(CxxxCxxC), 24 BioBs with two distinct motifs were identified, 22 of which originate from 

Streptomyces (of 829 unique Streptomyces spp. sequences in the dataset). These Streptomyces 

“double” BioBs have a conserved C-terminal extension that looks like it possibly encodes 

additional RS and auxiliary clusters (Figure S4). 

Type II BioB is ubiquitous in anaerobic bacteria - We observed a general trend that alternative 

cluster coordinations are mainly found in BioBs from anaerobic organisms. To confirm this, we 

mapped the organism lifestyle and cluster coordination of a representative subset of the data 

containing varied BioB sequences from well-known and studied obligate aerobes, anaerobes, or 

facultative bacterial genera. As expected, there is a clear divide in sequence similarity between 

Type I and Type II sequences and other alternative BioB types (Figure 2). Notably, the standard 

Type II is exclusively found in obligate anaerobic bacteria, including Blautia, Clostridium, 

Fusobacterium, and Bacteroides. Type I is present in aerobes and facultative anaerobes. There are 

some exceptions to this rule, as seen in Figure 2. However, upon closer inspection of some 

outliers, i.e., Type I sequences encoded by the genomes of anaerobes and Type II from 

aerobes/facultatives, it seems that such BioBs are most likely the product of horizontal gene 

transfer. Some of these organisms, for example, several species of Corynebacteria and 

Corynebacterium diphtheriae, contain both a canonical Type I BioB (Q6NKC7) and a Type II BioB 

(Q6NHL3) likely horizontal gene transferred from an obligate anaerobic Firmicute (Figure S5). 



136 
 Chapter IV 

 

Figure 2|Multiple sequence alignment of 180 BioB sequences representing diverse lifestyles, rooted in E. coli BioB. 
Labels denote the species of origin and UniProt ID. Sequence sampling is split equally between well-studied genera 
of anaerobic, aerobic or facultative bacteria (grey inner rings). For each category, 12 genera were manually chosen. 
Five sequences of unique species from each genus were randomly sampled from the dataset. The outer colored ring 
represents the auxiliary Fe-S cluster coordination residue motif. The inner colored ring represents the oxygen 
tolerance of the bacteria. 
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There is a deep evolutionary connection between iron-sulfur clusters and oxygen, with the use 

of Fe-S clusters as biochemical cofactors emerging under an anoxic environment27. Indeed, 

today’s archaea and anaerobic bacteria represent such an ancient oxygen-free world, with genera 

such as Firmicutes, Clostridia, Aquificae, and Thermotogae often indicated as the earliest 

branch points in bacterial phylogeny28–30. Therefore, it is likely that these previously unknown 

“alternative” motif BioBs are the ancient Type of BioB, while the well-studied Type I BioBs 

evolved later in aerobic bacteria and eukaryotes.  

Type II BioB coordinates 4Fe-4S clusters - To elucidate if the alternative coordination residue 

of Type II BioB influences the actual coordination of the auxiliary Fe-S cluster, we selected two 

enzymes for biochemical characterization in vitro. After expression and anaerobic purification, 

the Type II BioB polypeptides successfully purified had a UV-Vis signature significantly different 

from the E. coli enzyme.While the typical Type I BioB from E. coli has the expected features at 

330 and 550 nm indicative of a 2Fe-2S cluster, Blautia obeum and Veillonella parvula BioBs lacked 

these, indicating an absence of such cluster (Figure 3|a). 

The notion of a BioB without a 2Fe-2S cluster was initially puzzling. Jin et al. (2020) 

recently reported a structurally novel Lipoyl Synthase, which was miss-annotated as a Biotin 

Synthase in sequence databases31. To ensure that these were indeed BioB enzymes and not 

misannotations of structurally similar RS enzymes, we tested the B. obeum enzyme (boBioB) for 

the ability to catalyze the conversion of DTB to biotin in vitro. We found that boBioB coupled 

Figure 3: a|The overlayed UV-visible spectra of purified Escherichia coli (ec) , Blautia obeum (bo) and Veillonella 
parvula (vp) Biotin synthases. b|Enzyme assay of BioB activities of Blautia obeum vs. Eschericia coli Biotin 
synthases. Points indicate two replicates and line indicates the mean of these.  
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reductive cleavage of SAM with the formation of biotin from desthiobiotin in the presence of the 

E. coli flavodoxin/flavodoxin reductase electron transfer system (Figure 3|b). boBioB exhibited 

the single turnover burst-kinetics as is the characteristic of RS enzymes that sacrifice a cluster for 

sulfur insertion32. However, under the same conditions as ecBioB, boBioB reacted 10-fold faster 

than ecBioB (Figure 3|b). These results suggested the possibility that Type II BioB coordinates 

and sacrifices another Fe-S cluster type, e.g., a 4Fe-4S cluster like that of lipoyl synthase33. It 

should be noted that the assayed BioB reactions were carried out without the presence of E. coli 

Mtn (S-adenosylhomocysteine nucleosidase), which is recommended by some for reducing 

byproduct inhibition34. 

The crystal structures of Type II BioBs reveal a 4Fe-4S auxiliary cluster ligating sulfate 

positioned for sulfur insertion into desthiobiotin - The two 4Fe-4S clusters observed for B. 

obeum BioB, which apparently turned over significantly faster than E. coli BioB, indicated a 

potentially novel mechanism. Attempting to elucidate this, we subjected purified Type II BioBs 

to sitting drop vapor diffusion, sparse matrix screening crystallization. B. obeum and Veillonella 

parvula BioB successfully formed crystals in the presence of SAM and DTB and had their 

structures solved by x-ray. The BioBs fold as TIM-type (α/β)8 barrels, and unsurprisingly, both 

have very high structural similarity to E. coli BioB (1R30)7 at an RMSD (monomer) of 1.202 and 

1.105 Å. Like E. coli BioB, Veillonella parvula, and B. obeum BioB crystallize as dimers (Figure 

S6). As the two novel type II BioB structures are virtually identical in their active sites, for 

simplicity, here we focus on describing the difference between boBioB and ecBioB.  

The RS cluster of boBioB is coordinated by the standard CxxxCxxC motif of a loop 

located at the C-terminal in the deep end of the TIM barrel, like that of ecBioB (Figure 4|d). 

Unlike ecBioB, boBioB coordinated a 4Fe-4S auxiliary cluster instead of a 2Fe-2S cluster (Figure 

4|c). Remarkably, this 4Fe-4S cluster ligates a sulfur positioned 3.7 Å from the C9 position of 

desthiobiotin, precisely poised to act as a sulfur source for producing biotin (Figure 4|b). This 

insight illuminates what is likely a novel BioB mechanism with a previously undescribed sulfur 

insertion mechanism. It seems very likely that the ligated sulfate of the auxiliary 4Fe-4S cluster 

acts as the sulfur donor for biotin synthase.  
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Comparing the crystal structures of boBioB with ecBioB, the only significant difference 

is in the auxiliary Fe-S cluster coordinating pocket. E. coli BioB Ser43 and Cys97 are swapped to 

Cys52 and Ser106 in B. obeum BioB, forming the structural basis of the sequence motif used to 

identify this group. In the anaerobic bacterial with TII BioBs aligned in Figure 1|a, there is a 

conserved cysteine at position 43 (E. coli) indicating this swap, although a cysteine at this position 

is also seen in Eukaryotic Type I BioBs. In the bioinformatic characterization of the coordinating 

motif, we did not include the 43 position. Inspecting this position and the general area of the 

Figure 4: a | 1.51 Å resolution crystal structure of B. obeum BioB, shown as a monomer, bound to its substrates: 
desthiobiotin (DTB) and S-adenosyl methionine (SAM). boBioB folds as a TIM-type (α/β)8 barrel, binding two 
4Fe-4S clusters. The RS cluster is poised to cleave SAM and initiate the radical chemistry required to abstract a 
hydrogen from desthiobiotin (DTB). b | The C9 of desthiobiotin is situated perfectly for receiving the sulfur from 
the auxiliary 4Fe-4S ligated sulfate after hydrogen abstraction.  c | The auxiliary 4Fe-4S cluster of B. obeum BioB 
is located at the entrance of the β-barrel, coordinated by C52, C138 and C198 of the β-strands. d | In E. coli BioB 
(PDB:1R30) the positions of the S43 and C97 are swapped and the 2Fe-2S cluster is coordinated by C97, C128, 
C188 and R2607. 
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global alignment of BioBs, we found that basically all Type II BioBs identified indeed have this 

swap in cysteine-serine position (Table S1). 

It is unclear how the 4Fe-4S cluster would be coordinated in these, and crystallization of 

these could be of further interest. Another coordinating residue of interest, highlighted in Figure 

XC, is R260 (E. coli). Though not a common residue for metal coordination, this arginine residue 

is known to be important in E. coli BioB, and while present in boBioB (R268), it does not seem to 

play a direct role in coordinating the auxiliary cluster. Indeed, while arginine at this position is 

close to 100% conserved in bioinformatically predicted Type I BioBs (Table S1), it is not as 

conserved in Type II, occupying 92% of sequences. Interestingly, while the alternative motifs 

(G/A/D) can also be predicted by a cysteine instead of serine at the 43 position, the occupancy 

of the R268 is even lower in some of these cases (Table S1). We also observed that while the 

ecBioB auxiliary cluster at the “opening” of the β-barrel is buried ~9 Å beneath the surface, the 

auxiliary cluster of boBioB is much more exposed, possibly making it more sensitive to oxygen 

(Figure S7). 

Type II BioB functions in vivo in E. coli but is highly oxygen-sensitive - In addition to the 

fundamental understanding of this novel sulfur-insertion mechanism, there is considerable 

interest in the biotechnological production of biotin (vitamin B7) to replace the current 

production based on chemical synthesis by a more sustainable bioprocess based on renewable 

sources35. To engineer a commercially attractive biotin cell factory, the major bottleneck is the 

terminal BioB step36–40. This is partially due to the slow turnover (Figure 3|b) and the lack of 

sufficient Fe-S cluster supply in E. coli, likely due to the need for Fe-S cluster reformation for 

each round of catalysis by Type I BioB40. The discovery of a BioB with a novel sulfur source 

represents a significant opportunity to develop a commercially attractive biotin-producing cell 

factory. 

To this end, having shown the improved activity of Type II BioB in vitro, we set out to 

characterize its catalysis in vivo. We found that plasmid expression of boBioB was able to 

produce biotin and complement a ∆bioB E. coli strain (BS1575) but only when cultivated 

anaerobically (Figure 5|a). While ecBioB and indeed all other Fe-S cluster enzymes are highly 

oxygen-sensitive in vitro, they are usually not as sensitive in vivo as the intracellular molecular 

oxygen levels of actively respiring cells are low41. Some notable exceptions to this include iron-

dependent hydrogenase and nitrogenase, whose Fe-S clusters are destroyed by oxygen even in 
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vivo42,43. To ensure that this obligate anaerobic requirement for catalysis was an inherent trait of 

Type II BioB and not just a feature of boBioB specifically, we cloned and tested 12 

phylogenetically diverse Type II BioBs from a wide array of organisms identified in the initial 

bioinformatic analysis (Table S2). We specifically sought to include Type II BioBs received by 

obligate and facultative aerobes via horizontal gene transfer in Corynebacterium ulcerans, 

Campylobacter ureolyticus, Pasteurella bettyae, Conexibacter woesei, and Patulibacter sp. This was done 

under the assumption that these BioBs may have evolved oxygen resistance while retaining the 

Type II mechanism.  

 

When tested for complementation, all bacterial BioBs complemented a ∆bioB strain, but 

only when grown anaerobically, in the same way as boBioB. Predicted Type II BioBs from 

archaea were not functional in E. coli, most likely due to incompatibility of Fe-S cluster 

biogenesis or electron transfer machinery44. This confirmed the hypothesis that Type II BioB is 

extremely oxygen-sensitive, much more so than ecBioB. This observation agrees with the 

hypothesized ancestral nature of Type II BioB and its prevalence in obligate anaerobic 

organisms. It should be noted that boBioB did allow for growth complementation aerobically 

after greatly increasing expression levels from the plasmid. This strain was not able to grow as 

Figure 5: a|Complementation of a biotin auxotrophic strain of E. coli expression either E. coli BioB (ecBioB, 
BS2029), B. obeum BioB (boBioB, BS3482) or a GFP control (BS4387). Growth was done on minimal media in 
the presence of the additives indicated, desthiobiotin (DTB), Biotin (BTN) or none (na). All plates were incubated 
aerobically for 24 hours, expect one done anaerobically for 48 hours (bottom right). b| Small-scale screening of 
ecBioB (BS2029, pink) and boBioB (BS3377, blue) for conversion of DTB to BTN in a cell factory setting. The 
production testing was done under aerobic conditions, with 2 g/L glucose (left). and also with high glucose 
concentrations (10 g/L, right) that led to depletion of oxygen and microaerobic conditions in the sealed micro-
titer plates during cultivation and production. 
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quickly as strains expressing its native ecBioB or with exogenously added biotin, indicating that 

the growth was still limited by the availability of biotin, even at high expression of boBioB. 

When tested for in vivo cell factory production of biotin from desthiobiotin, Type II BioBs 

were only able to produce significant levels of biotin when cultured in pseudo-anaerobic 

cultivation, with boBioB able to produce the highest levels of biotin of any tested Type II BioB. 

In contrast, ecBioB produced best under aerobic cultivation conditions (Figure 5|b). To better 

assess the potential biotechnological application of Type II BioBs, and obtain a more in-depth 

understanding of its oxygen sensitivity in vivo, we performed dissolved oxygen-controlled bench-

scale fermentations. By controlling the aeration and stirring speeds in the reactors, as well as 

boBioB over-expression using IPTG, we identified the optimal conditions for a fed-batch 

bioconversion of DTB to biotin in an E. coli cell factory. While it may give the best turnover per 

boBioB polypeptide, a fully anaerobic fermentation did not give the best productivity (mg 

biotin/mg biomass/h) for type II BioB, as the growth rate and biomass yield in an E. coli 

anaerobic fermentation are very low. The best fermentation condition for Type II BioB as a 

biocatalyst was microaerobic (Table S3). Under these conditions, ~50 mg/L biotin from excess 

desthiobiotin was produced over 48 hours, resulting in a specific productivity of ~0.04 mg 

biotin/OD/h. The control ecBioB was run under the same conditions, resulting in >2-fold 

higher titers and productivities (Table S3). SDS-page indicated that higher levels of boBioB 

protein were produced in the fermentation by increasing induction with IPTG (Figure S11). This 

increase in protein did not result in improved conversion of DTB to biotin in the process, and 

co-overexpression of the E. coli Fe-S biogenesis machinery operons of Suf or Isc with boBioB did 

not improve in vivo production (not shown). This points clearly to the fact that catalysis is limited, 

not by the supply of Fe-S clusters, but another factor necessary for the complex reaction of the 

Type II BioB catalysis, such as a supplier of the 4Fe-4S auxiliary cluster bound sulfate or 

electrons-transfer44. 

Discussion 

This study reveals significant diversity in the BioB sequences and, indeed mechanisms, 

found in nature. Using exploratory bioinformatics, we found a major variable feature of BioB, 

namely the first residue coordinating the auxiliary Fe-S cluster. One of the alternative 

coordinations utilizes a serine instead of the widely accepted cysteine present in all previously 
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characterized BioBs and is ubiquitous among obligate anaerobic organisms. We term this Type 

II BioB and show that this novel class of BioB uses a previously undescribed, non-destructive 

mechanism of sulfur-insertion, making use of an additional 4Fe-4S cluster ligated by a sulfate to 

do so. It should be noted that, while it is likely that all BioBs with the serine motif are Type II 

BioBs, not all Type II BioBs necessarily have such serine-cysteine swap. We, for example, found 

that the Phylum Cyanobacteria seems to contain two clades of distinct BioBs, one which is most 

similar in sequence to the canonical Type II sequences and one clustering with known Type I 

sequences (Figure S8). Both these groups use cysteine as the motif coordinating residue. 

However, we found that a representative BioB (B1WTI3) from the Type II-like group is highly 

O2 sensitive in vivo (Table S2). This group may also utilize the Type II BioB mechanism, despite 

being initially labeled as Type I due to their motif. While these potential outliers may be 

problematic for easy bioinformatic identification, it does not disagree with the hypothesis of the 

Type II BioBs being exclusively native to anaerobic environments as these cyanobacteria, 

including Cyanothece spp. are known to generate anoxic intracellular environments by boosting 

respiration during the night cycle. It is this mechanism that also allows highly O2 sensitive 

nitrogenase to function in, e.g., Cyanothece45. 

A major question regarding Type II BioB remains. What is the source of the auxiliary 

4Fe-4S conjugated sulfate, which supplies the sulfur inserted to form biotin? Our first approach 

was to add excess sulfur (2 mM sulfide) to the boBioB enzyme assay. This did not affect the 

kinetics or allow multiple turnovers (not shown). We then attempted to elucidate the sulfur 

source bioinformatically via comparative genomics, hoping to identify a conserved “accessory” 

protein that may be needed to supply the Type II sulfur source. We inspected the operons of 

Type I and Type II BioBs manually and with the EFI Genome Neighborhood tool46. We did an 

in-depth analysis of 100 randomly selected annotated genomes of Type I vs. 100 Type II BioB 

containing bacteria, attempting to systematically identify any significantly over-represented 

sulfur, cysteine, or Fe-S related genes (Figure S10)47. We analyzed genomes to which Type II 

has been horizontally gene-transferred via whole genome-genome pBLAST, searching for co-

transferred genes (Figure S9)48. We scanned publicly available microarray transcriptomic 

expression databases, looking at well-studied anaerobic organisms to find Type II BioB co-

regulated genes. None of these approaches revealed any obvious candidates for a genetic source 

of the Type II BioB sulfate. 
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In nature, Type II BioB is seemingly exclusive to obligate anaerobes, and indeed when 

we attempted to make use of Type II in vivo, it only performed significant turnover when E. coli 

was cultured anaerobically. Why is Type II BioB so oxygen-sensitive in vivo? One could argue 

the simple explanation that 4Fe-4S clusters are more O2 sensitive than 2Fe2S clusters and that 

the solvent-exposed nature of catalytically active clusters in SAM-radical enzymes makes them 

especially sensitive49. However, all tested Type I BioBs and Lipoyl Synthases (LipA), while O2 

sensitive in vitro, function unproblematically in aerobic organisms. In an attempt to answer this 

question, we explored several in vivo approaches. We performed adaptive laboratory evolution 

and error-prone PCR to generate boBioB diversity and performed selections for decreased 

oxygen sensitivity. The selection principle was straightforward; if a mutant boBioB had 

decreased oxygen sensitivity, an E. coli ∆bioB strain containing the mutant boBioB on a plasmid 

would grow aerobically on minimal media plates with DTB. However, we were unable to 

identify a boBioB with improved oxygen tolerance. If the polypeptide itself was not the deciding 

factor, might another “accessory” protein, such as a sulfate donor or a better electron transfer 

partner, allow for better oxygen resistance by improved turnover? We generated plasmid libraries 

of sheared genomic DNA from both B. obeum and E. coli behind a constitutive promoter. Along 

with previously constructed metagenomic plasmid expression libraries, from, e.g., gut 

microbiomes50, these were used with the same selection previously described attempting to 

identify an accessory protein partner that could reduce oxygen sensitivity of boBioB. Again, 

these selections did not yield positive results. 

Finding the answer to the question of Type II BioBs in vivo oxygen sensitivity and the 

biological source of the sulfur will hopefully elucidate the nature of this novel type II BioB 

mechanism. It will also possibly unlock the full potential of Type II BioB for solving the current 

bottleneck that has hampered attempts at commercializing a biotin cell factory for decades. 

Additionally, there are other fundamental understandings of this new Type of BioBs that must 

also be gained. Since the 4Fe-4S auxiliary cluster of Type II BioB is not destroyed, the cluster 

likely needs two rounds of electron transfer rather than one, as is the case of Type I BioB. We 

tested boBioB with the E. coli FldA-Fpr electron transfer system in vitro, and we assume in vivo, 

but this is not the native machinery for B. obeum. Logically, it seems that this non-destructive 

mode of biotin production would be significantly more energy-efficient and thus confer a fitness 

benefit over Type I catalysis, for which the cascade of Fe-S cluster biogenesis machinery needs 

to be mobilized to regenerate the auxiliary cluster after each turnover. Type II is likely the 
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ancestral type of BioB, posing the question of why and how Type I evolved to fill the niche of 

the aerobic world. In this work, we focus on the Type II Biotin synthase, characterized by a 

serine-cysteine swap at the coordinating residue. However, the deeper we dove into the BioB 

sequence dataset, the more interesting observations we made, a few of which are mentioned 

here. We find it likely that there is still more natural diversity in BioB structure and mechanism 

and indeed that this novel sulfur insertion mechanism may be in use by entirely different classes 

of RS enzymes, not just Biotin Synthases. Finally, to fully cement the non-destructive sulfate 

donating mechanism of Type II BioB, Mössbauer spectroscopy must be performed before and 

after the turnover of Type II BioB. To ensure that Type II BioB from B. obeum is indeed 10-fold 

faster in its turnover than Type I E. coli BioB, the enzyme assay must be repeated with the 

addition of Mtn, as disccused. 
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Methods 

Bioinformatics - The initial sequence similarity network (SSN) was generated with the EFI- 

Enzyme similarity tool15 using the full Pfam biotin synthase (BATS) family: PF06968, using 

UniRef50 instead of the whole family. Default parameters (Protein Fraction: 1, E-Value: 5) were 

used for the calculation, and a sequence similarity score cutoff of X was used to compute the 

edges of the final network, which was visualized in Cytoscape51. Multiple sequence alignments 

were carried out with the EMBL-EBI Clustal Omega web-server, using default setting52. 

Alignments were visualized with Jalview53. Phylogenetic trees were constructed from multiple-

sequence alignments using Neighbor-joining without distance corrections54 and visualized with 

iTOL55. We accessed UniProtKB/Swiss-Prot, and TrEMBL UniProt release 2020_05 to fetch 

all sequences annotated with “family:biotin family:synthase”, including Taxonomic tags: phylum, 

family, order, class, superkingdom, and genus. These resulting 23,268 biotin synthase protein 

sequences were scanned with the ScanProSite tool56 using the custom PRATT motif pattern: C-

x(3)-C-x(2)-C-x(30,40)-[HSRGEAKTVD]-[VILMFYWHKTA]-C/S/G/A/D-

[VILMFYWHKTA]-[VAGSTDNRKH]-[VILMFYWHKTAS]-[ASGQKI]. The motif was 

refined over several iterations for maximum sequence coverage while keeping the approximate 

expected random matches frequency57 to a minimum (~0.002). Five individual scans were 

performed, one for each coordination residue (C/S/G/A/D). We identified a subset of 

horizontally gene-transferred biotin synthases by selecting genera with both Type I and Type II 

under the assumption that the same genus generally has the same Type of BioB. Outlying BioBs 

were validated by simple BLAST to show that they shared more sequence similarity to BioBs 

from phylogenetic distant species than those from their own genus. Data availability: All BioB 

sequences and scripts used for handling and analysis of the BioB sequence data available at - 

https://github.com/DavidL-H/BioB/ 

Protein expression and purification - BioBs were amplified from genomic DNA with respective 

primers (Table S10, Table S11) with KOD Xtreme Hot Start PCR kit (Millipore) according to 

manufacturer protocol. PCR products were purified with Agencourt Ampure XP PCR cleanup 

kit (Beckman Coulter) according to according to manufacturer protocol. Purified PCR products 

were cloned by ligation-independent cloning (LIC) into pSGC-HIS as previously described58. 

This incorporated the BioB with an N-terminal hexahistidine tag and a 15 AA cleavable TEV-

protease linker (MHHHHHHSSGVDLGTENLYFQS) behind a T7 promoter. All cloned BioBs 
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were Sanger sequence verified (Genscript Biotech), resulting in BioB expression plasmids listed 

in Table S9. Chemical competent E. coli BL21(DE3) containing the pPH151 plasmid (Escherichia 

coli suf operon)59 were transformed with the BioB expression plasmids. The rescued 

transformants were directly grown in 20 mL LB containing 50 µg/ml kanamycin and 34 µg/ml 

chloramphenicol overnight. This was used to inoculated a 2 L PYREX media bottle with 1.8 L 

of  40 g/L Super Broth media with 200 µM FeCL3 and 1 mL antifoam solution. The cultures 

were grown with a constant sparge of 0.22 μm filtered air at 37 ⁰C until OD 0.6-0.8 

(approximately 5 hours). After ~5 hours, 300 µM cysteine was added to the cultures, and the 

temperature was reduced to 22 ⁰C, and after a 1 hour adaptation period, 500 µM was added to 

induce expression of BioB overnight (~18 hours). Pellets were harvested after centrifugation and 

decanting of supernatant, then flash-frozen and store in liquid N2 until purification. Protein 

purification was done with the ÄKTA express FPLC system, anaerobically in an MBraun 

anaerobic chamber (<0.1 ppm O2) without reconstitution of Fe-S clusters, as previously 

described58. The final purified protein concentration was estimated by UV-visible (A280) using the 

extinction coefficient calculated based on the BioB amino acid sequence. 

In vitro biotin synthase enzyme assay - Assays were performed at 20 ⁰C, anaerobically, in an 

MBraun anaerobic chamber (<0.1 ppm O2). The reaction mixture consisted of 25 µM E. coli or 

B. obeum BioB, 25 µM E. coli Flavodoxin (FldA), 5 µM E. coli Ferredoxin:NADP+ oxidoreductase 

(Fpr), 1 mM NADPH, and 100 µM desthiobiotin in 50 mM HEPES and 100 mM KCl. The 

enzyme reaction was initiated with the addition of SAM to a 1 mM final concentration, and 

after 0, 2, 10, 30, and 90 minutes 20 µL aliquots of the reaction were quenched with 20 µL mix 

of 100 mM H2SO4 and 100 µM tryptophan. After completing the assay, samples were centrifuged 

at 10,000 G 4 ⁰C for 15 minutes, and supernatants were used for LC-MS quantification of biotin. 

Protein crystallization, X-ray data collection, and structure determination - Heterologously 

expressed and purified BioB proteins were the subject of sparse matrix screening crystallization 

trials utilizing the sitting drop vapor diffusion method as previously described58. Blautia obeum 

(A5ZUL4) and Veillonella parvula (T0TAB9) formed hexagonal rod-like crystals in the presence 

of SAM and DTB and diffracted well in a synchrotron x-ray source.  The structures were solved 

using single-wavelength anomalous dispersion by collecting data at a wavelength of 1.378, 

taking advantage of Fe absorption at this wavelength. Diffraction data were collected at the 

Advanced Photon Source (Argonne National Laboratory, Argonne, IL). Coordinates and 
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structure factors of the solved B. obeum and V. parvula structures will be deposited in the Protein 

Data Bank with the pdb. 

Cloning of heterologous biotin synthases for in vivo study - BioB genes were cloned using 

Uracil-Specific Excision Reagent (USER) cloning with the Phusion U Hot Start Polymerase 

(Thermo) as previously published60. Genes of interest were amplified with oligos containing 

USER overhangs compatible with cloning behind an IPTG-inducible T5lacO promoter in the 

pBS679 or pBS1779 based plasmid-backbones. Oligo overhangs contained either defined 

synthetic RBSs (ribosomal binding sites) sequences with predicted TIRs (translation initiation 

rates) or degenerate sequences for RBS libraries. These were designed with the De Novo DNA 

web-server61. Expression libraries were included to ensure that a wide expression space was 

sampled and that we did not miss complementing/function heterologous biotin synthases 

possibly caused by insufficient or too high/toxic transcription. All primers for BioB and plasmid 

backbones used amplification are available in Table S9 and Table S10. After USER-cloning, 

constructs were treated with T4 ligase (Thermo) according to manufacturer protocol and 

transformed into BS1575 by standard electroporation. Genes indicated as codon-optimized were 

done so with the IDT codon optimization tool. 

In vivo characterization of Type II BioB - All complementation testing and production of biotin 

were done in the biotin auxotroph: BS1575 (∆bioA, ∆bioB, ∆bioF, ∆bioD, ∆bioH, iscR H107Y). It 

should be noted that this strain contains a point mutation in the  DNA-binding transcriptional 

dual regulator IscR that improves BioB performance by improving Fe-S cluster availability40. 

Plasmids containing a heterologous BioB expression plasmid were transformed into BS1575 via 

electroporation62 and washed three times with minimal MOPS media (Table S4) after rescue in 

SOC for 2 hours, to remove any biotin contamination. The transformants were then plated on 

mMOPS 1.5% agar plates, supplemented with 100 mg/mL ampicillin. 10 nM biotin or 10 uM 

desthiobiotin was added if indicated. 

For small-scale cell factory production of biotin from desthiobiotin,  3 replicates (single colonies) 

of the strain of interest were picked from transformation plates for preculturing in 400 μl 

mMOPS with necessary antibiotics (ampicillin, 100 mg/mL) in 96-well deep-well plates 

(DWPs). 10 nM biotin was added to the preculture for oxygen-sensitive Type II BioBs to 

overcome auxotrophy during aerobic cultivation. Precultures were incubated overnight at 37oC 

with shaking (250 rpm) in an Innova® 44. Precultures were used to inoculate 800 μl of the 
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production mFIT media (Table S5), with ampicillin, 10 nM biotin, and 50 μM desthiobiotin in 

96-well DWPs, diluting precultures 100-fold to an initial OD600 ~0.01. DWPs were sealed with 

air-tight aluminum seals. This, coupled with a smaller head-space due to high fill volume (800 

μl) and high glucose concentrations (up to 10 g/L), lead to rapid depletion of oxygen by respiring 

E. coli and microaerobic conditions in the majority of the production culture incubation time. 

mFIT is highly buffered and can better sustain the organic acid byproducts generated during the 

microaerobic growth of E. coli. Production cultures were incubated for 24 h at 37oC with shaking 

(250 rpm). OD600 of production cultures was measured at the end of incubation, cells were spun 

at 5000 G for 5 min, and supernatants were transferred to detect biotin concentrations by biotin 

bioassay as previously published by Bali et al. (2020)63.  

Fed-batch bioreactor production of biotin- A single colony of the indicated strain (Table S3) 

was inoculated into 50 mL mMOPS with relevant antibiotics and grown to full cell density 

(cuvette OD600 ~2) overnight in a 250 mL baffled shake-flask. 200 ml Fermentation Batch 

medium (Table S7) supplemented with antibiotics, and 1 mL of a 1% (v/v) antifoam solution 

were added to Applikon 500 ml MiniBio Reactors with the temperature set to 37 °C, pH-

controlled to pH=7 by addition of 5 M NH4OH and dissolved oxygen (DO) set-point to 

DO=15% by agitation speed and air sparge for aerobic fermentation. For microaerobic 

fermentation a DO = 0% set-point was used. 10 ml of each strain preculture was used to inoculate 

reactors, resulting in a starting cuvette OD600=0.10 for all reactors and strains/conditions. Once 

the CO2 in the outlet gas reached greater than 0.4%, ~4-6 hours into the exponential batch phase, 

each fermentation was induced by the addition of IPTG at the indicated concentrations to induce 

expression of E. coli or B. obeum BioB. Following the depletion of glucose in the medium, as seen 

by a drop in CO2, a fed-batch phase was initiated by the addition of the Feed Medium (Table 

S7) to each fermentation at a constant feed rate of 0.6 ml/hour. This transition took place 

between ~8 -10 hours. The DO control continued to operate at DO=15%, with the agitation 

increasing in all reactors to between 1250 – 1800 rpm. Additional 1 ml 1% (v/v) antifoam 

solution was added at 7 hours and 24 hours. The fermentations were terminated at the time 

indicated by the last sampling, ~48 hours. Culture samples were taken from the fermenter at up 

to five various time points after inoculation, as indicated in fermentation profile(s). From these 

samples, optical density (cuvette OD600) was measured after diluting samples into the range of 

0.2-2 OD. Supernatants were obtained by spinning biomass down in a microcentrifuge at 13,000 

x g for 1 minute. Supernatants were diluted 10-fold and stored at -20 °C for later quantification 
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of biotin by LC-MS. The final time-point sample biotin quantification is indicated in Table S3. 

Glucose feed bottles were weighed before and after fermentation to accurately calculate the total 

glucose fed. From this data, the LA yield per OD or glucose was calculated.   

SDS-page of whole-cell lysates – Samples for SDS-page were taken during fed-batch 

fermentation, at the 24-hour time point, approximately 20 hours after the expression of boBioB 

was induced with IPTG from the plasmids/strains indicated in Figure S11. Samples were 

normalized, corresponding to 1 ml of 1 OD culture broth. Samples were centrifuged, 

supernatants were removed, and pellets were resuspended in 100 µl Millipore Bugbuster® 1x 

and incubated for 1 hour at room temperature. Samples were spun down, and supernatants, the 

soluble protein fractions, were removed. The supernatants were centrifuged at 5 minutes at 

13000 G and loaded in Bio-Rad Mini-PROTEAN® TGX™ precast gels along with Bio-Rad 

Precision Plus Protein™ Dual Color Standards. Gels were run at 200V for 40-60 minutes in Bio-

Rad Tris/Glycine/SDS buffer. Gels were stained with EZBlue™ Gel Staining Reagent 

(Coomassie) according to manufacturer protocol until bands were visible. 

LC-MS quantification of d-biotin - Biotin (BTN) was acquired from Sigma Aldrich and d-

desthiobiotin (DTB) from Biosynth Carbosynth. The internal standards d4-biotin (d4-BTN) 

and 13C5-biotin sulfoxide (13C5-BX) were purchased from Sigma Aldrich. Stock solutions of 

the analytes and internal standards were prepared in DMSO to a concentration of 1 mg mL-1. 

Working standard solutions of the stock solutions were then prepared in H2O. Calibration curves 

in the concentrations of 0.1, 0.25, 0.5, 1, 2.5, 5, 10, 25, 50, 100, 250, 500 and 1000 ng mL-1 were 

prepared in H2O containing 50 ng mL-1 of 13C5-BX and 5 ng mL-1 of d4-BTN. An internal 

standard mixture (ISTD MIX) containing 5 mg mL-1 of 13C5-BX and 0.5 mg mL-1 of d4-BTN 

was prepared in H2O. Before analysis, samples were diluted, and a mixture of internal standards 

(ISTD MIX) was added to correct for possible technical variation. For the quantification of BTN 

and DTB, a two-step dilution pattern was followed to achieve a 1:1000 dilution of the original 

sample. First, a 1:10 dilution was created by pipetting 900 mL of H2O and 100 mL of the original 

sample into a glass vial. The solution was vortex mixed. Finally, 980 mL of H2O, 10 mL of the 

ISTD MIX, and 10 mL of the 1:10 diluted sample were pipetted into a vial and the solution is 

vortex mixed. The samples were randomized after sample preparation and analyzed by ultra-

high performance liquid chromatography (Infinity II, Agilent Technologies) coupled to tandem 

mass spectrometry (6470 Triple Quadrupole, Agilent Technologies) using electrospray 
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ionization in positive ion mode. Selected reaction monitoring was used for quantifying the 

analytes, and fragmentor voltages, collision energies, and cell accelerator voltages were 

optimized for each ion transition. The analytes were separated chromatographically before they 

entered the mass spectrometer. This was done using a ACQUITY UPLC HSS T3 Column (2.1 

mm ´ 100 mm, particle size 1.8 mm, Waters Corporation) and H2O + 0.1% (v/v) CH3COOH as 

eluent A and ACN + 0.1% (v/v) CH3COOH as eluent B with a flow rate of 0.4 mL min-1. The 

elution gradient is as follows: 0-0.5 min 0% B, 0.5-1.5 min 0% to 15% B, 1.5-3 min 15% B, 3-5 

min 15% to 100% B, 5-7 min 100% B. After each run, the column was re-equilibrated at 0% B 

for 2 min. The injection volume for each sample was 5 mL. All data were acquired and processed 

using the MassHunter Quantitative Analysis software (Version B.09.00, Build 9.0.647.0). The 

peak areas for the analytes of interest were normalized against the peak areas of the 

corresponding internal standards.  
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Chapter IV – Supplementary material 
 

 

 

 

Figure S1: Hypothesized reaction mechanisms of Type I and Type II Biotin Synthases. A|The canonical “Type 
I” Biotin Synthase reaction, demonstrated here by E. coli BioB (PDB:1R30)64, requires the sacrifice of an 
auxiliary 2Fe2S cluster for SAM radical catalyzed sulfur insertion5,65,66. B|The novel “Type II” Biotin Synthase, 
shown here as B. obeum BioB (This work), instead utilizes an auxiliary 4Fe4S cluster with an attached sulphate 
originating from an unknown source. This mechanism eliminates the need for BioB to reconstitute to the Holo- 
form. DTB: Desthiobiotin, SAM: S-adenosyl methionine. The source of electrons for BioB in E. coli is known to 
be NADPH->Flavodoxin reductase->Flavodoxin->BioB, the electron transfer to boBioB is unknown. 
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Figure S2|The initial EFI sequence similarity network (SSN) of the Biotin Synthase Family, indicating the Type I 
and Type II class of Biotin Synthase as well as the two examples thereof, which were studied in-depth: 
Escherichia coli BioB (ecBioB) and Blautia obeum BioB (boBioB). 

Figure S3|The distribution of auxiliary cluster coordination motifs across Biotin Synthase sequences from various 
Orders of the Phylum Firmicutes. 
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a 
 

>tr|A0A0L8MX60|A0A0L8MX60_STRVG Biotin synthase OS=Streptomyces virginiae OX=1961 

GN=bioB PE=3 SV=1 

MDLLNTLVDKGLRRELPTREEALAVLATSDDELLDVVAAAGKVRRQWFGRRVKLNYLVNL 

KSGLCPEDCSYCSQRLGSTAGILKYTWLKPEEASQAAAAGVAGGAKRVCLVASGRGPTDR 
DVDRVGKTIAAIKEQNEGVEVCACLGLLSDGQAERLRDAGADAYNHNLNTSEATYGQITK 
THTYADRVDTVQKAHGAGLSACSGLIAGMGESDEDLVDVVFSLRELDADSVPVNFLIPFE 

GTPLAKEWNLTPQRCLRILAMARFVCPDVEVRLAGGREVHLRTLQPLALHVVNSIFLGDY 

LTSEGQAGQADLDMIADAGFEVEGAGTSTLPAHRSDVAAAATGGGCGSNGGASLCGSGAS 

AEGDAPAAGCGSACGGCSGHAHADQPPVPVQAEAGEVRPELVAVRRRGAGTDIAPNA 

 

b 
A0A0L8MX60_ST      1 MDLLNTLVDKGLRRELPTREEALA---------VLATSDDELLDVVAAAG     41 
                                           :|         |....:..|||::..|. 

BIOB_ECOLI         1 ----------------------MAHRPRWTLSQVTELFEKPLLDLLFEAQ     28 

 

A0A0L8MX60_ST     42 KVRRQWFG-RRVKLNYLVNLKSGLCPEDCSYCSQRLGSTAGILKYTWLKP     90 
                     :|.||.|. |:|:::.|:::|:|.|||||.||.|......|:.....::. 

BIOB_ECOLI        29 QVHRQHFDPRQVQVSTLLSIKTGACPEDCKYCPQSSRYKTGLEAERLMEV     78 
 

A0A0L8MX60_ST     91 EEASQAAAAGVAGGAKRVCLVASGRGPTDRDVDRVGKTIAAIKEQNEGVE    140 
                     |:..::|....|.|:.|.|:.|:.:.|.:||:..:.:.:..:|..  |:| 

BIOB_ECOLI        79 EQVLESARKAKAAGSTRFCMGAAWKNPHERDMPYLEQMVQGVKAM--GLE    126 
 
A0A0L8MX60_ST    141 VCACLGLLSDGQAERLRDAGADAYNHNLNTSEATYGQITKTHTYADRVDT    190 

                     .|..||.||:.||:||.:||.|.|||||:||...||.|..|.||.:|:|| 

BIOB_ECOLI       127 ACMTLGTLSESQAQRLANAGLDYYNHNLDTSPEFYGNIITTRTYQERLDT    176 

 
A0A0L8MX60_ST    191 VQKAHGAGLSACSGLIAGMGESDEDLVDVVFSLRELDA--DSVPVNFLIP    238 

                     ::|...||:..|||.|.|:||:.:|...::..|..|..  :|||:|.|:. 

BIOB_ECOLI       177 LEKVRDAGIKVCSGGIVGLGETVKDRAGLLLQLANLPTPPESVPINMLVK    226 

 
A0A0L8MX60_ST    239 FEGTPLAKEWNLTPQRCLRILAMARFVCPDVEVRLAGGREVHLRTLQPLA    288 

                     .:|||||...::.....:|.:|:||.:.|...|||:.|||......|.:. 

BIOB_ECOLI       227 VKGTPLADNDDVDAFDFIRTIAVARIMMPTSYVRLSAGREQMNEQTQAMC    276 

 

A0A0L8MX60_ST    289 LHV-VNSIFLG-DYLTSEGQAGQADLDMIADAGFEVEGAGTSTLPA----    332 
                     ... .||||.| ..||:.......||.:....|...:  .|:.|..     

BIOB_ECOLI       277 FMAGANSIFYGCKLLTTPNPEEDKDLQLFRKLGLNPQ--QTAVLAGDNEQ    324 

 

A0A0L8MX60_ST    333 -HRSDVA-----------AAATGGGCGSNGGASLCGSGASAEGDAPAAGC    370 
                      .|.:.|           |||.                             

BIOB_ECOLI       325 QQRLEQALMTPDTDEYYNAAAL----------------------------    346 
 

A0A0L8MX60_ST    371 GSACGGCSGHAHADQPPVPVQAEAGEVRPELVAVRRRGAGTDIAPNA    417 
                                                                     

BIOB_ECOLI       347 -----------------------------------------------    346 

 

 
 

Type I (C) motif 

Type G motif 

Known to participate in type I auxiliary 2Fe2S cluster 

coordination 

Possible conserved coordination of additional auxiliary 

FeS cluster 

 

Figure S4: a|The sequence of Streptomyces virginiae BioB (A0A0L8MX60) represents the Streptomyces spp. double 
motif sequences. This sequence contains both a motif for Type I (C) and Type G auxiliary Fe-S cluster 
coordination, as highligeted. b|Compared to the sequence of the standard Type I (grey shaded, orange) E. coli 
BioB (P12996), S. virginiae  has an extension of the C-terminal of ~75 residues. This extension encodes a Type G 
auxiliary cluster motif (grey shaded, dark blue), which includes the RS CxxxCxxC sub-motif. In addition, the S. 
virginiae BioB encodes several extra conserved cysteines (yellow) in addition to those in common with E. coli 
(purple). c| Multiple sequence alignment shows that he C-terminal extension and highlighted coordination 
residues are conserved across all 22 Streptomyces sequences with two predicted auxiliary cluster motifs. 

c 
... 

 

A0A429RT95      GTPLAKEWNLTPQRALRILAMVRFVCPDVEVRLAGGREVHLRTLQPLALHLANSIFLGDY 300 

A0A344U3A3      GTPLAKEWNLTPQRCLRILAMVRFVCPDVEVRLAGGREVHLRTMQPLALHLVNSIFLGDY 300 
A0A429SIW9      GTPLAKEWNLTPQRCLRILAMVRFVCPDVEVRLAGGREVHLRTMQPLALHLVNSIFLGDY 300 

A0A2N0FPJ5      GTPLAKEWNLTPQRCLRILSMVRFVCPDVEVRIAGGREVHLRSMQPLALHVANSIFLGDY 300 

A0A3N4YXD2      GTPLAKEWNLTPQRCLRILSMVRFVCPDVEVRIAGGREVHLRSMQPLALHVANSIFLGDY 300 

A0A4R8H9L8      GTPLAKEWNLTPQRCLRILAMVRFVCPDVEVRIAGGREVHLRSMQPLALNIANSIFLGDY 300 
A0A0M9CJM0      GTPLAKEWNLTPQRCLRILAMVRFVCPDVEVRIAGGREVHLRSMQPLALNIANSIFLGDY 300 

A0A4S2SAE0      GTPLAKEWNLTPQRCLRILAMVRFVCPDVEVRIAGGREVHLRSMQPLALNIANSIFLGDY 300 

A0A4R7SNB2      GTPLAKEWNLTPQRCLRILAMVRFVCPDVEVRIAGGREVHLRSMQPLALNIANSIFLGDY 300 

A0A4S2TRE2      GTPLAKEWNLTPQRCLRILAMTRFVCPDVEVRLAGGREVHLRSMQPLALHLVNSIFLGDY 300 
A0A2V2B236      GTPLAKEWNLTPQRCLRILAMARFVCPDVEVRLAGGREVHLRSMQPLALHIVNSIFLGDY 300 

A0A0M8S2U8      GTPLAKEWNLTPQRCLRILAMARFVCPDVEVRLAGGREVHLRTLQPLALHVVNSIFLGDY 300 

A0A0L8MX60      GTPLAKEWNLTPQRCLRILAMARFVCPDVEVRLAGGREVHLRTLQPLALHVVNSIFLGDY 300 

A0A1V0R7U8      GTPLAKEWNLTPQRCLRILAMARFVCPDVEVRLAGGREVHLRTLQPLALHVVNSIFLGDY 300 
A0A024YMS0      GTPLAKEWNLTPQRCLRILAMARFVCPDVEVRLAGGREVHLRSLQPLALNIVNSIFLGDY 300 

A0A0F0HJN2      GTPLAKEWNLTPQRCLRILAMARFVCPDVEVRLAGGREVHLRSLQPLALNIVNSIFLGDY 300 

A0A1L7GB16      GTPLAKEWNLTPQRCLRILAMARFVCPDVEVRLAGGREVHLRSLQPLALNIVNSIFLGDY 300 

A0A1U9NTX5      GTPLAKEWNLTPQRCLRILAMARFVCPDVEVRLAGGREVHLRSMQPLALNIVNSIFLGDY 300 

A0A4S2V5G0      GTPLAKEWNLTPQRCLRILAMARFVCPDVEVRLAGGREVHLRSLQPLALNIVNSIFLGDY 300 
A0A0F4IAP8      GTPLAKEWNLTPQRCLRILAMARFVCPDVEVRLAGGREVHLRSLQPLALNIVNSIFLGDY 300 

A0A0M8UDE7      GTPLAKEWNLTPQRCLRILAMARFVCPDVEVRLAGGREVHLRSLQPLALNIVNSIFLGDY 300 

A0A0M9ZE01      GTPLAKEWNLTPQRCLRILAMARFVCPDVEVRLAGGREVHLRSLQPLALNIVNSIFLGDY 300 

                **************.****:*.**********:*********::*****::.******** 
... 

A0A429RT95      LTSEGQAGQADLDMIADAGFEVEGAGTTTLPAHRSDAA---AAAGGCGSHGGGVSLCGSA 357 

A0A344U3A3      LTSEGQAGQADLDMIADAGFTVEGAGTSSLPAHRADAAAAAAAAAADATAAG-RGPCGS- 358 

A0A429SIW9      LTSEGQAGQADLDMIADAGFTVEGAGTSSLPAHRADVAAATAA---AGAAAG-HGPCGS- 355 
A0A2N0FPJ5      LTSEGQAGQADLDMIADAGFEVEGAGTTTLPAHRADAASAAA------HA---GGVCGSA 351 

A0A3N4YXD2      LTSEGQAGQADLDMIADAGFEVEGAGTTTLPAHRADAASAAA------HA---GGVCGSS 351 

A0A4R8H9L8      LTSEGQAGQADLDMIADAGFEVEGAGTTTLPAHRADAMAAAA------ATPG-RGPCGS- 352 

A0A0M9CJM0      LTSEGQAGQADLDMIADAGFEVEGAGTTTLPAHRADAVAAAA--------AA-HGPCGS- 350 
A0A4S2SAE0      LTSEGQAGQADLDMIADAGFEVEGAGTTTLPAHRADAVAAAA--------AA-HGPCGS- 350 

A0A4R7SNB2      LTSEGQAGQADLDMIADAGFEVEGAGTTTLPAHRADAVAAAA--------AA-HGPCGS- 350 

A0A4S2TRE2      LTSEGQAGQADLDMIADAGFEVEGAGSTTLPAHRSERA----AAGGCGSHGAAGSVCGSA 356 

A0A2V2B236      LTSEGQAGQADLDMIADAGFEVEGAGTTTLPAHRSDALAA-ATGGGCGSNGG-ASLCGSG 358 
A0A0M8S2U8      LTSEGQAGQADLDMIADAGFEVEGAGTSTLPAHRSDVAAA-ATGGGCGSNGG-ASLCGSG 358 

A0A0L8MX60      LTSEGQAGQADLDMIADAGFEVEGAGTSTLPAHRSDVAAA-ATGGGCGSNGG-ASLCGSG 358 

A0A1V0R7U8      LTSEGQAGQADLDMIADAGFEVEGAGTSTLPAHRSDVAAA-ATGGGCGSNGG-ASLCGSG 358 

A0A024YMS0      LTSEGQAGQADLDMIADAGFEVEGAGTTTLPAHRSDAADAAPS-GGCGSQGG-ASVCGSG 358 
A0A0F0HJN2      LTSEGQAGQADLDMIADAGFEVEGAGTTTLPAHRSDLADT-TSGGGCGSGGG-ASLCGSG 358 

A0A1L7GB16      LTSEGQAGQADLDMIADAGFEVEGAGTTTLPAHRSDLADT-TSGGGCGSGGG-ASLCGSG 358 

A0A1U9NTX5      LTSEGQAGQADLDMIADAGFEVEGAGTTTLPAHRSDAADAAPSGGGCGSG-G-ASLCGSG 358 

A0A4S2V5G0      LTSEGQAGQADLDMIADAGFEVEGAGTTTLPAHRSDVADAAPAGGGCGSGGG-ASLCGSG 359 

A0A0F4IAP8      LTSEGQAGQADLDMIADAGFEVEGAGTTTLPAHRSDLADAAPSGGGCGSNGG-ASLCGSG 359 
A0A0M8UDE7      LTSEGQAGQADLDMIADAGFEVEGAGTTTLPAHRSDLADAAPSGGGCGSNGG-ASLCGSG 359 

A0A0M9ZE01      LTSEGQAGQADLDMIADAGFEVEGAGTTTLPAHRSDLADAAPAGGGCGSGGA-ASLCGSG 359 

                ******************** *****:::*****::                  . ***  

... 
A0A429RT95      AGAPADASGATAPAGCGSGCGGCGSHAAQDEPEPVAAAVAPAEAPAQAAPGEVRPDLVAV 417 

A0A344U3A3      ---------APAEAGCGSACGGCSGHAHTAE-AAE-----AAAEPAQAEPGAVRPDLVAV 403 

A0A429SIW9      ---------APAEAGCGSACGGCSGHADTAE-AAAE---AAPAAPSQAEPGAVRPDLVAV 402 

A0A2N0FPJ5      AGAGCGPAADAEAPGCGSACGGCAGHAEEAP-ARE-------AAPAQAEPGEVRPDLVAV 403 
A0A3N4YXD2      AGAGCGPAADAEAPGCGSACGGCAGHAEEAP-ARE-------AAPAQAEPGEVRPDLVAV 403 

A0A4R8H9L8      ---------SAAEAGCGSACGGCSGHEHEAV-PAQAAAAEPAAAQAQAPAGEVRSDLVAV 402 

A0A0M9CJM0      ---------SAAEAGCGSACGGCSGHEHEAV-PAQAAAQASGQAPAQASAGEVRSDLVAV 400 

A0A4S2SAE0      ---------SAAEAGCGSACGGCSGHEHEAV-PAQAAAQASGQAPAQASAGEVRSDLVAV 400 
A0A4R7SNB2      ---------SAAGAGCGSACGGCSGHEHEAV-PAQAAAQASGQAPAQASAGEVRSDLVAV 400 

A0A4S2TRE2      AP-----GDSADAPGCGSACGGCSGHPEPSA-HPA---PQEAPVRAQAEAGEVRSDLVAV 407 

A0A2V2B236      AS-A---EGDE-AAGCGSACGGCSGHAPAAA-TPA---P------VQAEAGEVRPELVAV 403 

A0A0M8S2U8      AS-A---EGDAPAAGCGSACGGCSGHAPADQ-TPV---P------VQAEAGEVRPELVAV 404 
A0A0L8MX60      AS-A---EGDAPAAGCGSACGGCSGHAHADQ-PPV---P------VQAEAGEVRPELVAV 404 

A0A1V0R7U8      AS-A---EGDAPAAGCGSACGGCSGHAHADQ-TPV---P------VQAEAGEVRPELVAV 404 

A0A024YMS0      AA------GADDAVGCGSACGGCSGHPHAEA-APV---PEQ---PAQAGPGELRSDLVAV 405 

A0A0F0HJN2      AG-AASSEASDEAAGCGSACGGCSGHAHAEA-EPA---PAR---PAQAEPGALRSDLVAV 410 
A0A1L7GB16      AG-AASSEASDEAAGCGSACGGCSGHAHAEA-EPV---PAR---PAQAEPGALRSDLVAV 410 

A0A1U9NTX5      AG-AASA-SGGEAAGCGSACGGCSGHAHAEA-EPV---PAQ---PAQAEPGALRSDLVAV 409 

A0A4S2V5G0      AG-SAS--AGDEAAGCGSACGGCSGHAHAEA-AAV---A------AQAEPGALRSDLVAV 406 

A0A0F4IAP8      AG-AAS--AGDEAAGCGSACGGCSGHAHAEA-TPV---PAQ---PAQAEPGALRSDLVAV 409 

A0A0M8UDE7      AG-AAS--AGDEAAGCGSACGGCSGHAHAEA-TPV---PAQ---PAQAEPGALRSDLVAV 409 
A0A0M9ZE01      AG-AAS--AGDEAAGCGSACGGCSGHAHAEA-TPV---PAQ---PAQAEPGALRSDLVAV 409 

                              ****.****..*                    **  * :* :**** 

... 

A0A429RT95      RRRGAGTDLAPNA 430 
A0A344U3A3      RRRGAGTDLAPNA 416 

A0A429SIW9      RRRGAGTDLAPNA 415 

A0A2N0FPJ5      RRRGAGTDLAPNA 416 

A0A3N4YXD2      RRRGAGTDLAPNA 416 
A0A4R8H9L8      RRRGAGTDLAPNA 415 

A0A0M9CJM0      RRRGAGTDLAPNA 413 

A0A4S2SAE0      RRRGAGTDLAPNA 413 

A0A4R7SNB2      RRRGAGTDLAPNA 413 
A0A4S2TRE2      RRRGAGTDLAPNA 420 

A0A2V2B236      RRRGAGTDVAPNA 416 

A0A0M8S2U8      RRRGAGTDIAPNA 417 

A0A0L8MX60      RRRGAGTDIAPNA 417 
A0A1V0R7U8      RRRGAGTDIAPNA 417 

A0A024YMS0      RRRGAGTDIAPNA 418 

A0A0F0HJN2      RRRGAGTDIAPNA 423 

A0A1L7GB16      RRRGAGTDIAPNA 423 
A0A1U9NTX5      RRRGAGTDIAPNA 422 

A0A4S2V5G0      RRRGAGTDIAPNA 419 

A0A0F4IAP8      RRRGAGTDIAPNA 422 

A0A0M8UDE7      RRRGAGTDIAPNA 422 

A0A0M9ZE01      RRRGAGTDIAPNA 422 
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Figure S6|The structure of the dimeric Veillonella parvula Type II Biotin Synthase bound to its substrates: 
desthiobiotin (DTB) and S-adenosyl methionine (SAM). The BioB folds as a TIM-type (α/β)8 barrel, binding two 
4Fe-4S clusters. The RS (RS) cluster is poised to cleave SAM and initiate the radical chemistry required to abstract 
a hydrogen from desthiobiotin (DTB). Conversely, the C9 atom of DTB is well-positioned to react with the 
additional sulfur ligated by the 4Fe4S auxiliary (Aux.) 4Fe.4S cluster. 

Figure S5|Unrooted Phylogenetic tree of Biotin Synthase sequences of the industrially and clinically 
important Genus Corynebacterium. Genomes of three species: C. diphtheriae, C. ulcerans and C. pseudotuberculosis 
encode Horizontally gene-transferred Type II BioBs, in addition to their native Type I. The position of C. 
diphtheriae ATCC 700971 Type I (Q6NKC7) and Type II (Q6NHL3) BioBs are highlighted. 

 



160 
 Chapter IV 

Figure S7: a|The 2Fe-2S auxiliary cluster of E. coli BioB (PDB:1R30) is located at the “entrance” to the β-barrel 
but is buried by the side chains, leaving it buried ~9 Å beneath the surface. b|The 4Fe-4S auxiliary cluster of Blautia 
obeum Type II BioB is at the same position in the β-barrel but is solvent-exposed. 

 

Table S1|The 5 residues known to play a role in the coordination of the auxiliary Fe-S cluster in either E. coli or 
B. obeum BioB. The table shows the frequency of the most common residue occurring at the numbered position in 
a multiple sequence alignment of n BioB sequences of the indicated sequence motif group. Residue positions are 
numbered with E. coli BioB as the reference sequence. Divergent residues are highlighted. Based on this table, the 
C/S 43 position is also a good binary predictor of potential alternative auxiliary cluster coordination. Streptomyces 
spp. double motif sequences were counted once, under the Type I (TI) motif. 

Motif   Residue and position    n sequences 

TI 
S43 C97 C128 C188 R260 

  
0.499585 0.998299 0.878479 0.994432 0.949046 

 
20259 

 
       

TII 
C43 S97 C128 C188 R260 

  
0.9994 0.9916 0.9832 1 0.9188 

 
1785 

 
       

TG 
C43 G97 D128 C188 R260 

  
0.951 0.986 0.535 0.998 0.564 

 
491 

 
       

TA 
C43 A97 C128 C188 R260 

  
0.995 0.971 0.951 1 0.98 

 
204 

 
       

TD 
C43 D97 C128 C188 R260 

  
1 1 1 1 0.52 

 
31 

 
       

NA 
C43 C97 C128 C188 R260 

  
0.634 0.397 0.634 0.935 0.488 

 
505 

 



161 
 Chapter IV 

 

Figure S8|Phylogenetic tree of Biotin Synthase sequences from 185 Biotin Synthase sequences from the Phylum 
Cyanobacteria, and 20 random Bacteria tagged as Aerobic, Anaerobic, or Facultative. These categories are 
indicated by in the inner strip of black and grey hues. The auxiliary cluster coordination motif is indicated by the 
outer color strip according to the key. Biotin Synthase from Crocosphaera subtropica (strain ATCC 51142 / BH68) 
a.k.a (Cyanothece sp. (strain ATCC 51142)) – B1WTI3, is indicated by a green arrow. We found this Cyanobacteria’s 
Biotin Synthase to contain two 4Fe-4S clusters even though it seemingly uses Type I serine coordination. 
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Figure S9|The P. bettyae CCUG 2042 genome was found to contain a HGT’ed Type II BioB from an ancestor of 
Fusobacterium. It is the closest related species to E. coli in which we identified a define Type II BioB. a | To ID 
any potentially co-HGT’ed genes, we did whole-genome pBLAST comparisons between the closest sequenced 
Type II origin genome, from which P. bettyae received it’s Type II BioB: Fusobacterium gonidiaformans ATCC 
25563 , P. bettyae, and three closely related whole genome sequenced species: Pasteurella dagmatis ATCC 43325, 
Mannheimia succiniciproducens MBEL55E, Pasteurella multocida ATCC 43137, and Pasteurella skyensis DSM 24204. 
The analysis was done with OrthoVenn48 using a BLAST cutoff of < E-25. b | The analysis identified 8 such 
proteins, one of which was unsurprisingly Biotin Synthase.  

 



163 
 Chapter IV 

 

Figure S10|The occurrence of 144 different COG, TIGR identifiers, and Homologs of interest (fastBLAST) having 
to do with Fe-S cluster Biogenesis, maturation, and delivery as well as sulfur-transfer and electron transfer were 
identified for 2*100 randomly selected genomes available in MicrobesOnline47 containing a type I Biotin synthase 
and a type II Biotin synthase, identified by coordination motif. The difference in the occurrence of these functional 
IDs and homologs between the two groups identified proteins that are significantly over-represented in Type II BioB 
containing genomes. 
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Table S2|Heterologous Biotin Synthases expressed from plasmids in E. coli for complementation of a ∆bioB strain 
(BS1575) on minimal media plates, aerobically or anaerobically. BioBs able to produce significant levels of biotin 
from DTB were tested in standard anaerobic small-scale screening. Some of these were tested specifically because 
they were predicted to be horizontally gene-transferred (HTG’ed) to aerotolerant organisms. *Tiny colonies 
compared to the control of ecBioB indicated that DTB was limiting aerobically.  

Expression 

plasmid Origin 

Aerobic 

complement 

Anaerobic 

complement 

Significant 

Biotin 

production Note 

pBS1886 Blautia obeum Yes* Yes Yes Canonical Type II 
pBS0603 Deferribacter desulfuricans No No No Archaeal Type II 
pBS0609 Methanocaldococcus fervens No No No Archaea Type II 
pBS1780 Bacteroides No Yes Yes BioAB fusion Type II 
pBS1781 Brachyspira murdochii No Yes Yes Canonical Type II 
pBS1784 Corynebacterium ulcerans No Yes Yes HGT’ed Type II 
pBS1785 Campylobacter ureolyticus No Yes No HGT’ed Type II 
pBS1786 Pasteurella bettyae No Yes No HGT’ed Type II 
pBS1787 Conexibacter woesei No Yes Yes HGT’ed Cyano Type 
pBS1790 Patulibacter sp. Yes* Yes No HGT’ed Cyano Type  
pBS1788 Cyanothece sp. Yes* Yes No Cyanobacteria Type  
pBS1789 Microcystis aerugionsa No Yes No Cyanobacteria Type 

 

Table S3| Overview of fed-batch bioreactor experiments executed to assess the biocatalytic potential of ecBioB vs. 

that of boBioB. 

Strain  Plasmid IPTG 

induct. 

[µM]  

DTB 

added

[mg] 

Aeration  EFT[h] Final 

OD  

BTN 

(LCMS) 

[mg/L]  

Mean qBTN  

[mg/(OD*h)] 

Max qBTN  

[mg/(OD*h)]  

BS2154  ecBioB (Type I), 
pSC101 

25 160  aerobic 48  115.0  353.93  0.063  0.171  

BS2154  ecBioB (Type I), 
pSC101 

25 120  microaerobic  48  30.2  139.14  0.096  0.163  

BS2154  ecBioB (Type I), 
pSC101 

500 120  microaerobic  48  35.8  108.44  0.063  0.127  

BS3477  boBioB (Type 
II), pSC101  

500 80  microaerobic  48  23.8  47.33  0.041  0.062  

BS3482  boBioB (Type 
II), pBR322 

15  320  microaerobic  48  21.0  18.14  0.018  0.034  

BS3482  boBioB (Type 
II), pBR322 

50  320  microaerobic  48  19.6  2.73  0.003  0.019  
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Figure S11| SDS-page of whole cell lysates originating from fed-batch fermentations of two different strains 
expressing IPTG inducible boBioB from a low copy-number (BS3477) and high copy-number (BS3482) plasmid. 
BoBioB expression was induced by IPTG at the concentrations indicated. 

 

 

Table S4| mMOPS media recipe. Used for minimal media agar plates and small-scale precultures. 

Component Volume (ml) 

10x Modified MOPS 
400 mM MOPS, 40 mM Tricine, 0.10 mM Iron Sulfate, 95 mM Ammonium Chloride, 2.76 mM Potassium Sulfate, 5 µM 

Calcium Chloride, 5.25 mM Magnesium Chloride, 500 mM Sodium Chloride, 2.92E-6 mM Ammonium Molybdate, 4.0E-4 

mM Boric Acid, 3.02E-5 mM Cobalt Chloride, 9.62E-6 mM Copper Sulfate, 8.08E-5mM Magnesium Chloride, 9.74E-6 mM 

Zinc Sulfate 

100 

0.132 M K2HPO4 solution 
Di-basic 

10 

500 X Vitamin soulution 
 2.38 mg/ml calcium pantothenate, 0.69 mg/ml p-aminobenzoic acid, 0.69 mg/ml p-hydroxybenzoic acid, 0.77 mg/ml 2,3-

dihydroxybenzoic acid 

2 

20% w/v D-glucose 10 
MQ water Fill To 1 L 
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Table S5| mFIT minimal media recipe. Used for small-scale biotin cell factory production screening. 

Component Volume (ml) 

Salt solution 
87.23 g/L MOPS, 20.84 g/L (NH4)2, 6.24 g/L K2HPO4, 6.24 g/L Na3Citrate · 2H2O, 4.16 g/L NH4Cl 

Adjust to pH 7.4 with NaOH or H2SO4 

480 

Magnesium sulfate solution  
50 g/L MgSO4 · 7H2O 

10 

Trace element solution 
0.22 g/L ZnSO4 · 7H2O, 0.2 g/L CuSO4 · 5H2O, 0.12 g/L, MnSO4 · 4H2O, 16.7 g/L FeCl3 · 6H2O, EDTA disodium, 0.22 CoCl3 · 2H2O, 

0.8 g/L CaCl2 · 2H2O 

1 

20% w/v D-glucose Variable 
MQ water Fill To 1 L 

 

 

Table S6| The batch media recipe, used as the main media recipe for bench-scale fermentations. 

Component Final Concentration - [g/L]  

(NH4)2SO4  10.00  
K2HPO4  4.00  
KH2PO4  4.00  
Na3Citrate · 2H2O  3.00  
Na2SO4  2.00  
NH4Cl  1.00  
MgSO4 · 7H2O  1.00  
ZnSO4 · 7H2O  0.000825  
CuSO4 · 5H2O  0.00075  
MnSO4 · H2O  0.00045  
FeCl3 · 6H2O  0.0627  
CoCl2 · 6H2O  0.0009  
CaCl2 · 2H2O  0.003  
Boric acid  0.001125  
Yeast extract  10.00  
D-glucose  10.00  

 

Table S7| The feed media recipe, used for the fed-batch phase for bench-scale fermentations. 

Compound  Final Concentration - [g/L]  

MgSO4 · 7H2O  10.00  

FeCl3 · 6H2O  0.270  

D-glucose  550.00  

 

Table S8| Strains used in the study. 

Strain Genotype Source 

BL21(DE3) - 
pPH151 
 

Escherichia coli BL21(DE3) with the pPH151 plasmid. Used for BioB 
protein expression. 
 

Grove lab strain collection, Albert Einstein 
College of Medicine 

BS1575 Escherichia coli BW25113, ∆bio operon (∆bioA, ∆bioB-bioD), ∆bioH, iscR 
H107Y 

Biosyntia ApS strain collection 



167 
 Chapter IV 

BS2003 Escherichia coli BW25113, ∆bio operon (∆bioA, ∆bioB-bioD), ∆bioH, iscR 
H107Y, birA (G26D, P126L), fur (prom 122 bp upstream) 

Biosyntia ApS strain collection 

BS2154  BS2003 with the pBS0679 plasmid This study 
BS3477  BS2003 with the pBS1886 plasmid This study 
BS3482  BS2003 with the pBS1891 plasmid This study 
BS2029 BS1575 with the pBS0679 plasmid This study 
BS4387 BS1575 with the pBS0682 plasmid This study 
BS3377 BS1575 with the pBS1783 plasmid This study 

 

Table S9| Plasmids used in the study. 

Plasmid Description Source 

pSGC-HIS-
boBioB 
 

T7 lacO IPTG inducible protein expression plasmid. Expressing N-terminal hexa-HIS tagged 
Blautia obeum BioB, with a TEV protease-cleavage site for possible HIS tag removal. 

This study 

pSGC-HIS-
vpBioB 
 

T7lacO IPTG inducible protein expression plasmid. Expressing N-terminal hexa-HIS tagged 
Veillonella parvula BioB, with a TEV protease-cleavage site for possible HIS tag removal. 

This study 

pPH151 Consitutive expression of the E. coli suf operon, ChlR Hänzelmann et 
al., (2004)59 

pBS0679 T5lacO IPTG inducible Escherichia coli BioB, pSC101, AmpR. Biosyntia ApS 
pBS0682 T5lacO IPTG inducible green-fluorescent protein (GFP), pSC101, AmpR. Used as the backbone 

plasmid for expressing all BioBs for in vivo testing (pSC101, low copy number) 
Biosyntia ApS 

pBS1779 T5lacO IPTG inducible green-fluorescent protein (GFP), pBR322, AmpR. Used as the backbone 
plasmid for expressing all BioBs for in vivo testing (pBR322, high copy number) 

Biosyntia ApS 

pBS1783 T5lacO IPTG inducible HIS-TEV-Blautia obeum BioB, pBR322, AmpR. High RBS strength This study 
pBS1886 T5lacO IPTG inducible Blautia obeum BioB, pSC101, AmpR. High RBS strength This study 
pBS1891 T5lacO IPTG inducible Blautia obeum BioB, pBR322, AmpR. High RBS strength This study 
pBS0603 T5lacO IPTG inducible Deferribacter desulfuricans BioB (codon-optimized), pSC101, AmpR This study 

pBS0609 T5lacO IPTG inducible Methanocaldococcus fervens BioB (codon-optimized), pSC101, AmpR This study 
pBS1780 T5lacO IPTG inducible Bacteroides sp. BioB (codon-optimized), pSC101, AmpR This study 
pBS1781 T5lacO IPTG inducible Brachyspira murdochii BioB (codon-optimized), pSC101, AmpR This study 
pBS1784 T5lacO IPTG inducible Corynebacterium ulcerans BioB , pSC101, AmpR This study 
pBS1785 T5lacO IPTG inducible Campylobacter ureolyticus BioB, pSC101, AmpR This study 
pBS1786 T5lacO IPTG inducible Pasteurella bettyae BioB, pSC101, AmpR This study 
pBS1787 T5lacO IPTG inducible Conexibacter woesei BioB (codon-optimized), pSC101, AmpR This study 
pBS1788 T5lacO IPTG inducible Cyanothece sp. BioB (start codon optimized), pSC101, AmpR This study 
pBS1789 T5lacO IPTG inducible Microcystis aerugionsa BioB , pSC101, AmpR This study 
pBS1790 T5lacO IPTG inducible Patulibacter sp. BioB (codon-optimized), pSC101, AmpR This study 
pBS1791 T5lacO IPTG inducible Synechococcus sp. BioB, pSC101, AmpR This study 
pBS1886 T5lacO IPTG inducible Blautia obeum BioB, pSC101, AmpR. Increased RBS strength This study 
pBS1891 T5lacO IPTG inducible Blautia obeum BioB, pBR322, AmpR. Increased RBS strength This study 

 

Table S10|Primers/oligos used in this study. 

Oligo Sequence Description 
HIS_boBio
B_fw 

TACTTCCAATCC ATGAACCCACTTACTTTAGCCCAGG Fw for B. obeum BioB with overhang (bold) for cloning into 
the pSGC-HIS expression vector 

boBioB_rv TATCCACCTTTACTG TTACACTTCCTTCCAGTATTCAGGAGTTAC Rv for B. obeum BioB with overhang (bold) for cloning into 
the pSGC expression vector 

HIS_vpBio
B_fw 

TACTTCCAATCC ATGGCTTTGCCTATAGATCAACAACCA Fw for V. parvula BioB with overhang (bold) for cloning 
into the pSGC-HIS expression vector 

vpBioB_rv TATCCACCTTTACTG TTAGACTTGAGCTGTATTGCGAGTCAA Rv for V. parvula BioB with overhang (bold) for cloning 
into the pSGC expression vector 

oBS1591 AGAGATACU AGTTAGAGAACCTCCGATTTGAATC Rv for amplifying the pBS0679 plasmid backbone for 
insertion of GoI behind T5lacO promoter 

oBS1587 ACAAGCTU TCCCACTCCCCCTAGAGGC Fw for amplifying the pBS0679 or pBS1779 plasmid 
backbone for insertion of GoI behind T5lacO promoter 
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ddBioB_fw AGTATCTCU AGAGCTAAGGAGGTAAAT 
ATGATTGATAACATCTACAAAAAAGCCATCAACA 

Fw D. desulfuricans BioB, Includes strong RBS and USER 
overhang complementing oBS1591 

ddBioB_rv AAGCTTGU 
TTAAATCAGTTTCAGATTATTCGCATTAATATCTTCAATATCGC 

Rv D. desulfuricans BioB, overhang complementing 
oBS1587 

mfBioB_fw AGTATCTCU AGAGCTAAGGAGGTAAAT 
ATGGAAATTGAAACCTTTCTGGAAAAAAGC 

Fw M. fervens BioB, Includes strong RBS and USER 
overhang complementing oBS1591 

mfBioB_rv AAGCTTGU TTATTTAACCAGATTATAAAAATCGCGCAGCATTTT Rv M. fervens BioB, overhang complementing oBS1587 
bacBioB_fw AGTATCTCU AGAGCTAAGGAGGTAAAT 

ATGACCATTGAAGAAATTAAAAATCAGGTTCTG 
Fw Bacteroides sp. BioB, Includes strong RBS and USER 
overhang complementing oBS1591 

bacBioB_rv AAGCTTGU TTATTTGGTCTGGCTACCCGGC Rv Bacteroides sp. BioB, overhang complementing oBS1587 
bmBioB_fw AGTATCTCU AGAGCTAAGGAGGTAAAT 

ATGAGCAATATTGAAGCGATTATCAAAGAGG 
Fw B. murdochii BioB, Includes strong RBS and USER 
overhang complementing oBS1591 

bmBioB_rv AAGCTTGU TTAATCTTCTGTCAGTTCAATTTTATAACCCAGTT Rv B. murdochii BioB, overhang complementing oBS1587 
oBS2696 AGAGATACU AGTTAGAGAACCTCCGATTTGAATCTATTATAATTG oBS1591 with a larger overhang 
oBS3849 AGTATCTCU AGCAAATAACAAAATTAGGAAGGTATCAA 

ATGAACCCACTTACTTTAGCCCAGG 
Fw B. obeum BioB, RBS strength of 100518 AU, overhang 
complementing oBS2696. Used for pBS1886 

oBS3850 AGTATCUCTAGTCTAGAGAAGAACAGTACAAATTATATATTAAGG
AGAATTTTTATGAACCCACTTACTTTAGCCCAGG 

 

Fw B. obeum BioB, RBS strength of 270880 AU, overhang 
complementing oBS2696. Used for pBS1891 

oBS3674 AAGCTTGU TTACACTTCCTTCCAGTATTCAGGAGTT Rv B. obeum BioB, overhang complementing oBS1587 
oBS3714  AGTATCTCU GMGCCTTMGATAASGAGVAGAHG 

ATGACCACCACATTGAACGATGT 

 

Fw C. ulcerans BioB, degenerate RBS sequence library, 
overhang complementing oBS1591 

oBS3715 
 

AAGCTTGU CTATCCGTTCACAGTACGATCGTCA 

 
Rv C. ulcerans BioB, overhang complementing oBS1587 

oBS3712 AGTATCTCU KGTRGTCCGCATAARGNGSTAACCA 
ATGAGTTTTATTTCAGATTTGACAAATTTAGTCATAAAA 

Fw C. ureolyticus BioB, degenerate RBS sequence library, 
overhang complementing oBS1591 

oBS3713 AAGCTTGU TTAAATTTCAAATCCATTTTTTAAAACCATCTTTTTATC
ATTTTCA 

Rv C. ureolyticus BioB, overhang complementing oBS1587 

oBS3710 AGTATCTCU GGGATCSATMRAGAGTDAGDAACAT 
ATGACCATTTTAGATATAGAAGCAGTTAAAAATCG 

Fw P. bettyae BioB, degenerate RBS sequence library, 
overhang complementing oBS1591 

oBS3711 AAGCTTGU CTACTTGGATCGATTAATCGTAGGTATTATGC Rv P. bettyae BioB, overhang complementing oBS1587 
oBS3750 AGTATCTCU GSRCMTACAWCAACAGSHGGTAAG 

ATGCCACCATTAATCACTCGTGATG 
Fw C. woesei BioB, degenerate RBS sequence library, 
overhang complementing oBS1591 

oBS3751 AAGCTTGU TCAGCGTTCAGGTCCCCC Rv C. woesei BioB, overhang complementing oBS1587 
oBS3744 AGTATCTCU CAGTCTGTACCCMATASGASGKTAKBACG 

ATGCTGTTGCGTTTAGGGAAAAAC 
Fw Cyanothece sp. BioB, degenerate RBS sequence library, 
overhang complementing oBS1591 

oBS3745 AAGCTTGU TTAGTGAGCTTTTTTTTGGGTTTTCTTTTTATATTCA Rv Cyanothece sp. BioB, overhang complementing oBS1587 
oBS3746 AGTATCTCU ACAAGDTGAATAAGGABSTCTTTD 

GTGGTACAAGTCTCTACACACAGC 
Fw M. aeruginosa BioB, degenerate RBS sequence library, 
overhang complementing oBS1591 

oBS3747 AAGCTTGU TTAGGTTGCCTGTTGGGGTTG Rv M. aeruginosa BioB, overhang complementing oBS1587 
oBS3748 AGTATCTCU ATTKCCGTCCKTACAAKGAVAGTAKA 

ATGCCACCATTGATTACGCGT 
Fw Patulibacter sp. BioB, degenerate RBS sequence library, 
overhang complementing oBS1591 

oBS3749 AAGCTTGU TCAGTGCCCAAAGGGCATACC Rv Patulibacter sp. BioB, overhang complementing 
oBS1587 

oBS3752 AGTATCTCU SAATCCGCDACCCAAASGMGRTTAAG 
ATGTCCGCTCTGATTCGCCA 

Fw Cyanothece sp. BioB, degenerate RBS sequence library, 
overhang complementing oBS1591 

oBS3753 AAGCTTGU TCAGGCCGCTGCCACGC Rv Cyanothece sp. BioB, overhang complementing oBS1587 
oBS3776 ACCAGAAGAAU 

GATGATGATGATGGTGCATATTTACCTCCTTAGCTCTAGAGATACT
AGT 

Rv for amplifying the pBS1779 plasmid backbone and 
inserting BioB with HIS-tag (used for pBS1783) 

oBS3675 ATTCTTCTGGU 
GTAGATCTGGGTACCGAGAACCTGTACTTCCAATCCATGATGAACC
CACTTACTTTAGCCCAGG 

Fw B. obeum BioB (With HIS-tag), overhang 
complementing oBS3776 

 

Table S11| Genes/proteins used in this study. 

Gene/protein Source of DNA Sequence 

B. obeum BioB Blautia obeum ATCC 29174 
genomic DNA 

Genbank 

V parvula BioB Veillonella parvula HSIVP1 
genomic DNA 

Genbank 

E. coli BioB E. coli BW25113 genomic 
DNA 

Genbank 

D. desulfuricans BioB Deferribacter desulfuricans 
BioB (codon-optimized) 
Gen9 

ATGATTGATAACATCTACAAAAAAGCCATCAACAAGGAGAGCTTCAAAGATTTTGAAATCGACTACCTGATCAACTT
CAACGACATCAAAACCCTGACCAAATACAGCAAACAGATCAAAGAACACTTCTTCGGCAACAAATTTCAGTTTTGTA
GCATTATCAATGCGAAAAGCGGTCTGTGTAGCGAAGATTGTAAATTTTGTGCACAGAGCAGCCATTATAATACCAAT
GCCCCGGTGTATGATTTTATTGATCTGAAAAAAATCGAACAGCGTGCCACCGAATATAAAAAATATGGCATTCGCCG
TTTTAGCATTGTTACCAGCGGCAAAACCCTGGAACAGCAGGATATTGAAAAACTGATTGAAGGCGTTAAAATTATTA
AAAAAATTGGTCTGGTGCCGGATATCAGCGTGGGTATTCTGGATAAAAAAACCCTGCTGCGTCTGAAAGAAGCAGG
TCTGAGCGGTTTTCATCATAATCTGGAAACCAGCCGTAGCTATTTTAATAATGTGTGTACCACCCATGATTATGAAGA
AGATGTTAAATGCGTGAAAGATGCAGTGGAACTGGGTTTTTTTGTTTGCAGCGGTGGTATTTTTGGTATTGGTGAAA
GCTGGGAACATCGTGTTGAACTGGCACTGACCCTGAAAGAACTGAATGTTGATAGCGTTCCGATTAATTTTCTGAAT
CCGATTCCGGGTACCCCGTATGAAAATATTCCGATTCTGAGCGAAGATGAAGCACTGAAAATTATTGCAATTTATCG
CTTTATTCTGCCGGATAAACAGATTCGCGTTTGTGGTGGTCGTAATGTTGTTTTTAGCAAAACCACCAAACAGAAACT
GCTGAATAGTGGTCTGTTTGGCATTATGGTGGGTGATTATCTGACCGTTAGCGGCTTTGATATTGAAAGCGATATTG
AAGATATTAATGCGAATAATCTGAAACTGATTTAA 



169 
 Chapter IV 

 

M. fervens BioB Methanocaldococcus fervens 
BioB (codon-optimized) 
Gen9 synthesized 

ATGGAAATTGAAACCTTTCTGGAAAAAAGCCTGAAAAATAAAATTACCTTTGATGATGCCCTGTACCTGTACAATAA
CTTTAACGCCATCGACCTGCTGTATCTGGCCTTCAAAGTGAAAAACGAGATTAACAACAAAAATAACACCAAAAACA
TTAAGCTGTGCGCCATTATTAATGCCAAAAGCGGTAAATGCCCGGAAGATTGCATCTTTTGCAGCCAGAGCATTTAT
AGCAGCTGTAATATTCCGACCTATCTGCTGAAAAGCAAAAAAGAAATTCTGGATTGCGCCAAAAAATTCGATGGCAT
TGTGGAACGCTTTAGCATTGTGACCAGCGGCAAAAATATTAATAACGATGAATTTACCGAAATCATCGAAGCCATTG
AACTGATTAAAGAAGAAACCACCCTGAAAGTGTGTTGTAGCCTGGGTCTGCTGGATCGTGAAAAACTGAAAGAACT
GAAAAAACTGAATGTTCGTATCCATAACAATCTGGAAACCAGCAAAGATTACTTCAAGAACATCTGCAGCACCCACA
GCTATGAGGATAAAATTAAAGTGATCAAAGAAGCGAAAAAAATTGGTCTGGAAGTTTGTAGCGGTGGTATTTTTGG
TCTGGGTGAAAGCCTGGAAGAACGTCTGAAACTGGCCTTTGAACTGCGTGATCTGGGTGTTGATAGCGTTCCGATTA
ATATTCTGCATCCGATTGAAGGCACCAAAATTTATGAAAAAATTAAAAATGGCGAAATTGAACCGCTGACCATCAGC
GACATTAGCAAAAGCATCGCCCTGTATAAAATTATCCTGCCGTATGCAGAAATTCGTCTGGCAGGCGGTCGTCTGCA
TAATCTGCGTGATTTTCAGCCGTTTGCACTGATGGCACTGGATGGTCTGATGGTTGGTAATTATCTGACCACCAAAG
GTCGTTCACTGGAAGATGATCTGAAAATGCTGCGCGATTTTTATAATCTGGTTAAATAA 
 

Bacteroides BioAB Bacteroides sp. BioAB (codon-
optimized) Gen9 synthesized 

ATGACCATTGAAGAAATTAAAAATCAGGTTCTGCAGGGTACCGCAATTAGCCGTGAACAGGCAGAATGGCTGGCAC
TGTATCCGCGTAAAGAAGAACTGTATGATGCGGCACATGATATTACCACCGCATGCGCAAGCCAGGAATTTGATATG
TGTAGCATTATTAATGCACGTAGCGGTCGTTGTCCGGAAAATTGTAAATGGTGCGCACAGAGCAGCCATTATAAAAC
CAAAGCAGATGTTTATGATCTGGTTAGCGCAGATGAATGTCTGCGCCAGGCAAAATATAATGAAGCACAGGGTGTG
AATCGTTTTAGCCTGGTTACCAGCGGTCGTAAACCGAGCCCGAAAAATATGAAAGAACTGTGTGTTGCCGCACGTCG
TATGCGTCGTCATAGCAGCATTCGTCTGTGTGCAAGCCTGGGTCTGCTGGATGAAGAAGAACTGCAGGCCCTGTATG
ATGCAGGCGTTACCCGTTATCATTGTAATCTGGAAACCGCACCGAGCCATTTTGATAGCCTGTGTACCACCCATACCC
AGGAACAGAAACTGAAAACCCTGCATGCAGCACGCCGTGTTGGTATGGATCTGTGTTGTGGTGGTATTATTGGCAT
GGGTGAAACCGTTGAACAGCGTATTGAATTTGCATTTACCCTGCGTGATCTGAATATTCAGAGCATTCCGATTAATCT
GCTGCAGCCGATTCCGGGTACCCCGCTGGAACATCAGAGCCCGCTGTCAGAAGAAGAAATTCTGACCACCGTTGCA
CTGTTTCGTTTTATTAATCCGGCAGCCTATCTGCGTTTTGCGGGTGGTCGTAGCCAGCTGACCCCGGAAGCAGTTCGT
AAAAGCCTGTATATTGGTATTAATAGCGCAATTGTTGGTGACCTGCTGACCACCCTGGGTAGCAAAGTTAGCGATGA
TAAAGAAATGATTCTGAGCGAAGGTTATCATTTTGCCGATAGCCAGTTTGATCGTGAACATCTGTGGCATCCGTATA
CCAGCACCAGCAATCCGCTGCCGGTTTATAAAGTTAAACGTGCAGATGGTGCAACCATTACCCTGGAAAGCGGTCA
GACCCTGATTGAAGGTATGAGCAGCTGGTGGTGTGCAGTTCATGGTTATAATCATCCGATTCTGAATCAGGCAGTTC
AGGATCAGCTGAGCCGTATGAGCCATGTTATGTTTGGTGGTCTGACCCATGATCCGGCAATTGAACTGGGTAAACTG
CTGCTGCCGCTGGTTCCGCCGAGCATGCAGAAAATTTTTTATGCAGATAGCGGTAGCGTTGCAGTTGAAGTTGCCCT
GAAAATGGCAGTGCAGTATTGGTATGCAGCCGGTAAACCGGAAAAAAATAATTTCGTTACCATTCGTAATGGTTATC
ATGGTGATACCTGGAATGCCATGAGCGTTTGCGATCCGGTTACCGGTATGCATAGCATTTTTGGTAGCGCACTGCCG
ATTCGTCATTTTCTGCCGGCACCGAGCAGCCGTTTTGGTGATGAATGGAATCCGGAAGATATTCGTCCGCTGGAATA
TCTGCTGGAAAAACATGCAGATGAACTGGCAGCATTTATTCTGGAACCGATTGTTCAGGGTGCAGGCGGTATGCGTT
TTTATCATCCGGAATATCTGAAAGAAGCAGCACGTCTGTGTCATCGTTATGGTGTTCTGCTGATTTTTGATGAAATTG
CAACCGGTTTTGGTCGTACCGGCAAACTGTTTGCATGGGAACATGCCGGTGTTGAACCGGATATTATGTGTATTGGT
AAAGCACTGACCGGTGGTTATATGACCCTGAGCGCAGTTCTGACCACCAATGAAGTGGCAGATTGTATTAGTAATCA
TGCACCGGGTGCATTTATGCATGGTCCGACCTTTATGGGTAATCCGCTGGCATGTGCAGTTGCATGTGCCAGCGTTC
GTCTGCTGCTGACCTCAGGTTGGCAGGAAAATGTTAAACGTATTGAAGCCCAGCTGAATCGCGAACTGGCACCGGC
ACGTGAACTGCCGCAGGTTGCAGATGTGCGTGTTCTGGGTGCAATTGGTGTTATTGAAATGAAAGAACCGGTGAAT
ATGGCATATCTGCAGCGTCGTTTTGTTGAAGAAGGCATTTGGCTGCGTCCGTTTGGTAAACTGATTTATGTGATGCC
GCCGTTTATTATTACCCCGGAACAGCTGACCAAACTGACCGAAGGTATGATTCGTATTATTAGCAATGGTCTGCCGG
GTAGCCAGACCAAATAA 
 

B. murdochii BioB Brachyspira murdochii BioB 
(codon-optimized) Gen9 
synthesized 

ATGAGCAATATTGAAGCGATTATCAAAGAGGAAATCAGCCTGGAGGAACTGAAACTGAAAATTATCAACGGCTATA
ATATCACCAAAGAAGAGGCCCTGAAACTGGTTGATAGCGATCTGGAAGATCTGTGTCAGGCAGCCGATAACATTCG
CAAACATTTTTGTAGCAATGTGTTTGATATGTGCAGCATTATCAATGCCAAAAGCGGCAAATGTAGCGAAAATTGCA
AATTTTGCGCCCAGAGCGCACATTATGATACCAAATGTGAAGAATACGATATTCTGGACAAAGAAAAAATTCTGGAA
CAGGGCAAAAGCGATTTTGATAAAGGCGTGCTGCGCTATAGCATTGTTACCAGCGGTCGTGCACTGTATGGTAAAG
AAGTTGATAAAGTGTATAATGCGATTGAAACCCTGAATAAAGAAACCGATGGCTATGTTTGTGCCAGCCTGGGTCTG
CTGGATGAAAAAGGTTTTAAAAAAATGAAAGAAGCAGGTCTGCGTCGTGTTCATAATAATCTGGAAGCCAGCCGCA
ATTTTTTTGCCAATGTTTGTACCACCCATACCTATGATGATAAAATTAAAGCAATTAAAGCCGCCCAGAAAGCAGGTA
TGGCAGTTTGTAGCGGTGGTATTATGGGTATGGGTGAAAGCTGGGAAGATCGTATTGATATGGCACTGGAACTGCG
TAAACTGGGTATTATGAGCATTCCGGTTAATATGCTGAATCCGATTGCAAGCACCCCGTTTGAAAATATTACCCCGCT
GACCGAAGATGATATGCGTCGTATTGTTGCCATTTATCGTTTTATTAATCCGAAAGCATTTATTCGTCTGGCCGGTGG
TCGTGGTCTGCTGAAAGATAAAGGTCGTGCCTGTTTTATTAGCGGTGCAAATGCAGCAATTACCGGTGATATGCTGA
CCACCGCAGGTATTAGCATTGAAACCGATAAAAAAATGGCAGAAGAACTGGGTTATAAAATTGAACTGACAGAAGA
TTAA 

C. ulcerans BioB Corynebacterium ulcerans 
DSM 46325 genomic DNA 

Genbank 

C. ureolyticus BioB Campylobacter ureolyticus 

DSM 20703 genomic DNA 
Genbank 

P. bettyae BioB Pasteurella bettyae DSM 23000 

genomic DNA 
Genbank 

C. woesei BioB Conexibacter woesei DSM 
14684 genomic DNA (ATG 
start-codon optimized) 

Genbank 

Cyanothece BioB Cyanothece sp. (Crocosphaera 
subtropica) ATCC51142 
genomic DNA (ATG start-
codon optimized) 

Genbank 

M. aeruginosa BioB Microcystis aeruginosa BioB 
IDT synthesized 

Genbank 

Patulibacter BioB Patulibacter sp. BioB (codon-
optimized) IDT synthesized 

ATGCCACCATTGATTACGCGTGAAGAAGCGGTTCGCCTGGGCGAAATTGAAGATCGTGACGCAATTCTGGCTCTTGT
CGAACGTGCTTGGGCCGCTCGTACCGAGCAATTTGGCGATTCGACAGACATGTGTTCCCTTGTAAATGCAAAGTCTG
GAGGCTGCGCGGAAGATTGTGGATTCTGCGCTCAGAGTCGTTTTGCCGAGGCCGAGACACCCCTTCACGCGATGAT
GGAGCCGGAACAAATCTTAGAACACGCAAAGGCTGCTGAGGCCGCAGGAGCCCATCGTTTTTGTATGGTTACTCAA
GGCCAAGGGCTTTCTAAACGCGATTTTGAGAAAGTCCTGCAAGGAGCGCGTCTTGTAGCCGAAAATACGAACTTAA
AGCGTTGCGCAAGCGTAGGACACATGTCAGTTGATCGTGCTAAAGCTTTGAAAGACGCCGGCATTCAACGCGTGCA
TCACAATGTGGAGACGGCAGAGAGTTATTACCCCGAGGTTTCCTCTACAGTCCGCTATGAGGGACGTTTGCGTACTA
TCAAGGCTGTTGAAGAAGCAGGTCTTGAGACCTGTGTCGGCGGAATCTTAAATTTAGGGGAGTCCCGTGAGCAGCG
CGTTGAAATGGCCTTCGAGTTAGCCAAGATTGACCCGACTAGTGTTCCTATTAATTTGTTAAATCCGCGTCCTGGTAC
GAAATTCGGGGACCGTGATTATATGGACCCATGGGAAGTAGTGAAATGGATTGCAATCTTTCGTCTTGTTTTACCTG
CTGCTTTGTTTCGCTTGTGTGGCGGACGTGTCGAGAACTTAGGAGACTTGCAACCACTGGCGGTGAAAGCCGGACTT
AATGGAGTGATGATGGGTAACTTTCTTACGACTTTGAACGCGGATCCTGCGGATGACCGTGCTATGTTCACGGATCT
TGGGTTAAACATCAACCGCTACGCAGACAACGGCAAAAACCCGCGCCCGGACAACCGCAGCGGATGGCTTGAGGG
GGAAACTTCTTCCGTCGTCGAGGATTATTTGGATAATGCGACACAGGCAGAGGCCGCTGGCATCAAGGTCACAACA
TGGGACCCGGCGTCACAGTTACGTTACGCGAAGAAAGACAAGGTCCCTCCTCGCCCAGACGGTGCACCTAATCGCT
GGCCGGCTGCAGAGCCTGCGGCTGAACCGGCGCCACTTACAGGTATGCCCTTTGGGCACTGA 

Synechococcus BioB Synechococcus sp RCC307 
BioB IDT synthesized 

Genbank 
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Abstract 

 The catalysis of the RS enzyme Biotin Synthase (BioB) is highly complex, requiring a 

wide array of cofactors for each turnover of the enzyme. One of these is the transfer of two 

electrons for reductive cleavage of SAM, delivered by an electron-carrier protein (ECP). 

Flavodoxin from E. coli is used as the standard ECP for BioB, but its electron potential is not 

optimal for donating electrons to BioBs RS 4Fe-4S cluster. Here we identify alternate ECPs 

with putative interaction with BioB by bioinformatic genome neighborhood mining. We 

construct synthetic translational fusions of both Type I and Type II BioBs with various ECPs. 

After purification and assaying, we show that some of these function in vitro. In an E. coli biotin 

cell factory, we likewise show that some fusions of ecBioB to FldA and Fpr can improve BioB 

catalysis in vivo. We find that the function of these fusions is highly dependent on the linkers 

and orientations used. Finally, we develop a selection system for functional ECPs in E. coli and 

select heterologous FldAs from metagenomic plasmid libraries as a proof-of-concept. This 

work presents several novel strategies for tackling a complex aspect of the BioB reaction 

needed for improving this enzyme if a commercially attractive biotin cell factory using BioB is 

to become a reality. 
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Introduction 

The use of redox-active cofactors for energy transfer is ubiquitous in biology and 

essential for almost all metabolic functions. Small molecule redox cofactors such as FADH, 

NADH, and NADPH participate in hundreds of types of enzyme reactions. These small 

molecules are efficient electron carriers, but they cannot tune their reduction potential or 

interaction partners. However, electron carrier proteins (ECPs) can harness the power of 

evolution to change their amino-acid composition, thus tailoring their reduction potential and 

interaction partners1,2. The most common ECPs are by far ferredoxins, followed by soluble 

flavodoxins3. Evolutionarily, Fe-S cluster-utilizing ferredoxins are thought to have evolved 

during the emergence of life in the anaerobic, iron, and sulfur-rich world before the Great 

Oxidation Event. With increasing oxygen, there was a shift from oxygen labile 4Fe-4S 

ferredoxins4 to more oxygen-resistant 2Fe-2S ones5 and the evolution of flavodoxins as a 

response to decreasing iron bioavailability6. The effect of this is still evident in today’s 

environmental niches, with anaerobic bacteria and archaea generally containing more ECPs 

Figure 1| The reductive cleavage of SAM is the titular mechanism of Radical SAM enzymes. This reaction 
requires the transfer of an electron to the 4Fe-4S RS cluster of the enzyme in question. This electron usually stems 
from NADPH, utilized by a reductase, transferred to an Electron Carrier Protein, which donates to the 4Fe-4S 
cluster. E. coli RS enzymes, such as BioB, make use of Flavodoxin (pictured as PDB: 1AG959) as the electron 
carrier protein and ferredoxin/flavodoxin-NADP+ reductase. 



Chapter V 

172 
 

with a higher prevalence of 4Fe-4S ferredoxins3. ECPs are essential for electron transfer to 

specific groups of redox requiring proteins, one of which is the superfamily of Radical SAM 

(RS) enzymes. 

RS enzymes, such as Biotin Synthase (BioB), coordinate a redox-active 4Fe-4S cluster 

which initiates the catalysis of the enzyme by reductive cleavage of SAM to generate a 5’-

deoxyadenosine radical (Figure 1). This 4Fe-4S cluster must, in turn, receive its electrons from 

an ECP coupled with a reductase. In E. coli, BioB receives electrons from NADPH through 

Ferredoxin(flavodoxin)-NADP+ oxidoreductase (Fpr) and Flavodoxin (FldA)7. E. coli BioB 

(ecBioB) is one of the best-studied RS enzymes, and its interaction with ECPs has been shown 

to be quite specific to its native FldA for the supply of low potential electrons. Alternative 

ferredoxins and flavodoxins are found in the genome of E. coli. They have been shown to 

transfer electrons to BioB synthase in vitro but result in much lower activities which are likely 

not physiologically relevant8,9. In other organisms such as plants, BioB naturally receives 

electrons from ferredoxin and not flavodoxin5,10. A recently discovered novel type of BioB is 

only present in anaerobic bacteria and archaea and uses a 4Fe-4S auxiliary cluster with a 

ligated sulfate to insert sulfur non-destructively, as opposed to E. coli BioBs destructive 2Fe-2S 

cluster dependent catalysis11. The prototypical Type II BioB from B. obeum (boBioB) can 

receive electrons from the E. coli FldA-Fpr reduction system in vitro and in vivo. This is not the 

native reduction system, and FldA may not be an ideal electron transfer partner. Indeed, the 

higher prevalence of ferredoxins in anaerobic bacteria and archaea has previously been 

problematic when trying to characterize RS enzymes originating from these, using the 

standard, but non-native, FldA-Fpr system12. The fact that the auxiliary cluster of the Type II 

BioB is not destroyed upon turnover has additional implications on the electron transfer 

requirements during its catalysis. Not only does this BioB require reduction of the RS cluster, 

but their novel mode of non-sacrificial sulfur insertion must also require oxidation of the 

auxiliary 4Fe-4S upon every turn-over11. As most studies of RS enzymes are done in vitro, a 

chemical reductant such as dithionite is often used, rather than having to undertake the 

laborious process of identifying the biologically relevant ECP. There have not been any 

systematic studies of the effect of different ECPs on the performance of Radical SAM enzymes 

in vitro or in vivo.  
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 The reduction potential of the RS 4Fe-4S cluster is generally reported to be no more 

electro-negative than -500 to -600 mV13, with E. coli BioBs specifically being measured to -430 

mV14. On the other hand, E. coli FldA in its semiquinone state has a potential of -250 to -280 

mV making this a non-ideal thermodynamic partner for electron transfer to the RS cluster 

(Figure 2). For the Fe-S clusters in ferredoxins, their ranges of potential are mainly dependent 

on which 3-4 residues of the ferredoxin coordinate the cluster15. For flavodoxins, the 

relationship between the primary sequence and reduction potential is slightly more complex. 

For long-chain flavodoxins, such as E. coli FldA, the potential is determined by the tightness of 

non-covalent binding of the flavin mononucleotide, influenced mainly by the presence of 

aromatic, negative, and basic residues in the conserved binding pocket16. A more electro-

negative ECP, such as a ferredoxin, would theoretically be a better partner for electron transfer 

to the RS cluster (Figure 2). This could potentially speed up the enzyme reaction to a similar 

level as when utilizing low potential chemical reductants like dithionite and methyl-quinone in 

vitro. 

BioB and other RS enzymes are important biosynthetic enzymes, acting as bottlenecks 

in industrially attractive cell factories17. Attempts to improve the catalysis of BioB for the 

Figure 2| The reduction potential ranges of different electron carrier proteins15,16,60. Ferredoxins (Fdx) of different 
cluster types and long chain Flavodoxins (Eox/sq state of the flavin) are included. Chemical reductants indicate 
dithionite (-660 mV) and methyl-quinone (-600 mV), which are routinely used as a reductant for in vitro enzyme 
assays. The potential of the RS cluster of E. coli Biotin Synthase (-430 mV) is additionally shown. The potential of 
the boBioB RS cluster has not been measured but is assumed to be similar. 
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improved biological production of biotin have focused mainly on the biosynthesis and supply 

of Fe-S clusters or improvement of SAM availability18,19. To our knowledge, there have been 

no attempts to improve the catalysis of RS enzymes by the engineering of electron transfer. 

Here we attempt to engineer and discover novel strategies for electron transfer to both Type I 

(E. coli) and Type II (B. obeum) BioBs with the goal of improving catalysis. We first 

bioinformatically identify alternative ECPs closely associated with BioB in genomes of various 

organisms. Additionally to ensure interaction between the ECP and BioB, we construct a 

library of 59 translational fusions of various ECPs and reductases to BioB. Some of these 

artificial fusion proteins were assayed in vitro and we found that FldA and Fpr fused to boBioB 

was indeed able to transfer electrons and allow for turnover. When testing these and several 

other fusions of different ferredoxins in vivo, we found indications that fusion of FldA and Fpr 

to ecBioB improved production of biotin from desthiobiotin in a cell factory setting. Finally, 

seeking to develop a selection platform for electron transfer, we knock-out fldA in E. coli in the 

presence of the heterologous S. cerevisiae non-mevalonate isoprenoid pathway, which has been 

previously shown to be the only essential FldA requiring pathway in complex media20. We 

show that the resulting strain can be used to select functional diversity of FldAs from 

metagenomic libraries. 

Results 

Evaluation of native ECPs on the catalysis of B. obeum BioB in vivo - Biotin synthase 

catalysis is highly complex and requires the input of three cofactors in addition to its substrate 

desthiobiotin, for turnover. These are Fe-S clusters, electrons, and SAM. For sulfur insertion, 

Type I BioB requires the destruction of a 2Fe-2S cluster21, while Type II BioB inserts sulfur 

from a sulfate of unknown origin11. In an E. coli cell factory, we previously showed conversion 

of desthiobiotin to 43 mg/L biotin by heterologously expressed Type II B. obeum BioB (boBio) 

in a fed-batch fermentation11. As SAM concentration is not limiting for TI BioB at several-fold 

higher turnover, we expected the limiting factor for TII BioB to lie elsewhere11,18,19. Initial 

attempts at improving Type II B. obeum BioB (boBio) involved over-expressing various Fe-S 

cluster biosynthetic machinery11. While this seemingly allowed further over-expression of the 

protein, it was not accompanied by improved cell factory production of biotin from 

desthiobiotin, indicating that this was not the factor limiting catalysis in vivo. The same 

observation was made with Type I E. coli BioB (ecBioB) by Bali et al. (2020)18. 
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Table 1| Flavodoxins, ferredoxin, and putative reductase encoded by the genome of Blautia (Ruminococcus) obeum 

ATCC29174. Each gene was co-expressed with boBioB (pBS1886) in BS1575 and assayed for biotin production 
under microaerobic screening conditions, either alone or in combination with the oxidoreductase. The control 
was boBioB alone. 

Accession Product Length (aa) Description Plasmid 

Improved 

production 

vs. control? 

A5ZUB3 Flavodoxin 
 

140 
 

fldA 
pBS1939 

pBS1940 (w/PFOR) 
No 

A5ZNZ8 Flavodoxin 
 

156 
 

fldB 
pBS1941 

pBS1942 (w/PFOR) 
No 

A5ZP12 
Flavodoxin 

 
143 

 
fldC 

pBS1943 
pBS1944 (w/PFOR) 

No 

A5ZPS0 Ferredoxin 
57 

 
fdxA [4Fe-

4S] 
pBS1945 

pBS1946 (w/PFOR) 
No 

A5ZVE0 
Ferredoxin fused to 

uncharacterized 
domain 

235 
 

fdxB-X 
2*[4Fe-4S] 

pBS1947 
pBS1948 (w/PFOR) 

No 

A5ZP14 
Ferredoxin 3 fused to 

uncharacterized 
domain 

198 
 

fdxC-X 
pBS1949 

pBS1950 (w/PFOR) 
No 

A5ZUP2 
Pyruvate-

ferredoxin(flavodoxin) 
oxidoredutase 

1178 
ydbK 

(PFOR) 
na na 

 

We sought out potential ECPs encoded by the genome of Blautia obeum ATCC 29174, 

hoping to identify one that would improve electron transfer to boBioB. This organism 

expresses three distinct flavodoxins and ferredoxins but contains no homolog of Fpr, but rather 

a Pyruvate-ferredoxin/flavodoxin-oxidoreductase (PFOR) as the most likely reductase partner 

(Table 1). PFOR couples the oxidative decarboxylation of pyruvate to the reduction of an 

ECP, which can then further transfer its low-potential electrons to other enzymes22. We tested 

the three long-chain flavodoxins, one monomeric ferredoxin with one 4Fe-4S cluster and two 

multi-domain ferredoxins, each containing two 4Fe-4S clusters in the N-terminal, fused to a 

domain of an unknown function. Each of the 6 ECPs were heterologously expressed along 

with boBioB, with and without the native PFOR. RBS (ribosomal binding site) libraries were 

introduced in front of both ECP and PFOR to ensure an extensive expression-space sampling. 

These strains were screened for improved cell factory production of biotin from desthiobiotin 

(Table 1). Unfortunately, none outperformed the control of boBioB alone under these 

conditions. 

The source of the sulfur for Type II BioB is not yet elucidated. As such, we cannot 

determine whether this or electron transfer is limiting for turnover in the complex in vivo 
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environment. This makes it difficult to draw conclusions from the ultimately negative results. 

We expect that at least one of the tested flavodoxins or ferredoxins tested acts as the boBioB 

electron donor in the natural context. We did not evaluate whether the ECPs or reductase was 

expressed functionally. B. obeum’s PFOR is a large enzyme predicted to bind three 4Fe-4S 

clusters and is likely difficult to functionally express in its active holo- form. Though E. coli’s 

native Fe-S machinery can deliver 4Fe-4S clusters to the heterologous boBioB, this does not 

necessarily mean the same is true for the PFOR or ferredoxins. Since boBioB functions with E. 

coli’s native electron transfer machinery when expressed heterologously, we do not know 

whether the overexpressed native ECPs were able to transfer electrons to boBioB. To elucidate 

the native electron transfer to boBioB, the proteins should be purified, potentially chemically 

reconstituted, and assayed in vitro for electron transfer properties. Another potential in vivo 

approach would be to knock out E. coli’s FldA, hopefully disabling boBioB function and 

showing that the function can be rescued by over-expression of one or more of the 

ECP/reductase combinations from the B. obeum genome. 

Bioinformatic mining of BioB related ECPs by genome neighborhood analysis– Rather than 

experimentally testing randomly or semi-randomly chosen ECPs, we sought a more 

systematical approach to identifying ECPs that may naturally interact with BioB. We took a 

bioinformatic approach to explore possible alternative ECPs for BioB. To explore the diversity 

of BioB, we performed a Sequence Similarity Network (SSN) analysis of the BATS enzyme 

family (PF06968)23. This analysis sorted ~10 000 UniRef50 BATS sequences into distinct 

clusters of biotin synthases based on their sequence similarity (Figure 3|a). It should be noted 

that due to its high similarity to BioB, ThiH (2-iminoacetate synthase) and HydG ([FeFe]-

hydrogenase maturase) often fall into the Pfam BATS family but were excluded from the 

analysis. The biggest cluster of Biotin Synthases contains the oft sequenced E. coli and other 

proteobacteria. This and three other commonly studied phyla: Firmicutes, Bacteroides, and 

Actinobacteria, represent 71% of the BioB sequences in the network and make up the majority 

of the larger clusters (Figure 3|a).  
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Figure 3: The general workflow of identifying alternative, potentially BioB related ECPs. a|The SNN of the 
BATS enzyme family, using a sequence similarity score of 150 for clustering. They are colored by phylum as 
indicated. The clusters containing the prototypical Type I (E. coli) and Type II BioB (B. obeum) are indicated. b|A 
genome neighborhood analysis was carried out on the SNN, resulting in a hub-spoke overview of each discrete 
cluster in the SNN (hub) and the PFAM tags within the +/- 5 neighborhood with >20% occurrence (spokes). 
c|As an example: Cluster 157 contains 13 Fusobacterium spp. BioB sequences which all co-occur with a 4Fe-4S 
containing gene in the genome neighborhood, based on PF00037. d|Inspecting individual genomes show that all 
Fusobacterium genomes in the cluster encode a 4Fe-4S ferredoxin three open-reading-frames downstream of BioB. 

 

Using the SSN network, we generated a Genome Neighborhood Network (GNN) 

(Figure 3|b). In this, each genome encoding a BioB in the cluster was analyzed for the 

occurrence of PFAM ids present in the 10 nearest genes, up and downstream of said BioB. 

Due to the arrangement of functionally related open reading frames into operons by 

prokaryotes, this can be used to give indications of previously unknown relationships24. We 

systematically analyzed the GNN to identify clusters of BioBs which contained PFAMs 
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associated with ECPs, overrepresented (>20% occurrence) in their genome neighborhoods. 

One example, shown in Figure 3|c, indicated the presence of PF00037 in the genome 

neighborhood of all 13 BioBs of cluster 157. Upon further inspection, this cluster consisted of 

Type II BioBs from Fusobacterium spp. Almost all these genomes encode BirA, BioB, BioD, 

BioA, and a 4Fe-4S ferredoxin predicted to be in an operon by the Operon-mapper tool24.  

The GNN contained 1097 clusters which resulted in 3763 unique combinations of 

PFAMs over-represented in their genome neighborhood. Scanning these for 27 PFAMs 

potentially related to ferredoxins, flavodoxin, or alternative ECPs, we got an overview of the 

frequency of co-occurrence (Figure 4|a). 150 unique clusters contained one or more of the 

queried PFAMs in their 10 gene-neighborhood at over 20% co-occurrence, resulting in 248 

total occurrences, as each cluster may have more than one of the queried PFAMs in the 

genome neighborhood. The use of the indicated PFAM ids to identify the cluster of interest, 

searching for arbitrary Fe-S cluster binding domain-containing proteins co-occurring with 

BioB, gave various “false positives.” Rather than encompassing ECPs, which were our 

primary interest, many of these clusters contained groups of genomes that encode several RS 

enzymes co-located on the genome, e.g., a group of Dialister spp. which have tree copies of 

BioB in an operon. Many BioBs occurred in operons with or proximity to Fumarate 

reductases, NADPH dehydrogenases, Epoxyqueuosine reductases, among other reductases 

(Figure S1). These contain redox-active Fe-S clusters or flavins and were therefore identified 

by this analysis. 

After filtering out non-ECP Fe-S and flavin-containing proteins, we identified several 

clusters of interest that encode a BioB with nearby, true ECPs (Figure 4|b). Most of the 

identified clusters contained ferredoxins, and most of these were of the 4Fe-4S kind. Two small 

clusters, represented by Campylobacter pinnipedicrum and Buchnera aphidicola, were found with 

flavodoxins, though based on the genomic layout, they do not seem to be in an operon with 

their respective BioBs. All 4Fe-4S ferredoxins were found in the genomes of obligate anaerobic 

organisms, which encode Type II BioB, while only a few of the other ECPs were present in 

aerotolerant organisms with Type I BioBs (Table S1). 
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Figure 4: a|The total co-occurrence of ECP-related PFAM ids in the genome neighborhoods of BioB SNN 
clusters. b|BioB clusters were inspected for ECPs, and genomes of interest with BioB and ECP co-occurring are 
shown here. The PFAM associated with each ECP is color-coded based on a|. Genome, cluster number, and co-
occurrence ratio are indicated above each genome neighborhood diagram. The Uniprot identifier for each protein 
is indicated below. 
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It is somewhat surprising that so few flavodoxins were found associated with BioBs. In 

our analysis, we did not discriminate between Type I and Type II BioB associated ECPs. 

Nonetheless, we were mainly able to identify ECPs related to TII BioB, representing just <10% 

of BioB sequences in Uniprot11. TII BioB is primarily found in anaerobic organisms, which are 

well known to contain more ECPs in general, approximately ~33% more according to 

Campbell et al. (2019), and significantly more of the O2 sensitive 4Fe-4S ferredoxins3. This 

may be a contributing factor to the overrepresentation of anaerobic organisms and 4Fe-4S 

Ferredoxins in our analysis, though we find random co-occurrence unlikely to be the only 

explanation for this. One could speculate that the higher number of ECPs in anaerobes likely 

also means these ECPs are more specialized in their interaction partners. This is opposed to 

the high degree of promiscuity seen in, e.g., fldA in E. coli. Indeed, several studies have 

experimentally shown that ferredoxins have very distinct roles and electron transfer partners in 

various anaerobes25–27. One outlier to this is a cluster of BioBs from Methylorumbrum and 

Methyolobacterium, spp., represented by Methylorubrum extorquens in Figure 4|b. These 

methylotrophs are facultative anaerobes and encode a Type I BioB, yet a small 4Fe-4S 

ferredoxin is found downstream in many of the genomes. 

Based on their reduction potential, 4Fe-4S ferredoxins should be more optimal electron 

transfer partners for BioB (Figure 2), and the mechanism of Type II BioB likely needs another 

electron transfer event per turnover. Based on these facts and the ancient evolutionary origins 

of RS enzymes28, we hypothesized that a 4Fe-4S ferredoxin may be the optimal ECP for BioB 

and could potentially improve catalysis significantly compared to the commonly used E. coli 

flavodoxin. Additionally, though this was not the target of this analysis, the observation that 

many BioBs are found in an operon with reductases, e.g., NADPH dehydrogenases, of 

unknown function is also potentially interesting. One could envision a mechanism that skips a 

step in the transfer of electrons from NADPH to the RS cluster, with the reductase potentially 

donating an electron directly to BioB, thus bypassing the need for an intermediate ECP.  

Translational fusion of BioBs to various ECPs-  Next, we sought to use these bioinformatic 

findings for potentially improving the catalysis of BioB. Besides the matching of electron 

transfer potential between ECP and the RS cluster, physical, protein-protein interaction 

between the ECP and BioB, as well as the ECP and the reductase, are essential. As previously 
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discussed, the interaction between FldA and Fpr is known to be transient, and though the 

interaction between BioB and FldA has not been studied in detail, it is likewise assumed to be 

unavoidably short-lived due as a function of the promiscuity of FldA. Indeed FldA and Fpr 

have previously been experimentally shown to reduce P450 heme via a ping-pong mechanism 

rather than forming a ternary complex29. These characteristics have been exemplified by 

Bakkes et al. (2015), who showed that translationally fusing E. coli FldA to Fpr improved 

electron transfer to, and subsequent activity of, Cytochrome c30. This study showed that 

electron transfer was highly dependent on both order of fusion, C- or N-terminal, as well as 

linker length and rigidity. In general, the engineering of artificial electron transfer fusions is 

well-established for P450s31,32, but this has not been attempted for RS enzymes.  

  

To test possible catalytic improvements of BioB by more effective electron transfer, we 

constructed a library of different BioB-ECP-reductase fusion proteins. We translationally fused 

both Types of BioBs with four distinct ECP types. This was done with three types of linkers in 

two orientations. The individual genes were cloned as controls. We chose to use the well-

characterized E. coli FldA and Fpr reduction system and three different  4Fe-4S ferredoxins 

Figure 5: a|The BioB, ECP and Reductase parts used for fusion construction. b|Three examples of fusions 
generated, show-casing the linkers and orientations used. For E. coli FldA, Fpr was also fused, generating a triple 
fusion protein. The other ECP did not have their reductases fuse. This is not an exhaustive view of all fusion 
constructs, for a full list of constructed fusions see Table S3. 
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from the genome neighborhood analysis, as these have the best chance of matching the 

electron potential of the RS cluster (Figure 5|a). The first of these was the di-4Fe-4S ferredoxin 

from Clostridium difficile. Further analysis of other related genomes containing this type of di-

4Fe-4S ferredoxin additionally revealed NadA (RS enzyme), MiaB (RS enzyme), and WrbA 

(putative NADPH-dependent FMN reductase) in an operon with this type of di-4Fe-4S 

ferredoxin. The second 4Fe-4S ferredoxin chosen was from Fusobacterium gonidiaformans as 

most Fusobacterium contain this ECP in an operon with their Type II BioB. Finally, we 

included a very small (73 aa) 4Fe-4S ferredoxin from Methylorubrum extorquens, which is in an 

operon with a putative NADPH-dependent FMN reductase in addition to its proximity to 

BioB. In addition to fusing the ECPs to the BioB, FldA-Fpr fusions were fused to boBioB and 

ecBioB, using the rigid proline-rich linker described by Bakkes et al. (2015)30 (Figure 5|b).  

Fusions of FldA and Fpr to boBioB are functional in vitro - Initially, various fusions of 

boBioB and FldA were tested with or without Fpr. These hexa-HIS tagged fusion proteins 

were expressed with the E. coli Suf and media addition of riboflavin to promote optimal 4Fe-4S 

and Flavin loading. These were purified under anaerobic conditions and successfully 

expressed. Purified fusion proteins showed black/dark brown and yellow coloring consistent 

with these two cofactors, and their migration on an SDS-page gel corresponded to the 

predicted size of the proteins (Figure S2). The UV-vis spectra showed absorption features in 

the 300-700 nm range, consistent with 4Fe-4S clusters and features in the 350-450 range 

consistent with flavin mononucleotide.  

The purified fusion proteins, along with boBioB alone, were assayed for catalysis 

anaerobically (Figure 6). The control boBioB enzyme assay showed the expected burst kinetics 

under single-turnover conditions33, upon initiating the enzyme reaction with SAM (Figure 

6|a). Unfortunately, the measured concentrations of the fusion proteins were ~10-fold too low 

due to an incorrect UV-visible pathway length setting, meaning that the fusion protein added 

to the reaction was 10-fold higher than the control and therefore cannot be directly compared. 

However, it is apparent that these fusion proteins are still active and able to turn over in vitro. 

Comparing the N-terminal vs. C-terminal flexible linker fusions of FldA to boBioB indicates 

that the C-fusion performs better (Figure 6|b & |d). However, the more complex fusion 

protein with both Fpr and FldA fused to the N-terminal of boBioB, without a linker, was 

surprisingly still functional. While the addition of additional individual FldA to the BioB, 
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FldA fusions did not impact catalysis, 

adding both FldA and Fpr to the FldA, 

Fpr, BioB fusion enzyme significantly 

inhibited the reaction (Figure 6|g).  

This enzyme assay cannot differentiate 

whether a boBioB and FldA fusion protein 

receive electrons intramolecularly or 

intermolecularly, i.e., one boBioB may 

receive electrons from FldA fused to 

another molecule of boBioB rather than its 

own. Resolving this would require another 

experimental setup, such as 

immobilization of the protein to prevent 

intermolecular interactions, or perhaps 

study of varying concentrations of fused 

and unfused mixtures of boBioB. The 

observation that additional FldA and Fpr 

inhibits the reaction of the Fpr, FldA 

boBioB fusion can possibly be explained 

by the additional FldA and Fpr futilely 

competing for the limited NADPH in the 

reaction mixture. If this happens without FldA 

being able to donate electrons to the terminal 

acceptor, boBioB, because of steric hindrance by 

the fused domains, it may cause the observed 

inhibition. It would be an indicator that electron 

transfer does indeed happen intramolecularly in 

the fusion proteins. In addition to repeating the 

assaying of fusion construct at correct 

concentrations, the use of a chemical reductant should be included to demonstrate the 

assumption that electron transfer is indeed limiting turnover kinetics in vitro. 

Figure 6: Time dependent formation of the by-product 
5’-deoxyadenosine, by the in vitro boBioB enzymatic 
reaction under standard conditions but with different 
electron transfer machinery. All reactions were 
performed in triplicate (shades of dots). a| A control 
using separate FldA and Fpr proteins for electron 
transfer. b| A C-terminal flexible linker translational 
fusion of FldA to boBioB, with Fpr c| A C-terminal 
flexible linker translational fusion of FldA to boBioB, 
with Fpr and FldA. d| An N-terminal flexible linker 
translational fusion of FldA to boBioB, with Fpr. e| 
An N-terminal flexible linker translational fusion of 
FldA to boBioB, with Fpr and FldA.  f| An N-
terminal no linker translational fusion of fused FldA-
Fpr to boBioB. g| An N-terminal no linker 
translational fusion of fused FldA-Fpr to boBioB, with 
FldA and Fpr. 
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Screening for improved cell factory function of ECP BioB fusions in vivo – BioB is the 

unequivocal bottleneck of any biotin cell factory18,19,34, due to its complex mechanism requiring 

the input of various cofactors. The limiting factor of BioB catalysis in vitro is unknown, but one 

potential candidate is the two-electron transfer events to the RS cluster, needed for reductive 

cleavage of SAM and BioB turnover. Having been unable to confirm whether the initially 

tested boBioB ECP fusion proteins improved catalysis in vitro, we expressed these in a BioB 

cell factory strain of E. coli. Additionally, we included fusions of the Type I ecBioB and 

FldA/Fpr and various fusions of the alternative 4Fe-4S ferredoxins to their native BioBs and 

boBioB. 

 All 9 ecBioB fusion proteins constructed and expressed could produce biotin at the 

levels necessary to complement a biotin auxotrophic strain on minimal media. When screened 

for production, only the two N-terminal fusions of FldA, without Fpr, were able to produce 

significant levels of Biotin (Figure 7). The fusions were screened in a mutant iscR strain, 

previously shown to have improved Fe-S cluster availability and BioB catalysis18. In an attempt 

to ensure screening under conditions where Fe-S clusters would not be limiting for catalysis if 

electron transfer was indeed improved, we also constitutively co-expressed the E. coli suf 

operons from a plasmid. 

 

Figure 7| Production of biotin from desthiobiotin under standard screening conditions. Of the tested fusion 
constructs (left), only those highlighted in blue were able to produce significant levels of biotin. These were tested 
for cell factory production of biotin from desthiobiotin in BS1575, inducing E. coli BioB by IPTG induction from 
the indicated plasmid, either as a fusion or not. The E. coli suf operon was additionally constitutively expressed from 
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pBS1999. Non-fused ecBioB was expressed from pBS679 as the control. 4 biological replicates of strain and 
condition are shown (circles) and the mean of the replicates (bars). 

Under these conditions, the N-terminal, flexible linker fusion of FldA to ecBioB 

outperformed the control plasmid of ecBioB alone. Our previous attempts at overexpressing 

ecBioB with non-fused FldA and Fpr under the same conditions did not outperform the 

control of ecBioB alone (not shown). This improvement of the fusion enzyme compared to the 

control initially gave an indication that this fused FldA was functional in transferring electrons 

to ecBioB. The results also indicated that in vivo ecBioB catalysis is limited by electron transfer 

under conditions with sufficient Fe-S cluster biosynthesis. Unfortunately, when this production 

experiment was repeated, pBS2197 failed to outperform the control a second time, and more 

work is needed to fully elucidate whether or not this fusion construct does perform better in the 

biotin cell factory. 

 Next, we screened the constructed Type II BioB fusion proteins of boBioB and 

Fusobacterium gonidiaformans BioB (fgBioB) with flavodoxin/fpr and the three distinct types of 

4Fe-4S ferredoxins chosen from the bioinformatic analysis (Figure 5). The screening was done 

under high glucose, micro-aerobic conditions, previously developed and optimized for optimal 

performance of oxygen-sensitive Type II BioBs11. Under these conditions, the control ecBioB 

outperforms boBioB, and fgoBioB does not produce detectable levels of biotin when 

heterologously expressed (Figure 8). As observed for the fusion proteins tested in vitro, the C-

terminal fusions seem to produce more biotin than the N-terminal fusions, with the flexible 

glycine linkers or no linkers outperforming the rigid proline linker. However, none of the 

fusion proteins produced significantly more biotin than the control. Oddly, neither the C-

terminal or N-terminal flexible linker FldA boBioB fusion, which turned over in vitro, produced 

a detectable amount of biotin in this screen. The third and last in vitro tested fusion, Fpr-FldA-

boBioB with no linker, did produce biotin in vivo, but significantly less than the control. 

Fusions of the two larger ferredoxins from F. gonidiaformans and C. difficile inhibited boBioB 

significantly in all cases, while the 73 AA M. extorquens ferredoxin did not interfere with 

catalysis to the same degree, possibly due to its size. 
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Figure 8| Production of biotin 34 translational fusion of various ferredoxin ECPs and ecFlda +/- ecFpr, expressed 
in BS1574, from desthiobiotin under micro-aerobic screening conditions, optimized for Type II BioB. The controls 
(non-fused) are shown in the upper left. Production was done in one replicate per condition (IPTG concentration 
as indicated bar shade) and plasmid tested (indicated below). A short description of each fusion plasmid is indicated 
below the plasmid number. For example, “HIS-MexFer-PRO-boBioB” is a HIS-tagged N-terminal fusion of the 
4Fe-4S ferredoxin from M.extorquens to the Type II BioB from B. obeum, using a rigid proline-rich linker. 

 In this context, we cannot say whether the fused ferredoxins are loaded with 4Fe-4S 

clusters or not. The fact that the heterologous BioBs from some of the same organisms which 

the ferredoxins were chosen are non-functional, e.g., fgoBioB,  indicates that there may be a 

high risk that Fe-S cluster proteins from these organisms may generally be incompatible with 

the native E. coli Fe-S cluster system. Shomar et al. (2021) recently showed that most 

heterologous Fe-S cluster enzymes fail to functionally express in E. coli35. The authors show 

that this can often be solved by co-expression of the native Fe-S machinery, and this may be a 

useful strategy for potentially rescreening our fusion constructs. Due to plasmid 

incompatibility, the 4Fe-4S ferredoxins were initially not expressed in their non-fused forms or 

with their predicted partner reductases. To ensure that these ferredoxins and reductases are 
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able to transfer electrons to BioB and indeed to each other, they would need to be assayed in 

vitro. 

Developing a functional Metagenomic selection system for ECPs – Having tested the 

rationally selected ECPs from the initial bioinformatic analysis, many of which seemingly did 

not function in E. coli, we sought an alternative method for the identification of functional 

ECPs with less human and database bias. This can be done with functional selection from, 

e.g., metagenomic plasmid libraries36. E. coli is somewhat unique in having an essential, 

isofunctional, Flavodoxin, and a 2Fe-2S ferredoxin that is non-essential37,38. While E. coli 

Flavodoxin (FldA) is known to participate in many redox reactions, in complex media, FldA is 

only strictly essential for isoprenoid biosynthesis20. This is because E. coli IspG and IspH of the 

native non-mevalonate isoprenoid pathway are 4Fe-4S containing enzymes that require 

electron input from FldA. Other enzymes thought to require FldA for function, like Lipoyl 

Synthase (LipA), Biotin Synthase (BioB), and Phosphomethylpyrimidine synthase (ThiC), are 

non-essential as their terminal pathway products are readily available in complex media 

containing yeast extract. This was originally elucidated by Puan et al. (2005), showing that 

FldA could be knocked out in E. coli when a heterologous mevalonate pathway was expressed, 

providing an alternative route to isoprenoid precursors IPP and DMAPP. 

We cloned a plasmid (pBS2350) constitutively expressing a functional S. cerevisiae 

mevalonate (MVA) salvage pathway and E. coli Isopentenyl-diphosphate Delta-isomerase (Idi) 

(Figure 9|a), based on reports that yeast MVA pathway is functional in E. coli by Martin et al. 

(2003)39. In a strain containing this plasmid, we were able to knock out fldA while feeding 

mevalonate. This strain required the addition of 0.1 g/L of mevalonate for optimal growth in 

LB (Luria Broth) media. The knock-out was done in a ∆bioB strain of E. coli. The initial plan 

was to reduce the complexity of the growth medium, from LB to a defined synthetic medium, 

in which all components needed to complement the auxotrophies resulting from the knock-out 

of fldA would be present, except for biotin. This would theoretically allow for selection 

offunctional electron transfer specifically to any BioB expressed from a plasmid, both Type I 

and Type II, rather than a promiscuous ECP that would have to interact with all FldA 

requiring enzymes to complement. No systematic attempt has been made at identifying which 

essential enzymes in E. coli require electron transfer from FldA to function. Initially, we 

identified all the Fe-S cluster requiring essential enzymes in E. coli, whose products are present 
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in yeast extract. Based on the literature, these are enzymes involved in amino acid biosynthesis 

of glutamine and glutamate (GltBD), Cysteine (CysI), methionine, branched-chain amino 

acids (IlvD, LeuC) as well as cofactor biosynthesis nicotinic acid (NadA), biotin (BioB), lipoic 

acid (LipA) and thiamine (ThiC, ThiH)40,41. We formulated a minimal media with all these 

components and mevalonate; however, the ∆fldA, pMVA strain was unable to grow in this 

(Table S2). This indicated that E. coli has one or more unknown fldA dependent, non-Fe-S 

enzymes whose products are present in the yeast extract of LB that we were unable to identify. 

 

 

Figure 9: a|Expression of the S. cerevisiae mevalonate (MVA) salvage pathway and E. coli Idi allows knock-out of 
fldA went fed mevalonate as this bypasses the requirement for IspG and IspH function in the isoprenoid 
biosynthesis. b| Metagenomic selections using complementation of ∆fldA. Strains are grown in complex media 
with added mevalonate. After transformation with metagenomic DNA plasmid libraries, these are plated on 
minimal media lacking mevalonate, only allow cells with a metagenomic plasmid expressing an ECP that 
complements the function of fldA, to grow. 

 

While unable to formulate a BioB specific ECP selection media, we performed an 

unspecific metagenomic selection for any ∆fldA complementing ECPs as a proof of principle. 

Utilizing previously constructed metagenomic plasmid libraries from various microbiomes 

(Table S3), we transformed these into the selection strain BS5353 ∆bio operon (∆bioA, ∆bioB-

bioD), ∆bioH, iscR (H107Y), ∆fldA, pBS679, pBS2350). After rescue in complex media with added 

mevalonate, these were washed and plated on minimal media plates with relevant antibiotics 

and added desthiobiotin. Under these selective conditions, only strains containing 

metagenomic plasmids expressing an ECP able to replace FldA functionally in E. coli are able 
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to grow. Two hits were identified, which upon sequencing of the metagenomic plasmid inserts, 

revealed short-chain flavodoxins from organisms closely related to E. coli. Specifically, these 

were putative fldAs from Serratia marcescens and an unclassified Pantoea sp. Due to the high 

number of interaction partners with which the selected ECP needs to interact, it is somewhat 

unsurprising that this selection only turned up a couple of FldAs from organisms similar to E. 

coli’s own. 

Conclusions and perspectives 

BioB’s complex mechanism makes the understanding, and thus improvement of its 

catalysis, a significant challenge. In this work, we explored the electron transfer to both types 

of BioB in silico, in vitro, and in vivo, with the aim of potentially improving this process. In a 

systematical bioinformatic analysis, we found that many organisms encode ECPs co-located in 

an operon with BioB, with an over-representation near Type II BioB. These, mainly 4Fe-4S 

ferredoxins, often found with BioBs, are promising ECPs for transferring electrons to the RS 

cluster due to their theoretically better match in electron potential than that of the standard 

ECP used in the RS enzymology field; long-chain flavodoxin from E. coli.  

We constructed translational fusions of both FldA and some of the newly discovered 

alternative ECPs to both boBioB and ecBioB. We found that the initially purified fusions of 

boBioB and FldA and Fpr were functional when assaying in vitro. The functionality of the 

artificial fusion enzymes was dependent on orientation and linkers used, but we were unable to 

prove any improvements of electron transfer by these in vitro. Testing these fusion enzymes in 

vivo for a biotin-producing E. coli cell factory showed that FldA and Fpr fused to ecBioB could 

outperform the control, indicating that electron transfer is liming in this context and that the 

fusion of ECPs improves the catalysis of BioB. Finally, we developed and showed that an E. 

coli ∆fldA strain could be used to functionally mine metagenomic plasmid libraries to select 

ECPs able to complement and transfer electrons to essential enzymes requiring electron input 

from FldA. 

Here we set up a framework for discovering and improving electron transfer to BioB. 

However, this work has presented us with several questions yet unanswered. While there was 

convincing bioinformatic evidence for this, the interaction of BioB with 4Fe-4S ferredoxin 

ECPs still must be proven experimentally. We also identified rubredoxins and rubrerythrins as 

possible ECPs, worth further investigation. ECPs are thought to have evolved for improved 
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promiscuity and tuning of electron transfer3, but did the evolution of a promisuious 

“middleman” ECP, cause a trade-off in the overall efficiency of electron transfer? We reported 

that some BioBs co-locate in the genome in operons with predicted oxidoreductases, which 

raises the question of whether some may have evolved to directly transfer electrons to BioB, 

cutting out the “middleman”? This is the case, e.g., P450’s, where some classes require ECP 

interaction, while some can receive electrons directly from a reductase32. This is another 

avenue potentially worth exploring for the improvement of the catalysis BioB and other RS 

enzymes. While there was an indication that Type I ecBioB could be improved by ECP fusion, 

the same cannot be said for Type II. It may be that the biological source of the additional 

sulfate needed for Type II BioB catalysis is limiting for turnover in vivo. This sulfate source 

remains to be discovered before the full potential of Type II BioB can be unlocked for 

biotechnological purposes.  

Based on the preliminary results presented in this work, we believe the most promising 

to be the selection system for function ECP mining. While we demonstrated a successful 

selection of a couple of heterologous FldAs from metagenomic plasmid libraries, the system 

still needs to be refined to fulfill its potential. Which essential enzymes in E. coli require 

electrons from FldA? Complementation of the ones we know of, those containing Fe-S 

clusters, by exogenous addition of their final products, did not allow for growth in minimal 

media. If this missing component, available in the yeast extract of LB media, can be discovered 

and a synthetic minimal media formulated, enzyme-specific selections can be carried out rather 

than selection for broadly ∆fldA complementing ECPs. This could be selecting ECPs specific 

for BioB and other biotechnologically interesting RS enzymes known to require FldA for 

electron transfer in E. coli, such as Lipoyl Synthase (LipA) and Phosphomethylpyrimidine 

synthase (ThiC). Based on observations of possible non-functional heterologously expressed 

ferredoxins in this work, coupled with those by Shomar et al. (2020)35, the selection system 

may also need over-expression of heterologous Fe-S cluster biogenesis machineries from 

heterologous organisms of wide phylogenetic diversity. This would likely allow functional 

expression and therefore selection of a wide range of ferredoxins, improving the potential of 

the selection system even further. 
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Methods 

Bioinformatics - The BATS sequence similarity network (SSN)  was produced by the EFI- 

Enzyme similarity tool using the full PFAM biotin synthase (BATS) family: PF06968, using 

UniRef50 instead of the whole family23. Default parameters (Protein Fraction: 1, E-Value: 5) 

were used for the calculation, and a sequence similarity score cutoff of 150 was used to 

compute the edges of the final network. Networks were visualized in CytoScape and were 

exported in table format for further analysis of the genome-neighborhoods42. Data availability: 

https://github.com/DavidL-H/Engineering_Electron_Transfer 

General experimental methods - All work was carried out in Escherichia coli BW25113 (in vivo 

production and selections) or Escherichia coli BL21(DE3) (Protein expression for in vitro 

assaying). Chemicals were bought from Sigma Aldrich or Carl Roth unless otherwise stated. All 

enzymes and buffers used for molecular biology methods were acquired from Thermo Fischer 

Scientific, and the manufacturer’s protocol was followed unless otherwise stated. All growth of 

plasmid containing strains was done with relevant antibiotic added to the media, as specified by 

the resistance markers of plasmids (ampicillin: 100 µg/L, kanamycin: 50 µg/L; spectinomycin: 

50 µg/L, zeocin: 40 µg/L and/or chloramphenicol: 30 µg/L). Unless specified otherwise, all 

incubation was done aerobically overnight (20-24 h), at 37 ºC, in an Innova® 44 with 300 rpm 

shaking for liquid cultures. Strains auxotrophic for biotin were grown in the same way but in 

2xYT media. Strains were stored at −80 °C in a 40% (vol/vol) glycerol solution. Synthetic DNA 

oligos for PCR amplification were ordered from IDT, and Sanger sequencing was carried out by 

Eurofins Genomics (Germany). All PCR products and plasmids used were purified with 

E.Z.N.A.® Cycle Pure Kit (V-spin) and E.Z.N.A.® Plasmid Mini Kit I (V-spin) from Omega 

Bio-Tek, respectively. 

Cloning - All plasmids were constructed by USER cloning with PhusionU Hot Start DNA 

Polymerase and New England Biolabs USER® enzyme, according to manufacturer protocols43. 

Primers were designed with 5′ end USER-excision compatible overhangs. If applicable, a 

synthetic RBS with a specific predicted TIR, designed and predicted with the De Novo DNA©  

webserver44. For fusion constructs, the linkers were included in the overhangs of the primers for 

easy assembly. Each BioB or ECP gene cloned was inserted behind a T5lacO promoter, 

inducible by IPTG unless otherwise stated. Plasmids constructed for protein expression included 

N-terminal hexa-histidine tag and a 15 AA cleavable TEV-protease linker. After USER-cloning, 
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constructs were treated with T4 ligase (Thermo Scientific) according to manufacturer protocol 

and transformed into BS1575 by electroporation. DNA sources used for amplification, oligos 

used and plasmids constructed can be found in Table S6, Table S4, and Table S3, respectively 

Protein expression and purification - Chemical competent E. coli BL21(DE3) containing the 

pPH151 plasmid (Escherichia coli suf operon)45 were transformed with the BioB (fusion) 

expression plasmids . The rescued transformants were directly grown in 20 mL LB containing 

50 µg/ml kanamycin and 34 µg/ml chloramphenicol overnight. This was used to inoculate a 2 

L PYREX media bottle with 1.8 L of 40g/L Super Broth media with 200 µM FeCL3 and 1 mL 

antifoam solution. The cultures were grown with constant sparge of 0.22 μm filtered air at 37 ⁰C 

until OD 0.6-0.8 (approximately 5 hours). After ~5 hours, 300 µM cysteine was added to the 

cultures and the temperature was reduced to 22 ⁰C and after a 1 hour adaptation period, 500 µM 

IPTG was added to induce expression of BioB overnight (~18 hours). Pellets were harvested 

after centrifugation and decanting of supernatant, then flash frozen and stored in liquid nitrogen 

until purification. Protein purification was done with the ÄKTA express FPLC system, 

anaerobically in a MBraun anaerobic chamber (<0.1 ppm O2) without reconstitution of Fe-S 

clusters, as previously described by Carl et al. (2020)46. The final purified protein concentration 

was estimated by UV-visible (A280) using the extinction coefficient calculated on the basis of 

the BioB (BioB fusion) amino acid sequence. 

In vitro Biotin Synthase enzyme assay - Biotin synthase enzyme assays were performed at 20 

⁰C, anaerobically in a MBraun anaerobic chamber (<0.1 ppm O2). The standard reaction 

mixture consisted of 25 µM E. coli or B. obeum Biotin Synthase, 25 µM E. coli Flavodoxin 

(FldA), 5 µM E. coli Ferredoxin:NADP+ oxidoreductase (Fpr), 1 mM NADPH and 100 µM 

desthiobiotin in 50 mM HEPES and 100 mM KCL. The concentrations were the same for fusion 

constructs, e.g., 25 µM of boBioB-FldA-Fpr and no additional FldA or Fpr. The enzyme reaction 

was initiated with the addition of SAM to a 1 mM final concentration and after 0, 2, 10, 30 and 

90 minutes 20 µL aliquots of the reaction were quenched with 20 µL mix of 100 mM H2SO4 

and 100 µM Tryptophan. After completion of the assay, samples were centrifuged at 10,000 G 

4 ⁰C for 15 minutes and supernatants were used for HPLC quantification of 5-deoxyadenosine, 

using the 50 µM tryptophan present from quenching, as the internal standard quantification. 

HPLC quantification of 5’-deoxyadenosine – Quantification of 5’-da (5’-deoxyadenosine) a 

byproduct of the BioBs Radical SAM catalysis, was quantified according to Lanz et al. (2012)47. 
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In short: small molecules were separated with an Agilent Technologies Zorbax Rapid Resolution 

XDB-C18 column (4.6 mm x 50 mm, 1.8-mm particle size) which was equilibrated with a mix 

of 98% solvent A (5% methanol, 40 mM ammonium acetate, pH 6.2 with acetic acid,) and 2% 

solvent B (Acetonitrile). A gradient of B of 2–12% was applied from 0.5 to 5 min. Hereafter a 

gradient of 12–24% B was applied from 5 to 6.5 min. From 6.5 to 7.5, the gradient was increased 

to 50% B from and set at 50% from 7.5 to 8 min before returning to 2% B from 8 to 9 min at a 

flow of 0.5 mL/min. Colum was re-equilibrated for 3 min before further sample injections. 5’-

da elutes at a retention time of 6.5 minutes. 

SDS-page of purified fusion proteins – 5 µl 35 µM of each purified protein samples and 

PageRuler™ Unstained Broad Range Protein Ladder were loaded in a Criterion™ TGX™ 

Precast Midi Protein Gel, 26 well precast gels along with Bio-Rad Precision Plus Protein™ Dual 

Color Standards. Gels were run at 200V for 40-60 minutes in Bio-Rad Tris/Glycine/SDS buffer. 

Gels were stained with EZBlue™ Gel Staining Reagent (Coomassie) according to manufacturer 

protocol until bands were visible. 

In vivo characterization of Type II BioB fusions - All complementation testing and production 

of biotin was done in the biotin auxotroph: BS1575 (∆bioA, ∆bioB, ∆bioF, ∆bioD, ∆bioH, iscR 

H107Y). It should be noted that this strain contains a point mutation in the  DNA-binding 

transcriptional dual regulator IscR that improves BioB performance18. Plasmids containing a 

heterologous Biotin Synthase expression plasmid, was transformed into said strain and washed 

three times with minimal media without biotin (mMOPS) after rescue in SOC, to remove biotin 

contamination. The transformants were then plated on mMOPS 1.5% agar plates, supplemented 

with ampicillin and 10 µM desthiobiotin, allowing only strains with a plasmid expression a 

functional BioB to grow. All small-scale production tests used a similar protocol. Single colonies 

were picked for preculturing in 400 μl minimal MOPS supplemented with ampicillin and 10 µM 

desthiobiotin for E. coli BioB, but 10 nM biotin for Type II BioBs, in deep-well plates (DWPs). 

These were sealed with breathable lids and incubated overnight at 37oC with shaking (250 rpm). 

For aerobic screening of E. coli BioB and its fusions, precultures were used to inoculate 400 μl of 

the production mMOPS media (Table S7), with ampicillin and 10 µM desthiobiotin and the 

indicated concentration of IPTG, in 96-well DWPs, diluting precultures 100-fold to an initial 

OD600 ~0.01. DWPs were sealed with air-tight aluminum seals. Production cultures were 

incubated for 24 h at 37oC with shaking (250 rpm). OD600 of production cultures was measured 
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at the end of incubation, cells were spun at 5000 G for 5 min and supernatants were harvested. 

All in vivo produced biotin was quantified by biotin bioassay carried out on supernatants, as 

previously published by Bali et al. (2020)18. For microaerobic screening of oxygen-sensitive TII 

BioB and their fusions, precultures were used to inoculate 800 μl of the production mFIT media 

(Table S8), with ampicillin, 10 nM biotin, indicated IPTG concentrations, and 50 μM 

desthiobiotin in 96-well DWPs, diluting precultures 100-fold to an initial OD600 ~0.01. DWPs 

were sealed with air-tight aluminum seals. This, coupled with smaller head-space due to high fill 

volume (800 μl) and high glucose concentrations (10 g/L), lead to rapid depletion of oxygen by 

respiring E. coli and microaerobic conditions in the production culture. mFIT is highly buffered 

and can better sustain the organic acid byproducts generated during the microaerobic growth of 

E. coli. Production cultures were incubated for 24 h at 37oC with shaking (250 rpm). OD600 of 

production cultures was measured at the end of incubation, cells were spun at 5000 G for 5 min 

and supernatants were harvested. All in vivo produced biotin was quantified by biotin bioassay 

carried out on supernatants, as previously published by Bali et al. (2020)18.  

Genome editing and recombineering of E. coli - Translational knock-out of fldA was constructed 

by MAGE48. BS1575 holding pBS136 and PBS2350 was grown to 0.5 OD in 4 mL 2xYT 

ampicillin media with 0.1 g/L mevalonate supplementation, and L-Arabinose was added to a 

final concentration of 2% to induce the λ-Red system for 30 minutes of additional growth. For 

making electrocompetent cells, cultures were placed on ice for 20 minutes, centrifuged at 5000G 

for 5 min, and washed in 4 mL ice-cold water, the washing was repeated twice, and cells were 

resuspended in 200 µl ice-cold 10% glycerol. 45 µl cells were mixed with 5 µl of 100 µM moBS517 

and electroporated at 1800 V. The cells were rescued in 950 µL prewarmed 2xYT media with 

ampicillin and, 0.1 g/L mevalonate, and after 30 minutes, this was inoculated into a final volume 

of 4 mL 2xYT ampicillin, 0.1 g/L mevalonate, and incubated to 0.5 OD whereafter another 

round of MAGE was carried out. This was repeated for a total of 4 times, whereafter cells were 

plated on LB ampicillin plates 0.1 g/L mevalonate and incubated overnight. Single colonies 

which had lost the ability grow in LB without mevalonate supplementation, were colony PCR’ed 

using DreamTaq PCR Master Mix (2X) with oBS2629 and oBS3394 amplifying the fldA region 

of the E. coli BW25113 genome. The presence of the translational knock-out was confirmed by 

Sanger sequencing using oBS3394. Confirmed knock-out strains were transformed with pBS848, 

the CRISPR/Cas9 pFREE plasmid curing system, and cured of all plasmids according to 

published protocol49. Successful plasmid during was confirmed by loss of ampicillin and 
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kanamycin resistance by screening on LB plates with and without antibiotics. The MAGE oligo 

for knocking out genomic fldA was designed with the MODEST web-server by selecting 

“E_coli_K12_MG1655”, “fldA”, and “translational-knockout“ operation50. 

Metagenomic plasmid library selections - 2.5 mL electrocompetent BS5353 was prepared from 

125 mL exponentially growing51. Each of the five metagenomic plasmid libraries (Table S3) was 

transformed in 3 transformations by adding 95 µl competent cells to 1 µl plasmid and 

electroporating (15 transformations in all). The 3 transformations for each library were pooled 

and rescued in SOC for 2 hours, whereafter they were washed in mMOPS twice and plated on 

mMOPS spec, amp, dtb (10 µM) plates at 1000x, 100x, 10x, and 1x dilutions. Additionally, a 

10.000x dilution was plated on non-selective LB spec, amp, mevalonate (0.1 g/L) plates as a 

positive control to calculate the total number of transformants obtained. All libraries had ~5*106- 

9*106 transformants. Single colonies growing on the selection plates, the “hits”, were incubated 

overnight in mMOPS spec, amp, dtb (10 µM) media, and plasmids were purified. To identify 

the inserted fragment of metagenomic DNA, sequencing oligos oBS0265 and oBS1223 were 

used for PCR with DreamTaq PCR Master Mix (2X), purified, and sequenced via Sanger 

method using oBS0265. Sequencing results were analyzed with the NCBI Open Reading Frame 

Finder52 to identify the enzymes and their organism of origin. Hits are reported in Error! 

Reference source not found.. 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter V 

196 
 

Authors:  David Lennox-Hvenekilde1,2, Nils Myling-Petersen2, Gijs Verkleij2,†, Aster van 

Noord2,‡, Mandy Gericke2,§, Bo Salomonsen2^, Luisa S. Gronenberg2, Hans J. Genee2, Steven C. 

Almo3, Tyler L. Grove3 

Affiliations: 

1The Novo Nordisk Foundation Center for Biosustainability, Technical University of Denmark, 

2800 Kgs. Lyngby, Denmark. 

2Biosyntia ApS, Fruebjergvej 3, DK-2100, Østerbro, Denmark 

3Department of Biochemistry, Albert Einstein College of Medicine, Bronx, NY, USA. 

Biosyntia ApS, Fruebjergvej 3, DK-2100, Østerbro, Denmark 

3Department of Biochemistry, Albert Einstein College of Medicine, Bronx, NY, USA. 
†Current address: Spiber Inc., 234-1 Mizukami Kakuganji Tsuruoka, Yamagata 997-0052, 

Japan 

‡Current address: Delft University of Technology, Mekelweg 5, 2628 CD Delft, Holland 

§Current address: Photanol B.V., Science Park 406, 1098 XH Amsterdam, Holland 

^Current address: Novo Nordisk A/S, Novo Nordisk Park 1, 2760 Måløv, Denmark 

 

Author contributions - T.L.G, S.C.A, D.L.H., and L.G., conceived the study. D.L.H. 

performed bioinformatics. D.L.H., N.P., A.V.N., M.G., B.S., and G.V. performed in vivo 

experimental work. D.L.H. and T.L.G. performed BioB fusion protein expression, 

purification, and enzyme assaying. S.C.A, H.J.G., L.S.G., and T.L.G. supervised. D.L.H. 

wrote the manuscript with input from other authors.  

Competing interests - The Albert Einstein College of Medicine and Biosyntia ApS have both 

filed patents applications covering Type II BioB. Biosyntia ApS is engaged in the development 

and commercialization of E. coli cell factories to produce vitamins, including biotin. 

Disclaimer - This work carried out partially in New York in the spring of 2020 was cut short 

by the COVID-19 pandemic. Out initial plans included enzyme assaying of many more fusion 

constructs. The constructed fusions included more BioBs and the alternative ECPs identified 

bioinformatically, shown in Figure 5|a. These were also be tested in their non-fused forms and 



Chapter V 

197 
 

with their respective reductases and BioBs. Unfortunately, we were only able to test 3 out of 

the ~60 different constructed fusion proteins (Table S3) in vitro, and none of the promising 

ferredoxin ECPs, before the shutdown of laboratory facilities. As such, the work described in 

this is still unfinished. 
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Chapter V - Supplementary material 
  

 

Figure S1: Examples of genomes from clusters containing non-ECP enzymes with 4Fe-4S or Flavin. Genes of 
interest of are highlighted and indicated by arrows. 

 

Table S1: Cluster of BioBs and the BioBs and ECPS of their representative genome presented in Figure 4. The 
cluster number, ratio (genomes in cluster with the ECP) are indicated, along with the length of the ECP and links 
to the Uniprot entry for each representative BioB and ECP. The Phylum and oxygen requirements of the 
organisms in the clusters are provided. The BioB Type is predicted based of the diversity of the C92 residues based 
on alignment with E. coli BioB, as described by Lennox-Hvenekilde et al. (2021). 
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PF00037 157 12/13 
 Fusobacterium 
gonidiaformans E5BDW7  Type II  E5BDW4  

4Fe4S 
ferredoxin 270 Anaerobe Fusobacteria 

PF00037 896 2/2 
Desulfoluna 

spongiiphila A0A1G5AY05 Type II A0A1G5AY98 

2x 4Fe4S 
Ferredoxin 380 Anaerobe Proteobacteria 

PF12838 84 14/14 
Clostridioides difficile 
ATCC 9689 

A0A125V238 

Type II 
A0A125V240 

2x 4Fe4S 
Ferredoxin 

357 Anaerobe Firmicutes 

PF13183 932 2/2 
Euryarchaeota 
archaeon 

A0A2I0Q6K2, 
A0A2I0Q6J2  ? 

A0A2I0Q6K1 

2x 4Fe4S 
Ferredoxin 

381 Anaerobe Euryarchaeota 

PF00258 921 1/2 
Campylobacter 

pinnipediorum 
A0A1S6TNQ8  

Type I 
A0A1S6TMX2  Flavodoxin 164 

Microaeroph
ile 

Proteobacteria 

PF00258 767 2/2 Buchnera aphidicola 
A0A172WDN
8  Type I 

A0A172WDK
0  

Flavodoxin 172 Aerobe Proteobacteria 

PF00111 556 2/3 
Planctomycetes 
bacterium 

A0A3L7V3R6 

Type I 
A0A3L7V642 

2Fe-2S 
Ferredoxin 

120 Facultative Planctomycetes 

PF00111 256 5/7 Bordetella hinzii A0A0H4W9P2 

Type I 
A0A0H4VWC
2  

2Fe-2S 
Ferredoxin 

112 Aerobe Proteobacteria 

PF02915 460 1/4 Pelosinus sp. UFO1 A0A075KCK0 Type II A0A075K716 Rubrerythrin 137 Anaerobe Firmicutes 

PF02915 738 1/2 
Chlorobium 
phaeobacteroides 

B3EPW2  

Type II 
B3EPW4  Rubrerythrin 166 Anaerobe Chlorobi 
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PF13370 682 3/3 
Desulfurella 
multipotens 

A0A1G6JUL6  

Type II 
A0A1G6JWX
4  

4Fe4S 
Ferredoxin 

61 Anaerobe Proteobacteria 

PF13370 605 3/3 Orenia marismortui A0A4R8HII7 

Type II 
A0A4R8HLR4 

4Fe4S 
Ferredoxin 

62 Anaerobe Firmicutes 

PF13370 55 16/51 
Methylorubrum 
extorquens DSM 6343 

C7CJB1 
Type I 

C7CJA7 
4Fe4S 
Ferredoxin 

73 Facultative Proteobacteria 

PF13484 1051 2/2 
Clostridium scindens 
DSM 5676 

B0NDK1  

Type II 
B0NDK0  

2x 4Fe4S 
Ferredoxin 

225 Anaerobe Firmicutes 

PF00301 1036 2/2 
Phascolarctobacterium 
faecium 

A0A3G9HEK
4  Type II 

A0A3G9GSX4 Rubredoxin 52 Anaerobe Firmicutes 

PF00301 476 4/4 Sulfurimonas sp. A0A432SFA1 Type I A0A432SFE7 Rubredoxin 55 Facultative Proteobacteria 

 

 

Figure S2: SDS-page of some purified boBioB – FldA +/- Fpr fusion proteins, as well as controls of the non-fused 
parts. Each sample was loaded as 5 µl of protein diluted to 35 µM based on UV-concentration determination. 
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Table S2: Liquid mMOPS media with spectinomycin was used as the based media, expect for the LB control, to 
which additives were added as shown below. The amino acid mix was prepared as shown in Table S9. Growth of 
BS5353 was only possible in the control media. 

 
Biotin 

1 uM 

Lipoic acid 5 uM Thiamine 

100 uM 

Amino 

acid Mix 

MEV 0.1 

g/L 

NAD 160 

uM 

Growth? 

Media 1 Y Y Y Y: 8x conc Y Y NO 
Media 2 Y Y Y Y:4x conc Y Y NO 
Media 3 Y Y Y Y:2x conc Y Y NO 
Media 4 Y Y Y Y Y Y NO 
Media 5 Y Y Y Y N Y NO 
Media 6 Y Y Y Y Y N NO 
Media 7 N Y Y Y Y Y NO 
Media 8 Y N Y Y Y Y NO 
Media 9 Y Y N Y Y Y NO 
Media 10 Y Y Y N Y Y NO 
Control LB LB LB LB Y LB YES 

 

Table S3: Plasmids used in this study. 

Plasmid 
Resistance Origin and 

(promoter) 
Description Source 

AB95D01 KanR, ColE1 Metagenomic plasmid library, from soil. ~1-3 kb insert size. Sommer et al. (2009)53 

57SDb01 KanR, ColE1 
Metagenomic plasmid library, from human fecal matter. ~1-3 kb 
insert size. Forsberg et al. (2012)54 

57SDb03 KanR, ColE1 
Metagenomic plasmid library, from human fecal matter. ~1-3 kb 
insert size. Forsberg et al. (2012)54 

Granja Pig KanR, ColE1 
Metagenomic plasmid library, from pig fecal matter. ~1-3 kb insert 
size. Genee et al. (2016)55 

Granja Cow KanR, ColE1 
Metagenomic plasmid library, from cow fecal matter. ~1-3 kb insert 
size. Genee et al. (2016)55 

pBS136 AmpR, ColE1 pMA7-sacB (MAGE plasmid) Lennen et al. (2016)56 

pBS0451 ZeoR, p15A Zeocin resistance plasmid used in the Bioassay strain Bali et al. (2020)18 

pBS679 AmpR, pSC101, T5LacO E. coli BioB inducible by IPTG Bali et al. (2020)18 

pBS693 SpecR, p15A, apFAB309 Plamsmid of cloning of mevalonate salvage pathway into 
Biosyntia ApS plasmid 
collection 

pBS848 pFree CRISPR-Cas9 based, one-step curing plasmid Lauritsen et al. (2017)49 

pBS1779 AmpR, pBR322, T5LacO 
High copy number plasmid used for expression plasmid for proteins 
to be purified 

Biosyntia ApS plasmid 
collection 

pBS1886 AmpR, pSC101, T5LacO boBioB no HIS, low copy number plasmid 
Lennox-Hvenekilde et al. 
(2021)11 

pBS1999 SpecR, p15A E. coli suf operon constitutively expressed 
Biosyntia ApS plasmid 
collection 

pBS1939 SpecR, p15A, apFAB309 Blautia obeum fldB, RBS library size:17 This study 

pBS1940 SpecR, p15A, apFAB309 Blautia obeum fldB-ybdK, RBS library size:68 This study 

pBS1941 SpecR, p15A, apFAB309 Blautia obeum fldC, RBS library size:17 This study 

pBS1942 SpecR, p15A, apFAB309 Blautia obeum fldC-ybdK, RBS library size:68 This study 

pBS1943 SpecR, p15A, apFAB309 Blautia obeum fdxA, RBS library size:17 This study 

pBS1944 SpecR, p15A, apFAB309 Blautia obeum fdxA-ybdK, RBS library size:68 This study 

pBS1945 SpecR, p15A, apFAB309 Blautia obeum fdxB, RBS library size:17 This study 

pBS1946 SpecR, p15A, apFAB309 Blautia obeum fdxB-X-ybdK, RBS library size:68 This study 

pBS1947 SpecR, p15A, apFAB309 Blautia obeum fdxC-X, RBS library size:17 This study 

pBS1948 SpecR, p15A, apFAB309 Blautia obeum fdxC-X-ybdK, RBS library size:68 This study 

pBS1949 SpecR, p15A, apFAB309 Blautia obeum fldA, RBS library size:17 This study 

pBS1950 SpecR, p15A, apFAB309 Blautia obeum fldA-ybdK, RBS library size:68 This study 
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pBS2271 AmpR, pBR322, T5LacO boBioB HIS tagged (no start codon) This study 

pBS2272 AmpR, pBR322, T5LacO boBioB no HIS This study 

pBS2273 AmpR, pBR322, T5LacO boBioB. Also plated on mMOPS anaerobic This study 

pBS2274 AmpR, pBR322, T5LacO cdiFer HIS-tagged This study 

pBS2275 AmpR, pBR322, T5LacO cdiFer NO HIS This study 

pBS2276 AmpR, pBR322, T5LacO cdiFpr HIS This study 

pBS2277 AmpR, pBR322, T5LacO cdiFpr NO HIS This study 

pBS2278 AmpR, pBR322, T5LacO FgoFer HIS This study 

pBS2279 AmpR, pBR322, T5LacO FgoFer NO HIS This study 

pBS2280 AmpR, pBR322, T5LacO MexFer HIS This study 

pBS2281 AmpR, pBR322, T5LacO MexFer NO HIS This study 

pBS2282 AmpR, pBR322, T5LacO MexFpr HIS This study 

pBS2283 AmpR, pBR322, T5LacO MexFpr NO HIS This study 

pBS2284 AmpR, pBR322, T5LacO CdiBioBII HIS This study 

pBS2285 AmpR, pBR322, T5LacO CdiBioBII aux. Also plated on mMOPS anaerobic This study 

pBS2286 AmpR, pBR322, T5LacO FgoBioBII HIS This study 

pBS2287 AmpR, pBR322, T5LacO FgoBioBII  no HIS This study 

pBS2294 AmpR, pBR322, T5LacO FldA C-terminal fusion to boBioB with Proline linker HIS This study 

pBS2295 AmpR, pBR322, T5LacO FldA C-terminal fusion to boBioB with Glycine linker HIS This study 

pBS2296 AmpR, pBR322, T5LacO FldA C-terminal fusion to boBioB with No linker HIS-tagged This study 

pBS2297 AmpR, pBR322, T5LacO 
Fpr-FldA C-terminal fusion to boBioB with Proline linker HIS-
tagged This study 

pBS2298 AmpR, pBR322, T5LacO 
Fpr-FldA C-terminal fusion to boBioB with Glycine linker HIS-
tagged This study 

pBS2299 AmpR, pBR322, T5LacO Fpr-FldA C-terminal fusion to boBioB with No linker HIS-tagged This study 

pBS2288 AmpR, pBR322, T5LacO FldA N-terminal fusion to boBioB with Proline linker HIS-tagged This study 

pBS2289 AmpR, pBR322, T5LacO FldA N-terminal fusion to boBioB with Glycine linker HIS-tagged This study 

pBS2290 AmpR, pBR322, T5LacO FldA N-terminal fusion to boBioB with No linker HIS-tagged This study 

pBS2291 AmpR, pBR322, T5LacO 
Fpr-FldA N-terminal fusion to boBioB with Proline linker HIS-
tagged This study 

pBS2292 AmpR, pBR322, T5LacO 
Fpr-FldA N-terminal fusion to boBioB with Glycine linker HIS-
tagged This study 

pBS2293 AmpR, pBR322, T5LacO Fpr-FldA N-terminal fusion to boBioB with No linker HIS-tagged This study 

pBS2196 AmpR, pSC101, T5LacO FldA EcoBioB N-terminal fusion PRO linker This study 

pBS2197 AmpR, pSC101, T5LacO FldA EcoBioB N-terminal fusion GLY linker This study 

pBS2198 AmpR, pSC101, T5LacO FldA EcoBioB N-terminal fusion NO linker This study 

pBS2199 AmpR, pSC101, T5LacO FldA-Fpr EcoBioB N-terminal fusion PRO linker This study 

pBS2200 AmpR, pSC101, T5LacO FldA-Fpr EcoBioB N-terminal fusion GLY linker This study 

pBS2201 AmpR, pSC101, T5LacO FldA-Fpr EcoBioB N-terminal fusion NO linker This study 

pBS2202 AmpR, pSC101, T5LacO FldA EcoBioB C-terminal fusion PRO linker This study 

pBS2204 AmpR, pSC101, T5LacO FldA EcoBioB C-terminal fusion NO linker This study 

pBS2205 AmpR, pSC101, T5LacO FldA-Fpr 679-EcoBioB C-terminal fusion PRO linker This study 

pBS2206 AmpR, pSC101, T5LacO FldA-Fpr EcoBioB C-terminal fusion GLY linker This study 

pBS2207 AmpR, pSC101, T5LacO FldA-Fpr EcoBioB C-terminal fusion NO linker This study 

pBS2305 AmpR, pBR322, T5LacO boBioB-GLY-FldA no HIS-tag This study 

pBS2306 AmpR, pBR322, T5LacO boBioB-NO-FldA no HIS-tag This study 

pBS2307 AmpR, pBR322, T5LacO boBioB-PRO-FldA-fpr HIS-tag This study 

pBS2308 AmpR, pBR322, T5LacO boBioB-GLY-FldA-fpr no HIS-tag This study 
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pBS2309 AmpR, pBR322, T5LacO boBioB-NO-FldA-fpr no HIS-tag This study 

pBS2300 AmpR, pBR322, T5LacO FldA-PRO-boBioB no HIS-tag This study 

pBS2301 AmpR, pBR322, T5LacO FldA-GLY-boBioB no HIS-tag This study 

pBS2302 AmpR, pBR322, T5LacO FldA-NO-boBioB HIS-tag This study 

pBS2303 AmpR, pBR322, T5LacO Fpr-FldA-GLY-boBioB HIS-tag This study 

pBS2304 AmpR, pBR322, T5LacO FldA-Fpr-NO-BioB no HIS-tag This study 

pBS2310 AmpR, pBR322, T5LacO HIS-fgoFer-PRO-boBioB This study 

pBS2311 AmpR, pBR322, T5LacO HIS-MexFer-PRO-boBioB This study 

pBS2312 AmpR, pBR322, T5LacO HIS-boBioB-PRO-fgoFer This study 

pBS2313 AmpR, pBR322, T5LacO HIS-boBioB-PRO-cdiFer This study 

pBS2314 AmpR, pBR322, T5LacO HIS-boBioB-PRO-mexFer This study 

pBS2315 AmpR, pBR322, T5LacO HIS-fgoFer-PRO-fgoBioB This study 

pBS2316 AmpR, pBR322, T5LacO HIS-cdiFer-PRO-fgoBioB This study 

pBS2317 AmpR, pBR322, T5LacO HIS-fgoBioB-PRO-fgoFer This study 

pBS2318 AmpR, pBR322, T5LacO HIS-fgoBioB-PRO-mexFer This study 

pBS2319 AmpR, pBR322, T5LacO HIS-fgoFer-PRO-cdiBioB This study 

pBS2320 AmpR, pBR322, T5LacO HIS-MexFer-PRO-cdiBioB This study 

pBS2321 AmpR, pBR322, T5LacO HIS-cdiBioB-PRO-fgoFer This study 

pBS2322 AmpR, pBR322, T5LacO HIS-cdiBioB-PRO-cdiFer This study 

pBS2323 AmpR, pBR322, T5LacO HIS: FldA-Fpr EcoBioB N-terminal fusion GLY This study 

pBS2324 AmpR, pBR322, T5LacO HIS: FldA EcoBioB C-terminal fusion PRO This study 

pBS2325 AmpR, pBR322, T5LacO HIS: FldA EcoBioB C-terminal fusion NO This study 

pBS2326 AmpR, pBR322, T5LacO HIS-fgoFer-GLY-boBioB This study 

pBS2327 AmpR, pBR322, T5LacO HIS-MexFer-GLY-boBioB This study 

pBS2328 AmpR, pBR322, T5LacO HIS-boBioB-GLY-fgoFer This study 

pBS2329 AmpR, pBR322, T5LacO HIS-boBioB-GLY-cdiFer This study 

pBS2330 AmpR, pBR322, T5LacO HIS-boBioB-GLY-mexFer This study 

pBS2331 AmpR, pBR322, T5LacO HIS-fgoFer-NO-boBioB This study 

pBS2332 AmpR, pBR322, T5LacO HIS-MexFer-NO-boBioB This study 

pBS2333 AmpR, pBR322, T5LacO HIS-boBioB-NO-fgoFer This study 

pBS2334 AmpR, pBR322, T5LacO HIS-boBioB-NO-cdiFer This study 

pBS2335 AmpR, pBR322, T5LacO HIS-boBioB-NO-mexFer This study 

pBS2350 SpecR, p15A, apFAB309 Mevalonate salvage pathway from S. cerevisiae and idi from E. coli. This study 

 

Table S4| Oligos used in this study. 

Oligo Sequence Description 
moBS517 caaagaagatctggaagcttatgacattctgctgctggg 

catcccaacctgatagtaaggcgaagcgcagtgtgactgggatgacttctt 
 

MAGE oligo for translational KO of fadD, preventing 
oxidation of OA. 

oBS0265  cctcgaggtcgacggtatcgataag Fw Sequencing of metagenomic plasmid insert  

oBS1223 atttgtccuactcaggagagcgttcaccg Rv Sequencing of metagenomic plasmid insert  

oBS2629 aggttatttcactcatggctatcactggc fw Genomic fldA sequencing primer  

oBS3394 atcaggcattgagaatttcgtcgagat rv Genomic fldA sequencing primer  

oBS4237 acttccaaucc aacccacttactttagcccagg boBioB no start codon (USER for HIS) 

oBS4238 attggaagu acaggttctcggtacccag Rv plasmid (with HIS TAG) 
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oBS4239 accgcugccaccaccgccagaaccgccgccacca gctatcactggcatctttttcgg Proline-linker fldA fw: 

oBS4240 agcggu ggcggcggtagcggcggtggtggctc cacttccttccagtattcaggagt Proline-linker boBioB Rv 

oBS4241 aggtggcu cagggggc gctatcactggcatctttttcgg Glycine-linker fldA fw: 

oBS4242 agccaccu cctgacccccc cacttccttccagtattcaggagt Glycine-linker boBioB Rv 

oBS4243 aagcttgu tcaggcattgagaatttcgtcgag Rv flda 

oBS4244 aagcttgu ttaccagtaatgctccgctgtca Rv Fpr (from flda-fpr fusion) 

oBS4245 accgcu gccaccaccgccagaaccgccgccacca aacccacttactttagcccagg fw boBioB no start codon USER Proline linker 

oBS4246 aggtggcu cagggggc aacccacttactttagcccagg fw boBioB no start codon USER Glycine linker 

oBS4247 agcggu ggcggcggtagcggcggtggtggctc ggcattgagaatttcgtcgag Rv FldA no stop codon. proline linker 

oBS4248 agccaccu cctgacccccc ggcattgagaatttcgtcgag Rv FldA no stop codon. glycine linker 

oBS4249 acttccaaucc gctatcactggcatctttttcgg Fw FldA (USER for HIS-tag) (no fpr) 

oBS4250 agcggu ggcggcggtagcggcggtggtggctc ccagtaatgctccgctgtca Rv Fpr (no stop codon) Proline linker 

oBS4251 acttccaaucc gctgattgggtaacaggcaaa Fw Fpr for HIS (no start codon) 

oBS4252 aggaagtu gctatcactggcatctttttcgg fw flda (no linker no start codon) 

oBS4253 aacttccu tccagtattcaggagttacgtcac rv boBIoB with USER in ORF (no stop) 

oBS4254 aacccactu actttagcccaggaaattattgac fw boBioB (no start codon USER in ORF) 

oBS4255 aagtgggtu ggcattgagaatttcgtcgag rv flda (no stop codon) 

oBS4266 atttaccuccttagctctagagatactagttagagaacc HIS-tag expression backbone rv for no HIS 

oBS4267 aggtaaau atgaacccacttactttagcccagga fw boBioB (w/start codon) no HIS 

oBS4268 aggtaaau atggctatcactggcatctttttcgg fw flda (w/ start codon) no HIS 

oBS4269 aggtaaau atggctgattgggtaacaggcaaag fw fpr (w/start codon) no HIS 

oBS4291 acttccaaucc atggaaaagtcaaaagtatatttttgtgatttatactcaa fw CdiFer HIS 

oBS4292 aggtaaau atggaaaagtcaaaagtatatttttgtgatttatactcaa fw CdiFer 

oBS4293 aagcttgu ttataattttattaattcatattctttacttcccatacccatttc Rv CdiFer 

oBS4294 acttccaaucc atggcaaagatattaggtatttgtggaagt Fw CdiFpr HIS 

oBS4295 aggtaaau atggcaaagatattaggtatttgtggaagt Fw CdiFpr 

oBS4296 aagcttgu ttagtggtctctaagaggtgatttttcatct Rv CdiFpr 

oBS4297 acttccaaucc atgaaagtgaagaaagtatgggcagc Fw FgoFer HIS 

oBS4298 aggtaaau atgaaagtgaagaaagtatgggcagc Fw FgoFer 

oBS4299 aagcttgu ttatacaaaatattccggctcagccc Rv FgoFer 

oBS4300 acttccaaucc atgaaggtcgtcgtggatctca Fw MexFer HIS 

oBS4301 aggtaaau atgaaggtcgtcgtggatctca Fw MexFer 

oBS4302 aagcttgu tcaccgcgcctctccg Rv MexFer 

oBS4303 acttccaaucc atgacgacgcaacctgagc Fw MexFpr (ATG start) HIS 

oBS4304 aggtaaau atgacgacgcaacctgagc Fw MexFpr (ATG start) 

oBS4305 aagcttgu ctagggctcctgcacacgg Rv MexFpr 

oBS4340 atttaccu taataaaatttaaatgcgtgcccgcagata Rv fldA RBS USER for oBS4267 

oBS4341 acaagctu atggtccacaggacactcgttg fw aux. plasmid USER for oBS3643 (TIIBioBs) 

oBS4342 aggtaaau atgaaggaatttatacatcaattgaaggacagagtat fgoBioB fw (No HIS/aux. Plasmid) 

oBS4343 acttccaaucc atgaaggaatttatacatcaattgaaggacagagtat fgoBioB fw (HIS) 

oBS4344 aagcttgu ttagtattcataaccaagctccttaatcatttttttatca fgoBioB rv (HIS plasmid/aux plasmid  

oBS4345 aggtaaau atggaaaaatacataataaaattaaaaaataaagtattgagagaaaaagaa Cdi fw (No HIS/aux. Plasmid) 

oBS4346 acttccaaucc atggaaaaatacataataaaattaaaaaataaagtattgagagaaaaagaa CdiBioB fw (HIS) 

oBS4347 aagcttgu ttaaagttcaaatccttgctctataatcatttttttatcatttt Cdi rv (HIS) 
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oBS4348 tgaataaagaaaccagccatgtgatgc Fpr seq fw (end of gene) 

oBS4349 ccggcggtaaacggaagcac Fpr seq rv (beginning of gene) 

oBS4361 acttccaaucc atgcgctttttatttgctcaccg ecoBioB fw USER for HIS-tag expression vector 

oBS4362 accgcu gccaccaccgccagaaccgccgccacca cgctttttatttgctcaccgcc ecoBioB fw no start-codon: Proline linker 

oBS4363 aggtggcu cagggggc cgctttttatttgctcaccgcc ecoBioB fw no start-codon: Glycine linker 

oBS4364 aga tttttattu gctcaccgcccacg ecoBioB fw Fusion no linker ecoBioB fw First Arg 
codon: gcg->aga 

oBS4365 agcggu ggcggcggtagcggcggtggtggctc taatgctgccgcgttgtaatattcg ecoBioB rv no stop Proline linker 

oBS4366 agccaccu cctgacccccc  taatgctgccgcgttgtaatattcg ecoBioB rv no stop glycine linker 

oBS4367 atgctgcu gcgttgtaatattcgtcggtgtc ecoBioB rv no stop no Linker fusion 

oBS4368 aaataaaaatcu ggcattgagaatttcgtcgagatgc rv fw flda (no linker no stop codon) (USER for ecoBioB 
fuse) 

oBS4369 agcagcau ta gctatcactggcatctttttcgg fw flda no linker (no linker no start codon) (USER for 
ecoBioB fuse) 

oBS4431 accgcu gccaccaccgccagaaccgccgccacca aaggaatttatacatcaattgaagga fw fgoBioB no start codon (proline linker). Low melt 
temp 

oBS4431 agcggu ggcggcggtagcggcggtggtggctc gtattcataaccaagctccttaatcatt fw fgoBioB no start codon (proline linker). Low melt 
temp 

oBS4432 accgcu gccaccaccgccagaaccgccgccacca 
gaaaaatacataataaaattaaaaaataaagtattgagagaaaaagaaata 

rv fgoBioB no stop codon (proline linker). Low melt 
temp 

oBS4433 agcggu ggcggcggtagcggcggtggtggctc aagttcaaatccttgctctataatcatttttttatc fw cdiBioB no start codon (proline linker) 

oBS4434 accgcu gccaccaccgccagaaccgccgccacca aaagtgaagaaagtatgggcagct rv cdiBioB no stop codon (proline linker) 

oBS4435 agcggu ggcggcggtagcggcggtggtggctc tacaaaatattccggctcagccc Fw fgoFer proline linker No start 

oBS4436 accgcu gccaccaccgccagaaccgccgccacca 
gaaaagtcaaaagtatatttttgtgatttatactcaaatt 

Rv fgoFer Proline liner no stop codon 

oBS4437 agcggu ggcggcggtagcggcggtggtggctc taattttattaattcatattctttacttcccataccca Fw cdiFer proline linker No start 

oBS4438 accgcu gccaccaccgccagaaccgccgccacca aaggtcgtcgtggatctcaac Rv cdiFer Proline liner no stop codon 

oBS4439 agcggu ggcggcggtagcggcggtggtggctc ccgcgcctctccggcc Fw mexFer proline linker No start 

oBS4440 accgcu gccaccaccgccagaaccgccgccacca aaggaatttatacatcaattgaagga Rv mexFer Proline liner no stop codon 

oBS4479 aggtggcu cagggggc aaagtgaagaaagtatgggcagcttattttagtg Fw fgoFer Glycine linker No start 

oBS4480 agccaccu cctgacccccc tacaaaatattccggctcagcccttct Rv fgoFer Glycine liner no stop codon 

oBS4481 aggtggcu cagggggc gaaaagtcaaaagtatatttttgtgatttatactcaaattcgca Fw cdiFer Glycine linker No start 

oBS4482 agccaccu cctgacccccc taattttattaattcatattctttacttcccatacccattt Rv cdiFer Glycine liner no stop codon 

oBS4483 aggtggcu cagggggc aaggtcgtcgtggatctcaaccg Fw mexFer Glycine linker No start 

oBS4484 agccaccu cctgacccccc ccgcgcctctccggc Rv mexFer Glycine liner no stop codon 

oBS4485 aggaagtu aaagtgaagaaagtatgggcagcttattttagtg Fw fgoFer no linker No start USER for boBioB 

oBS4486 aagtgggtu tacaaaatattccggctcagcccttct Rv fgoFer no liner no stop codon USER for boBioB 

oBS4487 aggaagtugaaaagtcaaaagtatatttttgtgatttatactcaaattcgca Fw cdiFer no linker No start USER for boBioB 

oBS4488 aagtgggtu taattttattaattcatattctttacttcccatacccatttc Rv cdiFer no liner no stop codon USER for boBioB 

oBS4489 aggaagtu aaggtcgtcgtggatctcaaccg Fw mexFer no linker No start USER for boBioB 

oBS4490 aagtgggtu ccgcgcctctccggc Rv mexFer no liner no stop codon USER for boBioB 

oBS1475 agcttcauatggtccacaggacactcgttg Fw pBS0693 for inseriotn of MVA salvage pathway 

oBS2240 actgccauccacagacactacgagccggatga ttaattgtcaacaccatttgccagctgg Rv pBS0693 for inseriotn of MVA salvage pathway 

oBS4620 atggcagu taagcttgatatcgaattcctgcagtaggaggaattaacc 
atgtcattaccgttcttaacttctgcac 

ERG12 (S. cerevisiae) fw USER for oBS2240 

oBS4621 atctgccu cttatgaagtccatggtaaattcgtgtttcc ERG12 (S. cerevisiae) rv USER for oBS4622 

oBS4622 aggcagau caaatgtcagagttgagagccttcagtg ERG8 (S. cerevisiae) fw USER for oBS4621 

oBS4623 agtattaccu cttatttatcaagataagtttccggatctttttctttcct ERG8 (S. cerevisiae) rv USER for oBS4624 

oBS4624 aggtaatacu catgaccgtttacacagcatccgtta MVD1 (S. cerevisiae) fw USER for oBS4623 

oBS4625 agtaatccu cctcccgggctgcag ttattcctttggtagaccagtctttgcg MVD1 (S. cerevisiae) rv USER for oBS4626 

oBS4626 aggattacu at atgcaaacggaacacgtcattttattga IDI (E. coli) fw USER for oBS4625 

oBS4627 atgaagcu ttatttaagctgggtaaatgcagataatcgtttt IDI (E. coli) rv USER for oBS1475 
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Table S5|Strains used in this study. 

Strain Genotype Description Source 
BL21(DE3) 

- pPH151 

 

BL21(DE3) expressing E. coli Suf from a 
constitutive plasmid (pPH151) 

Escherichia coli BL21(DE3) with the pPH151 plasmid. 
Used for BioB protein expression. 
 

Grove lab and 
Hänzelmann 
(2004)45 

B1575 ∆bio operon (∆bioA, ∆bioB-bioD), ∆bioH, iscR 
(H107Y), ∆fldA 

Biotin auxotroph strain with improved Fe-S Bali et al 
(2019)57 

BS4973 

 

∆bio operon (∆bioA, ∆bioB-bioD), ∆bioH, iscR 
(H107Y), ∆fldA pBS2350 

B1575 with fldA KO’ed in the presence of the yeast 
MVA salvage pathway (pBS2350) 

This work 

BS5353 

 

∆bio operon (∆bioA, ∆bioB-bioD), ∆bioH, iscR 
(H107Y), ∆fldA, pBS2350, pBS679 

BS4973 containing pBS679, expressing ecBioB 
 

This work 

 

Table S6| DNA/proteins used in this study and their sources. 

Gene/protein Source of DNA Sequence  
Flavodoxin 1 
 

Blautia obeum ATCC 29174 genomic DNA A5ZUB3  
Flavodoxin 3 
 

Blautia obeum ATCC 29174 genomic DNA A5ZNZ8  
Flavodoxin 4 
 

Blautia obeum ATCC 29174 genomic DNA A5ZP12  
Ferredoxin 2 Blautia obeum ATCC 29174 genomic DNA A5ZPS0  
Ferredoxin 2 fused to 
uncharacterized domain 

Blautia obeum ATCC 29174 genomic DNA A5ZVE0  
Ferredoxin 3 fused to 
uncharacterized domain 

Blautia obeum ATCC 29174 genomic DNA A5ZP14  
Pyruvate-ferredoxin(flavodoxin) 
oxidoredutase 

Blautia obeum ATCC 29174 genomic DNA A5ZUP2  
boBioB Blautia obeum ATCC 29174 genomic DNA Genbank  
ecBioB Escherichia coli BW25113 genomic DNA Genbank  
ecFldA Escherichia coli BW25113 genomic DNA Genbank  
ecFpr Escherichia coli BW25113 genomic DNA Genbank  
mexBioB Methylorubrum extorquens DSM 6343 genomic 

DNA 

Genbank  
mexFer Methylorubrum extorquens DSM 6343 genomic 

DNA 
Genbank  

mexFpr Methylorubrum extorquens DSM 6343 genomic 
DNA 

Genbank  
cdiBioB Clostridioides difficile DSM 27147 genomic DNA Genbank  
cdiFer Clostridioides difficile DSM 27147 genomic DNA Genbank  
cdiFpr Clostridioides difficile DSM 27147 genomic DNA Genbank  
fgoBioB Fusobacterium gonidiaformans DSM 19810 genomic 

DNA 

Genbank  
fgoFer Fusobacterium gonidiaformans DSM 19810 genomic 

DNA 

Genbank  
Mevalonate kinase (ERG12) Saccharomyces cerevisiae S288C genomic DNA Genbank  
Phosphomevalonate kinase 
(ERG8) 

Saccharomyces cerevisiae S288C genomic DNA Genbank  
Mevalonate pyrophosphate 
decarboxylase (MVD1) 

Saccharomyces cerevisiae S288C genomic DNA Genbank  

isopentenyl diphosphate 
isomerase (idi) 

Escherichia coli BW25113 genomic DNA Genbank  
Serratia FldA Metagenomic plasmid hit 1 

Serratia marcescens strain FY (94.80% ID) 

atggctactgtaggcattttctttggcagcgacactggcaataccgaaaacattgccaaaatgatccagaaaattcttcagaaacagtttggcgacga 
tgtgtctgaaattcacgacatcgccaaaagcagcaaagaagatctggaagctttcgatatcctgctgctgggtatcccaacctggtactacggcgaagc 
gcagtgcgactgggatgactttttcccgacgctggaagaagtggacttcaacggcaaactggtggcgctgttcggctgcggcgatcaggaagactacg 
cggaatacttctgtgacgcgatgggcaccattcgcgacatcatcgaaccgcacggcgcggccatcgtcggccactggccgaccaaaggctaccacttc 
gaagcctccaagggcctggcggacgacaacaacttcatcggtctggcgatcgacgaagaccgtcagcctgagctgaccaacgagcgtgtcgaagcct 
gggtcaagcagatagtcgaagagctgagcgacctcgagggggggcccggtacctttctcctctttaatgaattcggtcagtgcgtcctgctgatgtgctcag 
tatctctatcactgatagggatgtcaatctctatcactgatagggactcgaggtga 

 

Pantoea FldA Metagenomic plasmid hit 2 
Pantoea sp. SO10 (97.74% ID) 

atggcaatcgtaggcattttcttcggcagcgataccggcaacactgaaaacattgcaaagatgatccagaaacaactgggtaaagatgtcgccgaagtg 
catgacattgctaagagcaccaaagaagatctcgatgcgttcgacatcctgctgctgggcatcccaacctggtattacggcgaagcgcagtgtgactgg 
gatgatttcttcccgacgctggaagagattgatttcaatggcaagctggtagcgctgtttggttgtggcgatcaggaagattacgccgagtacttctgtgat 
gcgatgggcaccatccgtgacatcatcgagccaaacggtgcagtgatcgttggtcactggccaaccgaaggctatcacttcgaagcttctaaaggcctgg 
ccgatgacaaaaacttccttggtttggccattgacgaagatcgtcagccggaattgaccaacgaacgcgttgagaagtgggtgaagcagatctttgacga 
gctgcagctgaaagagattattgaagcttaa 
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Table S7| mMOPS media recipe. Used for minimal media agar plates and small-scale aerobic screening, and 
precultures for small-scale microaerobic screening. 

Component Volume (ml) 

10x Modified MOPS 
400 mM MOPS, 40 mM Tricine, 0.10 mM Iron Sulfate, 95 mM Ammonium Chloride, 2.76 mM Potassium Sulfate, 5 

µM Calcium Chloride, 5.25 mM Magnesium Chloride, 500 mM Sodium Chloride, 2.92E-6 mM Ammonium Molybdate, 

4.0E-4 mM Boric Acid, 3.02E-5 mM Cobalt Chloride, 9.62E-6 mM Copper Sulfate, 8.08E-5mM Magnesium Chloride, 

9.74E-6 mM Zinc Sulfate 

100 

0.132 M K2HPO4 solution 
Di-basic 

10 

500 X Vitamin soulution 
 2.38 mg/ml calcium pantothenate, 0.69 mg/ml p-aminobenzoic acid, 0.69 mg/ml p-hydroxybenzoic acid, 0.77 mg/ml 

2,3-dihydroxybenzoic acid 

2 

20% w/v D-glucose 10 (2g/L final) 
MQ water Fill To 1 L 

 

Table S8| mFIT minimal media recipe. Used for small-scale biotin cell factory production screening. 

Component Volume (ml) 

Salt solution 
87.23 g/L MOPS, 20.84 g/L (NH4)2, 6.24 g/L K2HPO4, 6.24 g/L Na3Citrate · 2H2O, 4.16 g/L NH4Cl 

Adjust to pH 7.4 with NaOH or H2SO4 

480 

Magnesium sulfate solution  
50 g/L MgSO4 · 7H2O 

10 

Trace element solution 
0.22 g/L ZnSO4 · 7H2O, 0.2 g/L CuSO4 · 5H2O, 0.12 g/L, MnSO4 · 4H2O, 16.7 g/L FeCl3 · 6H2O, EDTA disodium, 0.22 CoCl3 · 

2H2O, 0.8 g/L CaCl2 · 2H2O 

1 

20% w/v D-glucose 50 (10 g/L final) 
MQ water Fill To 1 L 

 

Table S9| Amino acid mix used for formulating synthetic minimum selection media. Recipe base on Neidhardt et 
al. (1974)58. 

Amino acid 

Grams amino acid per liter (5x 

concentration) 

Grams amino acid per liter (1x 

final concentration) 
alanine (free) 0.356 g 0.0712 g 
arginine (HCl) 5.486 g 1.0972 g 
asparagine (free) 0.264 g 0.0528 g 
aspartic acid (K salt) 0.342 g 0.0684 g 
cysteine (HCl H2O) 0.09 g 0.018 g 
glutamic acid (K salt) 0.556 g 0.1112 g 
glutamine (free) 0.45 g 0.09 g 
glycine (free) 0.3 g 0.06 g 
histidine (HCl H2O) 0.21 g 0.042 g 
isoleucine (free) 0.26 g 0.052 g 
leucine (free) 0.528 g 0.1056 g 
lysine 0.366 g 0.0732 g 
methionine (free) 0.15 g 0.03 g 
phenylalanine (free) 0.332 g 0.0664 g 
proline (free) 0.23 g 0.046 g 
serine (free) 5.25 g 1.05 g 
threonine (free) 0.238 g 0.0476 g 
tryptophane (free) 0.104 g 0.0208 g 
tyrosine (free) 0.18 g 0.036 g 
valine (free) 0.352 g 0.0704 g 
mMOPS media To 1 L g  
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Chapter VI  

Conclusions & Perspectives 
 

Extraordinary effort must be expended to decelerate anthropogenic climate change. The 

way in which we currently produce materials and chemicals from fossil fuel-derived feedstocks 

is one of many industries that must be re-invented by novel technological breakthroughs. A 

potential solution to this problem is the use of microbial cell factories. The use of genetically 

engineered cell factories for the industrial production of chemicals is gaining traction, with more 

and more interest in, and funding for, companies and academic research fueling continuous 

breakthroughs in, e.g., synthetic and molecular biology, bioinformatics, and bioprocessing. 

There is, however, still a long way to go.  

This thesis focused on applying synthetic biology techniques for improving critical 

enzymatic bottlenecks in industrially interesting E. coli cell factories, producing lipoic acid and 

biotin. These high-value chemicals are used extensively in consumer products but are still 

produced exclusively by petrochemical synthesis today. This thesis represents a small step 

towards potentially replacing the production of these with commercially viable and more 

sustainable cell factory bioprocesses. 

Focusing on lipoic acid in Chapter II, we used both rational cell factory design coupled 

with functional metagenomic selections to construct an efficient lipoic acid E. coli cell factory. 

We optimized this by iteratively building and testing thousands of constructs and combinatorial 

expression levels of the bottleneck biosynthetic genes in the pathway. After scaling the 

production to a bench-top bioreactor, we demonstrated production of de novo and free lipoic 

acid up to ~3000-fold higher than previously published. The major bottleneck enzyme of the 

lipoic acid cell factory, Lipoyl Synthase (LipA), can only produce covalently protein-bound 

lipoic acid. This is a significant issue for further cell factory development, one which we set out 

to solve in Chapter III. We developed a selection system that can specifically select potential 

free-acting LipAs and applied this to metagenomic and error-prone PCR plasmid libraries. Using 

a bioinformatics approach, we attempted to discover a free-acting LipA among whole-genome 

sequenced bacteria. In the end, we were not successful in identifying this novel LipA, which we 
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hypothesized could exist or be engineered. However, we used the insights gained to discover a 

likely new de novo lipoic acid pathway present in a large group of anaerobic bacteria and gained 

a better understanding of the sequence determinants of functional heterologous LipA expression 

in E. coli. 

In Chapter IV, we transitioned to studying another important bottleneck enzyme, Biotin 

Synthase (BioB). This enzyme is highly similar to LipA, and its complex and inefficient mode 

of catalysis is well-documented as the limiting factor in the development of biotin-producing cell 

factories. In this chapter, we explored the diversity of all available BioB protein sequences, 

finding that there is unexpected variability in a Fe-S cluster coordinating residue, previously 

thought to be strictly conserved. After further experimental characterization, we found that these 

divergent sequences encode a novel type of BioB, which utilizes an alternative mechanism for 

sulfur insertion. This Type II mechanism is fundamentally more efficient than the standard Type 

I BioB catalysis in that it does not destroy a Fe-S cluster for sulfur insertion. We evaluated this 

novel Type II BioB for cell factory performance in a cell factory setting. However, it could 

initially not perform better than Type I BioB when tested heterologously in E. coli. We discussed 

several possible strategies for improving Type II BioB, allowing it to live up to its 

biotechnological potential. One of these is improving the electron transfer process from NADPH 

to BioB, which we explored in Chapter V. We investigated the distribution of BioB related 

electron carrier proteins (ECPs) across sequenced genomes and found that Type II often co-

locates with 4Fe-4S ferredoxins in the genomes of many anaerobic organisms. Using some of 

these ferredoxins and flavodoxin from E. coli, we engineered a library of synthetic fusion proteins 

under the hypothesis that physical proximity might aid inefficient electron transfer. Testing some 

of these fusion proteins both in vitro and in vivo showed promising initial results, indicating that 

these complex fusion proteins were expressed, loaded, and functioned properly. As a tool for 

discovering functional ECPs in E. coli, for potential further testing, we developed a selection 

platform and showed this to be able to select functional heterologous Flavodoxins from 

metagenomic libraries. 

Overall, the tools, discoveries, and novel observations presented in this thesis present an 

advance in the understanding and development of lipoic and biotin production cell factories, 

with special attention given to the two bottleneck enzymes, LipA and BioB. These are highly 

complex enzymes, and all facets of their catalysis are still not fully understood, despite decades 
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of biochemical study. This work has left unanswered questions and potential new avenues of 

research, many of which are still under investigation at the industrial partner for this thesis, 

Biosyntia ApS. With luck, the results presented here, and the ongoing work still in progress, will 

aid in the ambitious target of replacing fossil-fuel derived lipoic acid and biotin production with 

sustainable cell factory bioprocesses in the not-too-distant future. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Wow, did you actually read this whole mess? If so, I’m impressed. Thanks for reading! 

 


