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Multidimensional engineering for the production of fatty acid derivatives in 
Saccharomyces cerevisiae 

YATING HU 
Department of Biology and Biological Engineering 

Chalmers University of Technology 
 
Abstract 
Saccharomyces cerevisiae, also known as budding yeast, has been important for human society since 
ancient time due to its use during bread making and beer brewing, but it has also made important 
contribution to scientific studies as model eukaryote. The ease of genetic modification and the 
robustness and tolerance towards harsh conditions have established yeast as one of the most 
popular chassis in industrial-scale production of various compounds. The synthesis of oleochemicals 
derived from fatty acids (FAs), such as fatty alcohols and alka(e)nes, has been extensively studied in 
S. cerevisiae, which is due to their key roles as substitutes for fossil fuels as well as their wide 
applications in other manufacturing processes. Aiming to meet the commercial requirements, efforts 
in different engineering approaches were made to optimize the TRY (titer, rate and yield) metrics in 
yeast.  

The major aim of this thesis was to enable a versatile yeast platform for the production of FA 
derivatives through diverse engineering strategies. We tested several membrane transporters for the 
potential to mediate fatty alcohol export in S. cerevisiae.  A novel function of the mammalian 
transporter FATP1 was identified as it was able to benefit fatty alcohol efflux in a high fatty alcohol 
production strain. According to the results, human FATP1 led to an improvement of extracellular 
fatty alcohols (2.6-fold increase) and cell fitness compared with the control strain. FATP1 was then 
introduced into an engineered S. cerevisiae strain carrying a heterologous 1-alkene biosynthetic 
pathway for improved 1-alkene secretion and production. Combined with an optimization of fatty 
acid metabolism and the electron transport system, a final titer of 35.3 mg/L of 1-alkenes was 
achieved with more than 80% being secreted.  

Medium-chain fatty acids (MCFAs) are non-inherent fatty acids in yeast whose microbial synthesis is 
considered to be challenging. Through expressing either an engineered native fatty acid synthase 
(FAS) or an engineered bacterial type I FAS, the synthesis of MCFAs has been successfully 
implemented in yeast. In our work, directed evolution of the native transporter Tpo1 and adaptive 
laboratory evolution were performed to increase the tolerance against MCFAs. Together with further 
augmentation of the metabolic flux towards MCFAs and optimization of the cultivation process this 
resulted in >1 g/L MCFA production. Based on the MCFA production platform, we attempted to 
synthesize medium-chain fatty alcohols (MCFOHs, C6-C12) in yeast. Different protein engineering 
strategies were designed to engineer the carboxylic acid reductase from Mycobacterium marinum 
(MmCAR), a key enzyme involved in fatty acid conversion. We successfully changed the substrate 
specificity towards MCFAs and improved the enzyme catalytic activity via directed evolution, using 
both rational and semi-rational approaches. With further deleting the TPO1 transporter gene and 
combining different MmCAR mutations, a final production of 250 mg/L MCFOHs was achieved, a 3-
fold increase compared with the control strain.   

In conclusion, we provided new insight into the establishment of yeast platforms for the production 
of FA derivatives through multidimensional engineering strategies.  

Keywords: Saccharomyces cerevisiae, fatty acid derivatives, metabolic engineering, protein 
engineering, transporter, tolerance  
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1 Introduction 

 
1.1 Saccharomyces cerevisiae as cell factory for production of diverse molecules 
 

The yeast Saccharomyces cerevisiae has been one of most frequently used microorganism 
since ancient times. In past decades, the traditional role of S. cerevisiae for bread making 
and beer brewing has been extended to the production of diverse chemicals1. S. cerevisiae, 
an intensively studied model eukaryote, has the advantage of a well-characterized genetic 
background. The ease of manipulation, the robustness and the resistance to phage 
contamination allow it to act as one of the most popular industrially applied 
microorganisms1. Additionally, the functional expression of eukaryotic cytochrome P450 
enzymes enables it to be a suitable host for the production of natural products2. Along with 
these advantages, the great interest of reconstructing biosynthesis pathways in S. cerevisiae 
has given access to the industrial production of various chemicals (Fig. 1). Owing to the 
dramatic advances in biotechnology in recent years, the biosynthesis of several natural 
products with commercial purpose as well as alternative biofuels was comprehensively 
demonstrated in yeast, which is expected to benefit the sustainable development of society. 
A number of prominent examples are presented in the following chapters.  

 

Figure 1. Reconstructing heterologous biosynthesis pathway enables the production of ethanol, oleochemicals 
and natural products. 
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1.1.1 Biosynthesis of natural products in S. cerevisiae 
 

Natural products are the metabolites produced by living organisms, of which a branch of 
secondary metabolites derived from primary metabolites is considered to be high-value 
compounds with great commercial interests as cosmetics, medicines and food additives. The 
traditional way to obtain these metabolites through directly extracting them from plants is 
often considered an inefficient and uneconomical manner that too much relies on climate 
conditions and plant life cycles3. In addition, a low yield production can be aggravated by a 
complex extraction process. Therefore, the biosynthesis of natural products in 
microorganisms as alternative method has received increasing attention and can be 
optimized to meet commercial requirements4. In many cases, the biosynthetic pathways of 
plant secondary metabolites contain multiple distinct P450 enzymes, which are anchored in 
the endoplasmic reticulum membrane by amino-terminal hydrophobic anchors5. Compared 
with the prokaryotic model E. coli, the yeast S. cerevisiae therefore represents the perfect 
host for natural product synthesis and enables further large-scale industrial production.  

Isoprenoids 

Isoprenoids, also known as terpenoids, are one of the largest classes of natural products that 
widely exist in plants, animals and microbes with currently over 40,000 molecules 
identified6. Isoprenoids can be classified as primary metabolites and secondary metabolites 
that serve a range of important physiological and societal functions7. According to the 
isoprene rule, terpenoids are formed by the repetitive joining of isoprene units linked head 
to tail8. They are typically classified, based on the number of isoprene units, as 
hemiterpenoids (C5), monoterpenoids (C10), sesquiterpenoids (C15), diterpenoids (C20), 
sesterterpenoids (C25), triterpenoids (C30), tetraterpenoids (C40) and polyterpenoids (C > 
40)8,9. Isoprenoids are derived from the universal precursors isopentenyl diphosphate (IPP) 
and its isomer dimethylallyl diphosphate (DMAPP) that contain the C5 isoprene units (Fig. 2). 
Both of the precursors can be synthesized through either the mevalonate (MVA) pathway in 
eukaryotes and cytoplasm of plants or the 2C-methyl-D-erythritol 4-phosphate (MEP) 
pathway in prokaryotes and plant plastids. The MVA pathway starts from the condensation 
of three acetyl-CoA molecules, while the MEP pathway is initiated by the condensation of 
pyruvate and glyceraldehyde-3-phosphate (G-3-P). In S. cerevisiae, the endogenous MVA 
pathway is the only route to synthesize isoprenoids (Fig. 2). The head-to-tail coupling of two 
isoprene units results in the formation of geranyl diphosphate (GPP), which is the precursor 
to monoterpenes. Additional isoprene units delivered through the MVA pathway are added 
to generate farnesyl diphosphate (FPP) and geranylgeranyl diphosphate (GGPP), the 
precursors of diverse terpenoids10.  

Various isoprenoids have been successfully synthesized in S. cerevisiae, such as limonene11, 
taxadine12, miltiradiene13, ferruginol14 and b-carotene15. The most successful story of 
terpenoid synthesis in yeast is the production of artemisinic acid, the precursor of semi-
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synthetic artemisinin that reached production at industrial scale16. In the initial strain, an 
engineered MVA pathway was used to increase FPP production in yeast; several genes 
involved in the FPP synthesis route were upregulated and one gene responsible for FPP 
degradation to sterol was downregulated17. An amorphadiene synthase (ADS) responsible 
for the first committed reaction of FPP conversion, together with a novel cytochrome P450 
monooxygenase (CYP71AV1) that performs a three-step oxidation of amorphadiene to 
artemisinic acid was successfully implemented to obtain the substrate for further artemisinin 
production17. The biosynthesis of artemisinic acid represents a significant progress in the 
development of pharmaceuticals by using synthetic biology in S. cerevisiae. 

 

 

Figure 2. Reconstructing heterologous biosynthesis pathways in yeast to produce various natural products, 
including isoprenoids, flavonoids and alkaloids. 

Flavonoids 

Flavonoids, including flavanones, isoflavones, flavones, catechins and anthocyanins, are also 
an important class of natural products containing a 15-carbon skeleton phenylpropanoid 
core, which are widely found in plants and have multiple functions. Flavonoids have been 
associated with a broad spectrum of health-promoting effects, which has stimulated large 
efforts towards the identification of their biosynthetic networks as well as the establishment 
of production platforms in microbes18–20. Flavonoids are derived from the phenylpropanoid 
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pathway in plants, which is initiated by the non-oxidative deamination of phenylalanine to 
trans-cinnamic acid via a key enzyme phenylalanine ammonia lyase (PAL)21. Trans-cinnamic 
acid is subsequently hydroxylated at the para position to generate p-coumaric acid by p-
coumaric acid cinnamate-4-hydroxylase (C4H), in conjunction with cytochrome P450 
reductase (CPR). Then, p-coumaric acid can be converted to naringenin via three enzymes, 4-
coumarate-CoA ligase (4CL), chalcone synthase (CHS) and chalcone isomerase (CHI) (Fig. 2).   

PAL and C4H as the entry point of the route were co-expressed in S. cerevisiae together with 
the reductase CPR to successfully drive the carbon flux into the phenylpropanoid pathway; 
this work was first performed by Ro and Douglas22. Naringenin serves as a key intermediate, 
from which various flavonoids can be synthesized (Fig. 2). The production of naringenin was 
significantly increased by expressing a set of genes from Arabidopsis thaliana, together with 
the deregulation of aromatic amino acid biosynthesis by alleviating feedback inhibition and 
elimination of byproduct formation resulting in a 40-fold increase of naringenin formation in 
S. cerevisiae23. The naringenin biosynthesis pathway in yeast can also be derived from 
tyrosine by introducing a tyrosine ammonia-lyase (TAL)24. With the efforts of increasing the 
malonyl-CoA supply, eliminating the feedback inhibition mediated by tyrosine and 
downregulating the competing pathways, around 90 mg/L of naringenin were obtained. 
Based on efficient synthesis of naringenin, a series of downstream flavonoid products were 
synthesized in S. cerevisiae, such as genistein25, kaempferol and quercetin26. p-Coumaric acid 
has been proven to play a crucial role in product scope determination, and also serves as the 
precursor from which the flavonoid products resokaempferol and fisetin were firstly 
synthesized in yeast26. 

Alkaloids 

As one of the large groups of natural products, alkaloids possess extremely variable chemical 
structures. Normally, an alkaloid contains at least one basic nitrogen atom in an amine-type 
structure. Alkaloids were found to exist in various organisms, such as fungi, plants and 
animals, but the functions of alkaloids in each species are diverse and yet to be fully 
understood27. Owing to the molecular complexity, the production of alkaloids through 
microbial biosynthesis is a more feasible and efficient approach compared to synthetic 
chemistry strategies. The most well-known alkaloids produced by yeast are 
benzylisoquinoline alkaloids (BIAs) and monoterpene indole alkaloids (MIAs) (Fig. 2).  

BIAs are a large and structurally diverse family that exhibits a broad range of 
pharmacological activities, which contribute to the increasing interest in their synthesis in 
microbes. BIAs share the common intermediate (S)-norcolaurine, which is generated by 
condensation of dopamine and 4-hydroxyphenylacetaldehyde (4-HPAA). Then a series of 
reactions catalyzed by norcoclaurine 6-O-methyltransferase (6-OMT), coclaurine-N-
methyltransferase (CNMT), coclaurine N-methyltransferase (NMCH) and 3ʹ-hydroxy-N-
methylcoclaurine 4ʹ-O-methyltransferase (4ʹ-OMT), is performed to produce the major 
branch point (S)-reticuline (Fig. 2). However, the two BIA backbones derived from tyrosine 
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were substantial engineering challenges, since the enzymes from plants involved in the 
conversion reactions were still not identified28. As yeast could endogenously produce 4-
HPAA, the synthesis of dopamine was the major problem for BIA production. Subsequently, 
a mammalian tyrosine hydroxylase (TyrH), bacterial DOPA decarboxylase (DODC), and four 
enzymes associated with biosynthesis of the electron carrier cofactor tetrahydrobiopterin 
(BH4) were co-expressed in S. cerevisiae to enable the de novo production of the key 
intermediate (S)-reticuline29, which represented a viable microbial production platform for 
biosynthesis of diverse BIA molecules. For example, the opioids thebaine and hydrocodone 
were recently successfully synthesized in yeast based on the optimized reticuline producing 
platform30.  

MIAs with complex structures possess diverse ranges of function as anticancer, antimalarial 
and antiaddiction drugs. The biosynthesis of strictosidine, the common precursor of MIAs, 
was recently reconstituted in yeast31. Strictosidine was formed through the condensation of 
tryptamine and monoterpene secologanin, where the tryptamine can be derived from 
tryptophan via tryptophan decarboxylase (TDC) and GPP can be converted to secologanin by 
a series of enzymes (Fig. 2). Together with some additional modifications, such as 
elimination of the byproduct pathways, the enhanced flux enabled production of 0.5 mg/L 
strictosidine. The further optimization of nepetalactol production in S. cerevisiae was 
performed, resulting in a positive effect on metabolic flux redirection towards the 
strictosidine synthesis pathway32. All these works played crucial roles in the development of 
S. cerevisiae for the sustainable production of MIAs and MIA derivatives. 

These studies demonstrated the superiority of S. cerevisiae as the chassis for the production 
of high-value natural products. The additional examples regarding the production of biofuels 
will highlight that S. cerevisiae possesses the potential as a versatile engineering and 
production platform.  

  

1.1.2 Biosynthesis of advanced biofuels in S. cerevisiae  
 

The increasing demand of fossil fuels along with environmental concerns have stimulated 
the scientific research for the development of alternative sustainable energy resources, such 
as biofuels. Bioethanol, widely applied as gasoline substitute, is mainly derived from sugar 
cane, corn or wheat. However, the use of feedstock that competes with food production 
prevents this process from further application33. Similar, the current biodiesel from oilseed 
crops faces the fact of limiting production scale due to the high demand of cultivation 
areas34. Taken these concerns, advanced biofuels produced by microbes that can be used as 
drop-in fuels were put forward to replace the first generation of biofuels. The yeast S. 
cerevisiae is the most popular workhorse for current advanced biofuel production, such as 
farnesene, butanol and hydrocarbons. 
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Butanol 

Owing to the longer chain length, butanol is in principal a more attractive biofuel than 
ethanol as it has a higher energy content, lower vapor pressure and lower hygroscopicity. 
Moreover, it has high blending percentage with gasoline, which can reach 85% compared 
with only 10% of ethanol-gasoline blending ratio33,34. The relatively high tolerance against 
butanol (up to 2%) makes S. cerevisiae a suitable chassis for microbial butanol synthesis35. S. 
cerevisiae can natively produce small amounts of butanol on rich medium through a 
pathway dependent on threonine or glycine catabolism, and deletion of Adh1 was found as a 
switch for the endogenous butanol synthesis pathway36,37. Overexpression of the pathway 
enzymes together with elimination of the competing pathways resulted in up to 242.8 mg/L 
butanol in yeast. In addition, a heterologous butanol biosynthesis pathway was 
reconstructed in yeast, which is initiated by thiolase Erg10 from acetyl-CoA, and then a set of 
heterologous enzymes, including 3-hydroxybutyryl-CoA dehydrogenase (hbd), crotonase 
(crt), trans-enoyl-CoA reductase (ter) and butyraldehyde dehydrogenase/butanol 
dehydrogenase (adhE2) enable butanol formation in yeast39. Isobutanol is one of the isomers 
of butanol whose biosynthesis pathway was fully demonstrated in yeast. Isobutanol 
synthesis was driven through valine biosynthesis pathway in S. cerevisiae, by which pyruvate 
can be converted to 2-acetolactate via acetolactate synthase (Ilv2 and Ilv6) in the 
mitochondria. Then, 2-acetolactate is converted to the key intermediate 2-ketoisovalerate 
through acetohydroxyacid reductoisomerase (Ilv5) and dihydroxyacid dehydratase (Ilv3). 
Improving the valine biosynthesis pathway to enhance the supply of 2-ketoisovalerate was a 
feasible strategy to increase the production of isobutanol in yeast, by which the isobutanol 
yield was increased from 0.28 mg/g glucose to 3.86 mg/g glucose in minimal medium39. By 
the Ehrlich pathway - similar to butanol synthesis - the ketoacid is converted into isobutanol 
in the cytosol through ketoisovalerate decarboxylases (KIVDs) and alcohol dehydrogenases 
(ADHs). The pathway was optimized by expressing the Lactococcus lactis KivD and 
endogenous dehydrogenase Adh6 that have higher catalytic activities than other 
endogenous enzymes40. Isobutanol production using S. cerevisiae has attracted much 
commercial interest that was demonstrated by a range of patents by Butalco, Butamax and 
Gevo41. With the efforts of pathway optimization, the isobutanol yield has reached 0.33 g/g 
glucose (80.3% of the maximal theoretical yield) and a final titer of 18.6 g/L of isobutanol 
was produced in complex medium42. 

Farnesene 

Farnesene is suggested to play an essential role in plants and animals and has two isomers 
a-farnesene and b-farnesene. Besides, it is also a fuel alternative that serves as a potential 
substitution for jet fuel. Farnesene, an isoprenoid hydrocarbon with a 15-carbon skeleton, 
can be synthesized based on the MVA pathway in yeast and assembled from IPP and DMAPP 
as precursors. FPP as a branch point of diverse terpenoids is natively generated in S. 
cerevisiae, while a heterologous enzyme responsible for FPP conversion needs to be 
introduced into yeast for farnesene formation43. In a previous study, both the farnesene 
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synthase and the endogenous MVA pathway were overexpressed, resulting in farnesene 
production from glucose at >50% of the theoretical mass yield44. Moreover, optimization of 
the central carbon metabolism was recently conducted by the company Amyris to enable a 
high-level farnesene producing platform in S. cerevisiae. Four non-native metabolic reactions 
performed by xylulose-5-phosphate specific phosphoketolase (xPK), phosphotransacetylase 
(PTA), acetaldehyde dehydrogenase (acylating) (ADA) and an NADH-specific HMG-CoA 
reductase (NADH-HMGr) were introduced to rewrite the central carbon metabolism, 
enabling a reduced ATP requirement for acetyl-CoA synthesis, reducing the loss of carbon 
and balancing the cofactor consumption45. The strains with optimized central metabolism 
produced 25% more farnesene than the control strain with comparable sugar consumption 
and 75% less oxygen consuming. A final titer of 130 g/L of farnesene was achieved by 
cultivating the engineered strain using industrial bioreactors after two weeks, which 
envisions the potential future large-scale industrial farnesene production in S. cerevisiae. 

Fatty acids 

Fatty acids (FAs) as versatile compounds can be utilized for industrial manufacturing of 
detergents, cosmetics and pharmaceutical ingredients. Besides, FAs also serve as the 
common precursors for a variety of biofuels, such as alka(e)nes, fatty alcohols and fatty acid 
ethyl esters. In S. cerevisiae, FAs are the basic elements of complex lipids; they can be 
incorporated into phospholipids and sphingolipids or serve as an energy reservoir in steryl 
esters (SE) and triacylglycerols (TG) stored in lipid droplets46,47. The spectrum of FAs in yeast 
is rather simple. The major components are palmitoleic acid (C16:1), oleic acid (C18:1), 
palmitic acid (C16) and stearic acid (C18); 80% of yeast fatty acids are monounsaturated 
(C18:1 and C16:1) through a reaction catalyzed by the ER-resident ∆9 desaturase Ole148,49. 
Palmitic acid is the predominant fraction among the about 20% of saturated FAs. The minor 
species including myristic acid (C14) and cerotic acid (C26) are suggested to play essential 
functions in protein modification or as components of sphingolipids and GPI-anchors, 
respectively50. Cellular fatty acids can be obtained from different sources either by de novo 
synthesis, hydrolysis of complex lipids and delipidation of proteins, and external supply46,50. 
The synthesis pathway of fatty acids has been comprehensively demonstrated, which is 
initiated by the conversion of acetyl-CoA to malonyl-CoA via acetyl-coenzyme A carboxylase 
(ACCase) encoded by ACC1 in yeast. There are two systems involved in the de novo synthesis 
of fatty acids, which are carried out by type I fatty acid synthase (type I FAS) and type II FAS 
that take place in the cytoplasm and the mitochondria, respectively. In yeast, type I FAS 
contains two multifunctional polypeptides, an α- and a β-chain encoded respectively by FAS2 
and FAS1 that form a a6b6 heterododecamer, whereas the type II FAS consists of 
monofunctional polypeptides. The mitochondrial FAS II pathway is suggested to support 
octanoic acid supply, which is the precursor for the generation of lipoic acid and plays an 
essential role in maintaining the function of several mitochondrial enzyme complexes where 
it serves as cofactors51. Since the synthesis of important storage lipids and fatty acids with 
distinct chain length all occur in the cytoplasm, the attempts for engineering fatty acid 
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metabolism are mainly focused on the type I FAS. The type I FAS catalyzes all the reactions to 
synthesize long acyl chains (mainly C14 to C18) as shown in Figure 3, and it must be 
activated by an intrinsic phosphopantetheine transferase (PPT), by which the acyl carrier 
protein (ACP) can be activated via post-translational modification to install a CoA-derived 4’-
phosphopantetheine arm (PPant) that provides thiol group to link the growing fatty acyl 
chain52,53.  

 

Figure 3. The catalytic reaction cycle of fatty acid biosynthesis and the domains in the yeast type I FAS system. 

The reactions catalyzed by the yeast FAS are initiated by transferring the acetyl primer from 
acetyl-CoA and the malonyl elongation substrate from malonyl-CoA to the ACP pantetheine 
arm with the help of the acetyl transferase (AT) and malonyl/palmitoyl transferase (MPT), 
respectively (Fig. 3). Then they are condensed by the ketoacyl synthase (KS) to form β-
ketoacyl-ACP through a malonyl decarboxylation reaction, after which the acetoacetyl-ACP 
will be further modified at its b-carbon position by ketoacyl reductase (KR), dehydratase 
(DH) and enoyl reductase (ER) yielding acyl-ACP54. The central ACP domain is located 
between the different active sites within the complex, and is responsible for shuttling the 
processed acyl-chain back to the KS domain initiating the next round of the elongation 
cycle55. In each cycle, the growing acyl-chain is elongated by C2 units provided by malonyl-
CoA until the chain length of the fatty acid reaches 16 or 18 carbon atoms. Then the end 
product will be shuttled by ACP from ER to MPT, where it is transferred to CoA and 
released56. Recently, the metabolism of S. cerevisiae was successfully changed to a pure 
lipogenesis metabolism through blocking ethanol fermentation, together with additional 
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metabolic engineering strategies for increasing acetyl-CoA and cofactor supply, enabling 
production of 33.4 g/L free fatty acids in a fed-batch cultivation57. Moreover, the fatty acid 
metabolism has been tailored to generate diverse fatty acids with distinct chain lengths. For 
example, rewiring the native fatty acid elongation system and introducing a heterologous 
Mycobacteria FAS I system, enabled a very-long- chain fatty acids (VLCFAs, C22-C26) producing 
platform in yeast58. On the other hand, the formation of short to medium-chain fatty acids 
was achieved in yeast as well by controlling the chain-length through modification of the 
yeast type I FAS59,60. 

 

1.2 Objectives and structure of the thesis 
 

The yeast S. cerevisiae as a versatile microbial cell factory, and recent studies about the 
production of natural products such as isoprenoids, flavonoids and alkaloids were 
introduced in the first part of this thesis. As mentioned, S. cerevisiae is considered as an 
attractive chassis with many advantages for future industrial biofuel production. Although 
the microbial synthesis of fatty acid-derived chemicals using S. cerevisiae has drawn much 
attention, still, many challenges and obstacles are yet to be overcome. Studies focusing on 
advanced biofuel production were also introduced in the first chapter of the thesis. The aim 
of our project was to explore the capability of yeast to enable a production platform for fatty 
acid derivatives. Details about the production of these chemicals will be discussed in the 
second chapter, including fatty alcohols, alka(e)nes and fatty acid ethyl esters. In this work, 
we applied novel multidimensional engineering approaches, such as protein engineering and 
adaptive laboratory evolution (ALE) to enable the improved production of fatty acid 
derivatives. The following parts will give a brief introduction into the work. 

The first part of the project addressed the secretion of long-chain fatty alcohols (LCFOHs, 
C12-C18) in S. cerevisiae. The accumulation of intracellular LCFOHs leads to impaired growth 
of yeast cells, which is a major obstacle of high-level production of fatty alcohols. We found 
that the heterologous fatty acid transporter FATP1 from human could also mediate fatty 
alcohol export in a high fatty alcohol producing yeast strain. With the expression of FATP1, 
improvements in fatty alcohol secretion and cell fitness were observed. Furthermore, we 
also identified the protein domain of FATP1 involved in fatty alcohol secretion through 
domain swapping with FATP4, a transporter from same family as FATP1. Engineering product 
secretion is attractive for improving the process economy and environmental friendliness61. 
In paper II, improved secretion and production of 1-alkenes in yeast were obtained through 
expression of the same transporter and other metabolic pathway engineering strategies.  

Medium-chain fatty acids (MCFAs, C6-C12) are valuable molecules that can be the substrates 
for the production of jet-fuels, gasoline, plastics and cosmetics. However, due to the toxicity 
of these non-inherent fatty acids, it is quite challenging to synthesize them by microbes62. 
We therefore attempted to improve the resistance of yeast cells against MCFAs by 
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performing directed evolution of a native membrane transporter Tpo1 and adaptive 
laboratory evolution (ALE). The work about Tpo1 transporter engineering will be introduced 
in the protein engineering section in the third chapter of this thesis. The resistance 
improvement against MCFAs using ALE will be covered in the last section of third chapter.  

Based on the high MCFA producing strain, we also attempted to synthesize medium-chain 
fatty alcohols (MCFOHs) in yeast. Although the MCFA producing strain represents a great 
platform for the synthesis of MCFOHs in S. cerevisiae, the lack of enzymes that specifically 
convert MCFAs limits the high-level production of MCFOHs. Instead of traditional metabolic 
pathway engineering, different protein engineering approaches were designed to develop an 
improved carboxylic acid reductase from Mycobacterium marinum (MmCAR), which is the 
key enzyme catalyzing the reduction of fatty acids to fatty aldehydes, which can be further 
converted to alcohols. Both the results from in vitro and in vivo tests demonstrated that we 
successfully altered the substrate specificity of MmCAR towards MCFAs and significantly 
improved the catalytic activity of the enzyme. This part of work mainly focusses on the 
engineering of the key enzymes that will be discussed in the protein engineering section. 
Accordingly, different strategies depending on random approaches and rational or semi-
rational design used to engineer MmCAR will be introduced separately.  

This thesis will give in the following a detailed introduction about how we performed the 
multidimensional engineering approaches to obtain the versatile yeast platforms for 
production of fatty acid derivatives. 
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2 Microbial synthesis of fatty acid-derived chemicals  
 

 

 

2.1 Fatty alcohols 
 

Fatty alcohols (FOHs) are considered as important chemicals widely used for the production 
of cosmetics, lubricants, plastics and potential biofuels. Microbial synthesis of fatty alcohols 
offers a solution that prevents the production from strongly relying on plant oils, which 
could enable a sustainable supply rather than competing with food oil production. Different 
routes of fatty alcohol synthesis have been established in S. cerevisiae as shown in Figure 4, 
which start from fatty acyl-CoA, fatty acyl-ACPs and fatty acids, respectively. The enzymes 
fatty acyl-CoA/ACP reductase (ACR/AAR), fatty acid reductase (FAR) and carboxylic acid 
reductase (CAR), respectively, are involved in the corresponding steps63–65. Normally, these 
enzymes catalyze a two-electron reduction to form fatty aldehydes as the intermediates, 
then followed by a second reduction via aldehyde reductases (ALRs) or alcohol 
dehydrogenases (ADHs) towards fatty alcohol generation (Fig. 4). Nevertheless, several fatty 
acyl-CoA reductases catalyzing the four-electron reduction of fatty acyl-CoA directly to the 
corresponding fatty alcohol (FaCoAR) have been identified in the jojoba plant, Arabidopsis 
thaliana and Marinobacter aquaeolei VT8, eliminating the requirement of a separate fatty 
aldehyde reductase66,67.  

The expression of NADPH-dependent FaCoAR from Mus musculus (mFAR1) in S. cerevisiae 
led to the production of 47.4 mg/L fatty alcohols68. In addition, improving the fatty acid 
synthesis pathway through replacing the native promoter of ACC1 and overexpression of 
FAS1/2 and malic enzyme, resulted in an increase in the final fatty alcohol titer to 98 mg/L. 
Being the precursors of fatty alcohols, many efforts towards optimization of fatty acid 
production have been proven to benefit fatty alcohol formation. The fatty acid degradation 
pathway was blocked through deleting fatty acyl-CoA oxidase (encoded by POX1 in yeast) 
together with deletion of fatty acyl-CoA synthetase (encoded by FAA1 and FAA4) and 
abolishing the reversal of aldehyde formation by deleting aldehyde dehydrogenase (encoded 
by HFD1), which has been reported leading to an improvement of fatty acid production in 
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yeast69. Consequently, through co-expressing the FaCoAR from Marinobacter aquaeolei VT8, 
the CAR enzyme from Mycobacterium marinum and the native alcohol dehydrogenase 
encoded by ADH5, this yielded up to 120 mg/L fatty alcohols in shake flasks. A significant 
increase in fatty alcohol production was achieved in another study, in which the authors 
deleted the competing reactions encoded by DGA1, HFD1 and ADH6, controlled cofactor 
usage by deleting GDH1 to slow down the glutamate synthesis and overexpressed the D9-
desaturase encoded by OLE1. The final strain produced 1.2 g/L fatty alcohols in shake 
flasks70.  

 

 

Figure 4. Diverse heterologous pathways for synthesis of fatty acid-derived chemicals. Acc1, acetyl-coenzyme A 
carboxylase; Fas1/2, fatty acid synthetase; Faa1/4, fatty acyl-CoA synthetase; Pox1, fatty acyl-CoA oxidase; TE, 
thioesterase; Hfd1, aldehyde dehydrogenase; ADO, aldehyde deformylating oxygenase; AD, aldehyde 
decarbonylase; ADH, alcohol dehydrogenase; ALR, aldehyde reductase; ACR/AAR, fatty acyl-CoA/ACP 
reductase; FAR, fatty acid reductase; CAR, carboxylic acid reductase; FAP, fatty acid photodecarboxylase; Ols, 
olefin synthetase; WS/DGAT, wax ester synthase/acyl-CoA: diacylglycerol acyltransferase.The enzymes in black 
are involved in the synthesis process, and the knockout of the enzymes in red has been shown to have a 
positive effect on the production of FA derivatives.  

Many of the metabolic engineering approaches have been applied to enable an efficient 
yeast cell factory with high levels of fatty alcohols being produced. However, the impaired 
growth attributed to the accumulation of fatty alcohols and the high extraction costs for 
intracellular products are major obstacles for large-scale industrial production69. The aim of 
the first part of this project (Paper I) was therefore to identify fatty alcohol exporters that 
could benefit the cell growth and fatty alcohol secretion.  

The metabolism for fatty alcohol production had been optimized in a previous study from 
our group69, and around 1.5 g/L of fatty alcohols were obtained in a fed-batch culture from 
the final strain, FOH33, in which the enzymes involved in fatty alcohol synthesis including 
heterologous reductases MmCAR and FaCoAR and endogenous alcohol dehydrogenase Adh5 
were overexpressed. In addition, the genes POX1, FAA1, FAA4, HFD1, and ADH6 responsible 
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for competing pathways were deleted in the same strain. However, the large amount of 
intracellular fatty alcohols accumulated in this strain led to impaired cell growth. In order to 
relieve the cellular toxicity, we attempted to identify transporters that facilitate fatty alcohol 
export in this strain. As no specific fatty alcohol transporters had been reported and 
substrate specificity of known transporters was the theoretical basis for choosing 
transporter candidates, we assumed that transporters for fatty acids could also recognize 
fatty alcohol as the substrate due to the similar structures. Thus, several fatty acid and wax 
transporters from different species were selected and expressed in S. cerevisiae. The 
candidate transporters are listed in Table 1.   

 

      Table 1. List of fatty alcohol transporter candidates. 

Name Species Description Reference 
ABCB1 H. sapiens 

 
 

Regulation of the efflux of phospholipid, long-chain fatty 
acids, cholesterol, etc. 

71,72 

ABCG11 A. thaliana 
 

Epidermal plasma membrane cuticular lipid exporter. 
Functions as homodimer or heterodimer with ABCG9, 
ABCG12, and ABCG14. 

73 

ABCG12 A. thaliana 
 

Plant cuticular wax exporter. Functions as a heterodimer with 
ABCG11. 

74,75 

ABCG9 A. thaliana 
 

Half transporter, which works with ABCG11 as heterodimer or 
homodimer. It is involved in lipid/sterol homeostasis 
regulation. 

75 

ABCG14 A. thaliana 
 

Half transporter, which works with ABCG11 as heterodimer. It 
is involved in lipid/sterol homeostasis regulation. 

75–77 

FATP1 H. sapiens 
 

Long-chain fatty acid uptake transporter of the FATP family, 
which has acyl-CoA synthetase activity. 

78,79 

FATP4 H. sapiens 
 

Transporter of the FATP family that facilitates long-chain and 
very long-chain fatty acid uptake. 

80,81 

CD36 H. sapiens 
 

A transporter protein that enhances cellular fatty acid uptake. 82,83 

 

All of the transporter genes were codon-optimized and evaluated in strain FOH33 through 
assessing the extracellular fatty alcohols, among which FATP1 was the only one found to 
dramatically increase the final titer of extracellular fatty alcohols, resulting in 70 mg/L 
compared to 16 mg/L produced by the control strain (Fig. 5). In addition to elevated 
secretion of fatty alcohols, FATP1 expression in yeast also resulted in a higher biomass yield, 
i.e. an 83% increase of final cell mass (Fig. 5), suggesting that the expression of FATP1 was 
beneficial for relieving the cellular toxicity by exporting the intracellular fatty alcohols out of 
the cells. For the other transporters, their expression negatively affected the final biomass 
yield (OD600) and the final titer of extracellular fatty alcohols, which were even lower than 
found for the control strain.  
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Figure 5. Extracellular fatty alcohol titers and final OD600 of S. cerevisiae strain FOH33 expressing different 
heterologous transporters. Adapted from Hu et al. 84 

FATP1 belongs to the FATP family in human containing six FATP isoforms (FATP1-6). All of 
the members have been identified as dual-functional proteins that mediate fatty acid uptake 
and have fatty acyl-CoA synthetase activity in human cells78,85–88. Although all the members 
share a well-conserved 311-amino acid sequence, each of them showed different capacities 
in fatty acid uptake and activation79. Based on previous studies, FATP1 was known as fatty 
acid transporter that facilitates the uptake of long-chain fatty acids (LCFAs)89, and the similar 
property of LCFAs uptake was observed in a yeast strain expressing FATP1 using LCFAs as the 
sole carbon source79. As the modifications in the host strain FOH33 including deletion of 
FAA1/4 and overexpression of FaCoAR might cause the scarcity of acyl-CoA that is essential 
for cell growth, we therefore speculated that the increase in biomass formation might 
partially be due to the long-chain fatty acyl-CoA synthetase activity of FATP1, since the 
activation of long-chain fatty acids to form acyl-CoA could potentially complement the 
deficiency of Faa1/4 in this strain.  

In order to investigate if other FATPs have similar effects on fatty alcohol secretion, we thus 
tested all six isoforms (FATP1-6) in the FOH33 strain. However, even less extracellular fatty 
alcohols were detected by GC-MS compared with control strain, and none of the these was 
able to facilitate fatty alcohol export except FATP1 (Fig. 6a). In addition, according to the 
final OD600, the expression of FATP2, FATP3, FATP5 and FATP6 had no positive effect on the 
cell growth except FATP4, as the strain containing FATP4 resulted in a relatively high final 
OD600 that was around 9. (Fig. 6b). However, although the expression of FATP4 did benefit 
the cell growth of FOH33, an increase in extracellular fatty alcohols was still not observed, 
suggesting that the fatty alcohol export activity was specific to FATP1. The result was also 
consistent with our hypothesis that the fatty acyl-CoA synthetase activity could potentially 
also contribute to the improvement in cell growth. 
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Figure 6. The effect of expression of FATP family transporters in a high fatty alcohol production yeast strain, 
FOH33. (a) GC spectra of strains based on FOH33 containing FATP transporter isoforms. FOH33 carrying the 
empty vector pIYH01 was used as control. (b) The final biomass (represented as OD600) of FOH33-derived 
strains expressing FATP proteins or carrying an empty vector. Increased production of extracellular fatty 
alcohols (+) or no effect (-) compared to control strain is indicated according to (a). Adapted from Hu et al.84 
 

We analyzed the profile of fatty alcohols produced by the FATP1 expressing strain. Around 
70 mg/L extracellular fatty alcohols were obtained from shake-flask cultivations, which was 
4.5-fold higher than the final titer of the control strain (ca. 15 mg/L) (Fig. 7a). In addition, an 
increase in the titer of intracellular fatty alcohols was also obtained in the FATP1 expressing 
strain, resulting the production of 170 mg/L intracellular fatty alcohols compared to 120 
mg/L in the control strain (Fig. 7b). Moreover, extracellular fatty acids were also detected, 
and the final titer was around 190 mg/L, showing that the level of extracellular fatty acids in 
the FATP1 expression strain was also enhanced compared with the control strain (60 mg/L) 
(Fig. 7c). The growth curves of the control strain and FATP1 expressing strain are shown in 
Figure 7d. FATP1 enabled both a faster growth rate and higher final cell mass than the 
control strain (Fig. 7d). The specific yield co-efficient of fatty alcohols was investigated to 
determine whether the increased extracellular fatty alcohols resulted from the higher 
biomass concentration. Although the specific yield of total fatty alcohols in the FATP1 
expressing strain was even slightly lower than for the control strain, according to the results, 
the FATP1 expression strain produced 6.4 mg/L/OD of extracellular fatty alcohols, which 
accounted for 29% of the total fatty alcohol products, while the control strain only produced 
2.4 mg/L/OD of extracellular fatty alcohols (Fig. 7e). In conclusion, with the FATP1 
transporter expression, the final titer of extracellular and total fatty alcohols increased 
around 4.5- and 2-fold, respectively, and the cell growth also benefitted from FATP1 
expression as a 2-fold increase in the final biomass was obtained.   
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Figure 7. The effect of FATP1 expression on extracellular fatty alcohols, intracellular fatty alcohols and cell 
growth.  (a) Final titers of extracellular fatty alcohols produced by FOH33 and FATP1 expressing strain. (b) 
Intracellular fatty alcohol titers produced by control strain FOH33 and FATP1 expressing strain. (c) Final titers of 
extracellular fatty acid produced by FOH33 and FATP1 expressing strain. (d) Growth curves of FOH33 and FATP1 
expressing strain. (e) The yield of fatty alcohols (including both extracellular and intracellular fatty alcohols) 
from FOH33 and FATP1 expressing strain, and the distribution of extracellular and intracellular fatty alcohols 
for each strain. Adapted from Hu et al.84 
 
FATP4 has been proven to benefit the growth of FOH33 with no fatty alcohols being 
secreted, which potentially resulted from its function as acyl-CoA synthetase. Therefore, 
there might be no direct connection between fatty alcohol export and fatty acid activation 
activities. As FATP1 was found to be the only functional transporter for fatty alcohols, we 
wanted to identify which protein domain of FATP1 can confer the ability to transport fatty 
alcohols to FATP4. Thus, a domain exchange strategy was applied between FATP1 and 
FATP4. All members of FATP family contain an intrinsic well-conserved FATP/VLCS motif and 
an ATP/AMP motif, which have been reported to contribute to the fatty acyl-CoA synthetase 
activity a and are commonly found in all adenylate-forming enzymes90,91. Each gene was 
divided into three domains based on the corresponding amino acid sequence. The first part 
(F1 and F4) at the N-terminus was the region upstream of the respective ATP/AMP motifs of 
FATP1/4, the middle part (F2 and F5) contained the ATP/AMP motifs, and the last part (F3 
and F6) covered 143 amino acids containing the FATP/VLCS motif (Fig. 8a). The three 
domains from FATP1 and FATP4, respectively, were fused with each other to generate six 
new FATP chimeras, FATP423, FATP153, FATP126, FATP156, FATP426 and FATP453 (Fig. 8a).  
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Figure 8. Effect of six FATP chimeras resulting from domain swapping. (a) Division of FATP1 and FATP4 into 
three domains to construct six new FATP chimeras. (b) Effect of expressing six new chimeras on yield of 
extracellular fatty alcohols and the final biomass of each strain. Adapted from Hu et al.84 

After transforming FOH33 with the chimeric constructs, the final biomass of all 
transformants was much lower compared to the FATP1 and FATP4 expressing strains, 
suggesting that the fatty acyl-CoA activity in the new isoforms may have been affected after 
the domain exchange (Fig. 8b). However, these chimeras possess distinct efficiencies in fatty 
alcohol transport, as an increased yield of extracellular fatty alcohols was only observed in 
the strains with FATP423, FATP126 and FATP426 (Fig. 8b). According to the results, 3.9, 4.9 
and 4.1 mg/g DCW was the yield of extracellular fatty alcohols obtained from strains 
containing FATP423, FATP126 and FATP426, respectively a more than 2-fold increase 
compared to the strain with FATP4. Interestingly, all the three efficient FATP chimeras 
shared a common F2 domain that contains the ATP/AMP motif from FATP1, which indicated 
that the F2 domain contributed the most to the fatty alcohol export activity. This suggested 
a conclusion distinct to a former report, which suggested that the FATP/VLACS motif of yeast 
FATP orthologue Fat1 showed specific functions for fatty acid uptake92. However, after the 
further introduction of two mutations into Asp508 to abolish ATP binding in FATP1 (see Figure 
S4 in Paper I), the mutants lost their function as fatty alcohol transporter, which reveals a 
consistent conclusion that the ATP/AMP motif played a critical role in fatty alcohol export in 
FATP1.  
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In this study, we identified a novel function of transporter FATP1, and significantly improved 
the fitness of a biofuel production strain as well as the secretion and production of fatty 
alcohols. This work highlights the possibility that transporter engineering could be a 
promising strategy to enable the successful commercialization of biofuel production.  

 

2.2 Alka(e)nes  
 

Alkanes and alkenes synthesized by microbes are attractive drop-in biofuels that could be 
utilized as gasoline, diesel and jet fuel. They are produced naturally by many organisms 
where they have distinct functions, for example, as plant cuticular waxes and insect 
pheromones93,94. The first success of heterologous de novo synthesis of alkanes was 
obtained in E. coli95. The authors identified an alkane biosynthesis pathway from 
cyanobacteria and introducing the pathway into E. coli by expressing a cyanobacterial AAR 
and a fatty aldehyde deformylating oxygenase (ADO), the fatty acid metabolism was 
successfully directed towards alka(e)ne production (Fig. 4). Later, the de novo synthesis 
pathway was elucidated in yeast as well.  

Fatty acids, fatty acyl-ACP/CoA and fatty aldehydes are the major precursors that can be 
used to synthesize alka(e)nes in S. cerevisiae via corresponding enzymes. OleTJE was 
reported as a cytochrome P450 enzyme from the CYP152 family that is responsible for the 
conversion of C12-C20 fatty acids to corresponding terminal olefins (1-alkenes) using H2O2 as 
the sole electron and oxygen donor96,97. UndA and UndB were identified as fatty acid 
decarboxylases that also use fatty acids as the precursor, but with a substrate specificity 
towards medium-chain fatty acids (C10-C16) (Fig. 4), yielding medium-chain 1-alkenes. 
Furthermore, an algal fatty acid photodecarboxylase (FAP) driven by light was recently found 
that can facilitate the conversion of fatty acids to their corresponding alka(e)nes, and this 
enzyme was applied successfully in E. coli to generate hydrocarbons in the presence of 
visible light98. The synthesis of alka(e)nes can also be initiated from fatty aldehydes by 
aldehyde deformylating oxygenase (ADO) or aldehyde decarbonylase (AD). ADO is 
considered as a non-haem di-iron oxygenase requiring molecular oxygen and an external 
reducing system to provide four electrons, yielding hydrogen peroxide (H2O2) and formate as 
by-products99. AD catalyzes the decarbonylation of fatty aldehydes to alka(e)nes. Drosophila 
CYP4G1 and Arabidopsis CER1 with the associated protein CER3, the most well-known ADs, 
are naturally involved in long-chain alkane biosynthesis and have been successfully 
expressed in yeast to generate alka(e)nes100,101. Finally, a multi-domain polyketide synthase 
(PKS) from cyanobacteria, referred to as Ols (Fig. 4), can catalyze the reaction from fatty 
acyl-CoA/ACP to alka(e)nes through an elongation/sulfonation/decarboxylation 
mechanism102. 

Many studies focusing on the biosynthesis of alka(e)nes in S. cerevisiae achieved significant 
progress during recent years. However, one reason for the suboptimal titers of alka(e)ne 
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production in yeast is the low efficiency of the enzymes involved and the strong competition 
of fatty alcohol accumulation103. Compartmentalization by targeting the enzymes involved in 
alka(e)ne production to the peroxisomes in this case, has been proven to be a feasible 
strategy with the advantage of isolating the synthesis pathway from the competing routes in 
the cytosol. In a previous study, Synechococcus elongatus ADO (SeADO) together with 
Mycobaterium marium CAR (MmCAR) was targeted to the peroxisomes in yeast resulting in 
around 0.12 mg/L alkanes, 90% more alkanes than produced by the cytosolic pathway104.  A 
similar approach was applied successfully to improve medium chain alka(e)ne (C7-C13) 
production in yeast105. Besides the inefficiency of the synthesis pathway, also the toxicity 
caused by accumulation of alka(e)nes limits production in the cells, which has stimulated 
some studies focusing on the tolerance increase against alka(e)nes. Both endogenous and 
heterologous transporters were identified in S. cerevisiae to benefit the cellular tolerance 
against alka(e)nes, for example, the native efflux pumps Snq2 and Pdr5 and the exporters 
Abc2 and Abc3 from Yarrowia lipolytica106,107. As part of the project, we aimed to engineer 
an ideal yeast cell factory for the production and secretion of 1-alkenes by pathway 
engineering, overall dynamic metabolic balancing and transporter expression (Paper II). 

 

Figure 9. The titer of 1-alkenes produced by S. cerevisiae strains expressing different heterologous enzymes. 
The host strain used for evaluation was the fatty acid over-producing strain YJZ06 carrying deletions of POX1, 
FAA1 and FAA4. Adapted from Zhou et al.108 

Concerning alka(e)ne production, there is a performance variation observed in yeast and E. 
coli with the potential reasons for these differences being protein expression level and/or 
enzymatic activity in the cellular environment. We therefore initiated this work with a 
screening for more efficient pathways for terminal alkene production in the fatty acid over-
producing yeast strain YJZ0669, which carries deletions of FAA1/4 and POX1. Besides H2O2-
dependent P450 enzyme OleT, we also tested the recently identified nonhaem iron oxidase 
UndA and desaturase-like enzyme UndB. All these fatty acid decarboxylase genes were 
expressed under control of an enhanced strong promoter eTDH3p from the pYX212 plasmid 
backbone. Expression of OleT from Jeotgalicoccus enabled production of 0.92 mg/L 1-
alkenes, while PpUndA from Pseudomonas putida F1 led to a lower 1-alkene titer of 0.57 
mg/L (Fig. 9). The distinct efficiency of PpUndA for medium-chain 1-alkene production 
observed previously was reflected in the fact that this enzyme seemed to have poor activity 
towards long-chain fatty acids in our study109. Interestingly, UndB, the desaturase-like 
enzyme, catalysed the biosynthesis of 1-alkenes in S. cerevisiae with the highest efficiency. 
(Fig. 9). Two UndB enzymes, PmUndB from Pseudomonas mendocina and pfUndB from 
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Pseudomonas fluorescens Pf-5, were evaluated in the yeast strain, of which the latter 
showed higher activity in 1-alkene production, resulting in 5.76 mg/L of 1-alkenes.  

The correlation between free fatty acid accumulation and 1-alkene production is of great 
interests to be investigated (Fig. 10). From the results, marginal effects on 1-alkene 
production were observed in strains deficient of Pox1 and/or Faa4, while a 36% increase in 
the final titer was obtained after the deletion of FAA1. The triple deletion led to 6.20 mg/L of 
1-alkenes, which was a 2.8-fold increase compared to the strain with wild-type background. 
Furthermore, we found that the production of 1-alkenes was well correlated with the free 
fatty acid levels, which was consistent with previous studies 110(Fig. 10). These results 
suggested fatty acid decarboxylase needs sufficient levels of precursor free fatty acids. 

 

 

Figure 10. The effect of manipulating the levels of free fatty acids on biosynthesis of 1-alkene. Adapted from 
Zhou et al.108 

Electron transfer is involved in terminal alkene biosynthesis, as it is an oxidation process. 
From several previous studies, it was shown that an efficient reduction system can positively 
affect fatty acid decarboxylases both in vitro and in vivo111. We thus tried to introduce and 
compare three electron transfer systems, which were ferredoxin-ferredoxin reductase 
(Fd/Fpr) and flavodoxin-ferredoxin reductase (Fld/Fpr) from E. coli using NADPH as cofactor, 
putidaredoxin-putidaredoxin reductase from P. putida (Pdx/Pdr, encoded by camB and 
camA, respectively) using NADH as cofactor (Fig. 11a). According to the results, the 
ferredoxin and flavodoxin based electron transfer system enabled a 42% and 58% 
improvement in 1-alkene production, respectively, while a 108% increase in 1-alkene 
production was obtained with the putidaredoxin reductase system (Fig. 11b). However, 
efforts towards electron channelling optimization through fusing the Pdx/Pdr system to 
PfUndB with different linkers did not yield a higher 1-alkene production (see Figure S1 in 
Paper II). It is still worth to mention that the utilization of NADH as electron donor provides a 
great advantage for 1-alkene synthesis in yeast, which has much higher (>7-fold) levels of 
NADH compared NADPH112. 
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Figure 11. The effects of different electron transfer systems on total 1-alkene production. (a) Overview of the 
1-alkene synthesis pathway including Fd/Fnr, Fld/Fnr and Pdx/Pdr electron transfer systems. (b) The titer of 1-
alkenes in different engineered strains. Adapted from Zhou et al.108 

We found that there was high ratio of terminal alkene secreted, as UndB was reported as a 
membrane-bound desaturase-like enzyme 113(see Figure S2 in Paper II). Fluorescence 
microscopy analysis of a UndB-GFP carrying strain AE17 showed that the GFP signal mainly 
localized to the membrane (Fig. 12a and 12b). Here, the strong promoter eTDH3p was used 
to enable high-level expression of PfUndB, but this resulted in impaired growth in strain 
AE24 (Fig. 12c), which might be attributed to the eTDH3p-based transcription being strongly 
upregulated in the glucose phase and the high-level expression of a membrane protein 
might cause stress resulting in poor cell growth. We therefore fine-tuned the expression of 
undB by utilizing a dynamic control system, in which the cell growth and 1-alkene production 
could be separated by controlling the enzyme expression via carbon source dependent 
promoter GAL7. Thus, the expression of PfUndB was repressed at high glucose levels and 
activated at glucose depletion under the control of GAL7p combined with the deletion of the 
transcription factor Gal80 in the strain AE38. The final titer of 1-alkenes reached 25 mg/L, 
leading to a 100% higher final titer of 1-alkenes compared to strain AE24 constitutively 
expressing PfUndB under control of eTDH3p (Fig. 12c). Both strains had high proportion of 
extracellular 1-alkenes (>60%) and the dynamic control of PfUndB improved the 1-alkene 
production, both intracellular and extracellular (see Figure S2 in Paper II). In addition, a 
better cell growth was observed in strain AE38, which had a higher final biomass and higher 
glucose consumption rate compared to AE34 (Fig. 12c and see Figure S3 in Paper II). Besides, 
compared with AE34, a higher 1-alkene production (Fig. 12c) and lower accumulation of FFA 
were obtained from strain AE38 (see Figure S4 in Paper II). As consequences of performing 
the dynamic control, the toxicity of 1-alkenes was relieved by expressing the membrane 
protein PfundB and the dynamic control of the expression of the membrane protein enabled 
an increase in the production, which indicated a feasible approach to benefit a cell factory 
producing toxic chemicals.     
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Figure 12. The effects of dynamic control of the expression of membrane enzyme UndB and transporter 
expression. (a) Overview of 1-alkene production and secretion (b) Fluorescence microscopy of strain AE17 
containing undB fused with GFP. (c) The comparison of 1-alkene production and OD600 of strain AE38 and 
AE34. The UndB gene was controlled by GAL7p in AE38 and controlled by eTDH3p in AE34. (d) The effect on 
total 1-alkene production with LCFA transporter FATP1 expression. Strain AE39 contains FATP1 and strain AE38 
does not. (e) The profiles of total 1-alkenes in strain AE38 and AE39 at 48 h and 70 h. Adapted from Zhou et 
al.108 

The improvement of secretion has been proven to be a cost-efficient manner that could 
reduce the cost for downstream extraction and purification. Many transporters, such as 
resistance-nodulation-cell division (RND) or ATP-binding cassette (ABC) transporters114,115, 
have been successfully utilized to enhance the production and secretion in previous studies. 
As introduced previously, we identified the novel function of FATP1 as LCFOH exporter in S. 
cerevisiae in Paper I. Here, we wanted to explore the potential capability of FATP1 to 
facilitate 1-alkene secretion based on the similar hydrophobic property of both LCFAs and 1-
alkenes (Fig. 12a). As FATP1 is a membrane protein, the inducible promoter HXT6p was used 
to separate the cell growth and production process. Coupled to HXT6p FATP1 was expected 
to be highly expressed after glucose depletion and thus coupled to 1-alkene production. A 
marginal effect on cell growth and fatty acid production was obtained after integration of 
the FATP1 expression cassette in strain AE39 (see Figure S5 in Paper II), but the extracellular 
and total 1-alkene production both showed a significant improvement after 70 h cultivation, 
which was 40% and 37% higher than for the control strain AE38, respectively (Fig. 12d). The 
FATP1 expressing strain had more than 81% 1-alkenes secreted out of the cells. Although 
there was little difference in the 1-alkene profiles between AE38 and AE39, slightly more C17 
1-alkenes were accumulated at 70 h compared with at 48 h (Fig. 12e). 
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In this part of work, we engineered a high 1-alkene production and secretion yeast platform 
by cofactor engineering, transporter engineering and dynamic enzyme control. This study 
also indicated that the product secretion would provide great benefits for industrial 
production as it will decrease the separation costs. 

 

2.3 Fatty acid ethyl esters 
 

Fatty acid ethyl esters (FAEEs) are secondary metabolites naturally produced by S. cerevisiae 
that usually play key roles as flavor compounds. Biodiesel consists of monoalkyl esters of 
long-chain fatty acids with short-chain alcohols, primarily methanol and ethanol, i.e. fatty 
acid methyl esters (FAMEs) and FAEEs. Due to the high toxicity of methanol to the cells116, 
the precursor of FAMEs, an increasing interest has been put on the microbial synthesis of 
FAEEs as a substitute of diesel and bunker oil. Ethanol and acyl-CoAs are the essential 
precursors that are involved in the biosynthesis of FAEEs, a process with esterification as the 
mechanism. Esterification is defined as the formation of an ester from alcohols and 
carboxylic acids, here catalyzed by the wax ester synthases/acyl-CoA: diacylglycerol 
acyltransferases (WS/DGAT) (Fig. 4), which naturally accept acyl groups with a chain length 
of C16 or C18 and linear alcohols with a chain ranging from C12 to C20117. WSs can have 
different preferences for substrates with distinct chain length, which enables diverse 
applications for ester products, such as jojoba-like wax esters and fatty acid ethyl esters118.  

A highly unspecific WS/DGAT from Acinetobacter calcoaceticus ADP1 was firstly tested in S. 
cerevisiae, resulting a poor performance in FAEE production119. Then, five heterologous WSs 
from bacteria and mammals were evaluated in yeast to investigate their substrate 
preferences. The results showed that the WS from Marinobacter hydrocarbonoclasticus had 
the best performance towards ethanol as the substrate in vitro and led to the highest FAEE 
titer of 6.3 mg/L in S. cerevisiae118. Then, chromosomal integration of multiple gene copies 
yielded a six-fold improvement, up to 34 mg/L, of FAEEs compared to the plasmid-based 
producer. A further 40% increase in FAEE production was obtained when the precursor 
supply was improved through overexpression of acyl-CoA binding protein (encoded by ACB1) 
and when the NADPH level was elevated by expression of a bacterial NADP+-dependent 
glyceraldehyde-3-phosphate dehydrogenase (GAPN)120. In order to achieve efficient 
synthesis of FAEEs, the concentration of free fatty acids as the precursor would affect the 
final titer. In S. cerevisiae, FAs are used to synthesize phospholipids and storage neutral 
lipids. The major FA reserves, triacylglycerols (TAGs) and steryl esters (SEs), can constitute 
about 97% of the storage lipid content of the cell and are not essential to the cell121. Blocking 
the pathways competing for FAs by deleting the genes involved in TAG and SE synthesis 
(DGA1, LRO1, ARE1 and ARE2) was beneficial for FA accumulation and in turn increased the 
FAEE production 2.5-fold122. Meanwhile, also acetyl-CoA as the common precursor for fatty 
acid derivatives was considered to play a key role in FAEE production. The flux towards 
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acetyl-CoA was improved by overexpressing alcohol dehydrogenase (encoded by ADH2), 
acetaldehyde dehydrogenase (encoded by ALD6) and ACS encoded by heterologous gene 
aceSE

L641P, together with the integrated ws2, which led to a three-fold increase of FAEE 
production123. Then, acetyl-CoA was further increased by the phosphoketolase (PHK) 
pathway through the expression of xpkA and either ack from Aspergillus nidulans or pta 
from Bacillus subtilis (a more detailed description of the enzymes will be provided in the 
following chapter). The introduction of the heterologous PHK pathways helped to produce 
around 5 mg/g cell dry weight FAEEs, an up to a 1.7-fold improvement. Instead of traditional 
carbon sources, such as glucose and sucrose, the microbial fermentation using glycerol has 
been extensively studied due to several advantages including a highly reduced substrate and 
the cost advantage of anerobic processes with less energy requirements. By increasing the 
ethanol formation from glycerol, together with blocking the glycerol export route and adding 
exogenous fatty acids, the titer of FAEEs reached 0.52 g/L which is the highest reported FAEE 
production to date in yeast124.  

Although it seems unlikely that the concentration of FAEEs reported so far is toxic to the 
cells, the engineering of transporters specific towards FAEEs that potentially benefit the 
secretion would still be a feasible strategy to further improve the production of FAEEs in the 
long term.  
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3 Strategies for improving the production of fatty acid derivatives 
 

 

 

3.1 Modifications of central carbon metabolism  
 

Glucose is the most widely studied carbon source of wild-type S. cerevisiae that can be 
transported into yeast cells by the membrane hexose transporters via facilitated diffusion. 
The members of the hexose transporter (HXT) family differ with each other in their 
transcriptional and posttranscriptional regulation, substrate specificity and affinity for 
glucose125. After the uptake, glucose is then cleaved into three-carbon units via the glycolysis 
pathway.  

Glycolysis is the critical metabolic pathway for the growth of all organisms and is responsible 
for the assimilation of carbon for either respiration or fermentation126,127. In the beginning of 
glycolysis, glucose is phosphorylated by a hexokinase (encoded by HXK1, HXK2 and GLK1) 
yielding glucose-6-phosphate (G6P) through transferring the phosphoryl group from ATP to 
the hydroxyl group of glucose. Followed by an isomerization and another phosphorylation 
that are catalyzed by phosphoglucose isomerase (encoded by PGI1) and 
phosphofructokinase (encoded by PFK1 and PFK2), respectively, glucose is converted into 
fructose 1,6-bisphosphate (F1,6P). Next, the six-carbon F1,6P is cleaved into two three-
carbon metabolites glyceraldehyde 3-phosphate (G3P) and dihydroxyacetone phosphate 
(DHAP) under a reversible condensation catalyzed by fructose-biphosphate aldolase 
(encoded by FBA1). There has been no energy generated so far, to the contrary, two 
molecules of ATP have already been invested. In the remaining steps of glycolysis, the flux 
will continue from G3P to form pyruvate under a series of reactions with two molecules of 
ATP being generated. The first ATP in glycolysis is produced during the conversion from 1,3-
bisphosphoglycerate (BPG) to 3-phosphoglycerate (3PG) via phosphoglycerate kinase 
(encoded by PGK1). And another ATP is generated along with the pyruvate formation from 
phosphenolpyruvate (PEP) catalyzed by pyruvate kinase (encoded by PYK1 and PYK2). In 
yeast, pyruvate is located at a major junction of assimilatory and dissimilatory reactions, 
which is also considered as the branch-point between respiratory dissimilation of sugars and 
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alcoholic fermentation128. As an essential precursor for acetyl-CoA synthesis, pyruvate has 
two major metabolic fates. First, pyruvate can be transported into mitochondria facilitated 
by the mitochondrial pyruvate carrier (MPC) protein (encoded by MPC1, MPC2 and MPC3), 
and then oxidized by the pyruvate dehydrogenase complex (PDH) to generate acetyl-CoA to 
enter the tricarboxylic acid (TCA) cycle128,129. Second, pyruvate can be converted to acetyl-
CoA in the cytosol via three reactions catalyzed by pyruvate decarboxylase (encoded by 
PDC1, PDC5 and PDC6), acetaldehyde dehydrogenase (encoded by ALD2/3/4/5/6) and 
acetyl-CoA synthetase (encoded by ACS1 and ACS2). In addition, pyruvate can be the 
substrate for alcoholic fermentation reducing it to ethanol primarily catalyzed by alcohol 
dehydrogenase 1 (encoded by ADH1) with acetaldehyde as the intermediate.  

Eliminating alcoholic fermentation 

Whenever yeast exhibits a fermentative sugar metabolism, ethanol and carbon dioxide are 
the predominant fermentation products130. The wide application of microbial synthesis has 
stimulated the further improvement of the yield of the desired products. In the case of yeast 
as the host organism, attempts of redirecting the carbon flux away from alcoholic 
fermentation towards the desired products have been made in recent years. Acetaldehyde, 
as the intermediate generated from pyruvate, is also the precursor for ethanol production. 
Thus, the deletion of the ADH genes, together with overexpression of the ALD and the 
heterologous ACS were conducted to prevent the conversion from acetaldehyde to ethanol 
and augment the flux towards acetyl-CoA131. However, the formation of ethanol is not 
entirely eliminated in yeast by simply deleting ADH genes, as there is a large number of 
promiscuous ADHs that could catalyze the reaction to generate ethanol and many of those 
ADHs are also involved in the production of other essential metabolites within the cells132. 

 

Figure 13. Engineering strategies for eliminating alcoholic fermentation in yeast cells. Pyk, pyruvate kinase; Pdc, 
pyruvate decarboxylase; Adh, alcohol dehydrogenase; Ald, acetaldehyde dehydrogenase; Acs, acetyl-CoA 
synthetase; Ach, acetyl-CoA hydrolase. 
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Instead, ethanol formation was inhibited by the knockout of all three Pdc enzymes (PDC1, 
PDC5 and PDC6)133 (Fig. 13). However, the glucose sensitivity, as the general characteristic of 
the Pdc-negative strain, makes it unable to grow in excess glucose, which is due to the 
repression of respiratory metabolism and the deficiency of C2 supply in the cytosol. The 
extended cultivation under conditions in which the Pdc-negative strain would not grow 
offered a solution through generating spontaneous mutants. The problem was solved by 
evolving the Pdc-deficient strain, which succeeded in obtaining a C2-independent Pdc-
negative strain that could also grow in excess glucose133. From the evolved strain, an internal 
deletion in a transcriptional regulator, Mth1, which is involved in glucose sensing in yeast, 
was found to be associated with the restored growth of the Pdc-negative strain134. With this 
mutated Mth1, the glucose flux was reduced thus resulting in decreased repression of 
respiration in the evolved strain (Fig. 13). As mentioned above, the block of ethanol 
synthesis by deletion of all three PDC genes will also inhibit the formation of cytosolic acetyl 
units that serve as precursors for various downstream products, such as fatty acids. Later, 
the mitochondrial Ach1 was found to facilitate the formation of acetate from acetyl-CoA 
(Fig. 13), which can then enter the cytosol to provide C2 units for cytoplasmic acetyl-CoA 
synthesis and thus compensates for the lack of cytosolic acetyl-CoA supply via the PDH 
bypass135. However, this route cannot function under glucose-repressed conditions and is 
restricted by the limited mitochondrial acetyl-CoA supply due to the stringent regulation of 
the PDH complex. Alternatively, the expression of a heterologous PDH complex from 
Enterococcus faecalis was shown to fully complement the cytosolic acetyl-CoA supply in an 
ACS-deficient yeast strain136. Most recently, S. cerevisiae metabolism was successfully 
altered from alcoholic fermentation to lipogenesis metabolism with a high-level production 
of free fatty acids137. All three PDC genes were deleted from an engineered yeast strain with 
improved acetyl-CoA supply. After adaptive laboratory evolution (ALE) in glucose, the 
evolved strain showed that the lipogenesis metabolism could replace the traditional ethanol 
fermentation. A mutated PYK1 was proven to be able to restore the growth of this Pdc-
negative strain in glucose (Fig. 13). Through this mutation, the glycolytic flux was 
downregulated to reduce the high NADH level in the cell.  

Engineering acetyl-CoA metabolism  

The costs of the feedstock can contribute up to 75% of the total costs of the processes for 
producing chemicals of commercial interest from carbohydrates138. This requires maximizing 
the product yields and avoiding carbon loss in order to achieve an economical production 
process. Acetyl-CoA, the essential molecule carrying C2 units in yeast, is a key precursor for 
many metabolites, the acetyl donor for protein acetylation and the fuel for the TCA cycle and 
glyoxylate cycle139,140. In S. cerevisiae, acetyl-CoA is involved in the metabolic network in the 
cytosol, nucleus, peroxisome and mitochondrion, and cannot be transported freely between 
all compartments. As the major substrate for de novo fatty acid synthesis in yeast, the native 
synthesis of cytosolic acetyl-CoA from pyruvate is referred to as the pyruvate-
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dehydrogenase bypass (PDH bypass), in which the AMP-forming ACS catalyzes the last step 
from acetate with the concomitant hydrolysis of ATP to AMP and PPi: 

acetate+ATP+CoA→acetyl-CoA+AMP+PPi 

The formation of acetyl-CoA through the native cytosolic PDH bypass from glucose can be 
described as: 

glucose+4NAD(P)++2ATP+2CoA+2H2O→2acetyl-CoA+2(NAD(P)H+H+)+2CO2+2ADP+2Pi 

Since the native cytosolic PDH bypass pathway is suboptimal in terms of acetyl-CoA supply as 
it results in loss of CO2 and energy, diverse strategies were implemented to benefit the 
process economy of acetyl-CoA synthesis. 

ATP citrate lyase (ACL) is involved in the production of cytosolic acetyl-CoA from citrate and 
is present in oleaginous yeasts such as Yarrowia lipolytica, but not in non-oleaginous yeasts 
such as S. cerevisiae138. ATP is required in the reaction with the formation of ADP instead of 
AMP, resulting in lower energy consumption compared with the native route. Five ACL genes 
from different sources were integrated into the yeast genome to compare their activities, of 
which the ACL from A. nidulans exhibited the highest activity141. Together with other 
modifications, the production of acetyl-CoA derived mevalonate was significantly increased. 
The endogenous mitochondrial citrate transporter Ctp1 was overexpressed to ensure a 
sufficient precursor supply, together with the overexpression of the ACL from Mus musculus, 
malic enzyme from R. toruloides (RtME) and malate dehydrogenase ´Mdh3 (Fig.14), resulting 
an optimized acetyl-CoA pathway with a remarkable improvement in fatty acid production69. 
Another reaction that yields acetyl-CoA from pyruvate is catalyzed by pyruvate-formate 
lyase (PFL) with formate being generated. PFL has to be activated by a PFL-activating enzyme 
(PFL-AE) (Fig. 14). The catalytic activity of PFL depends on a radical residue that makes it 
sensitive to oxygen. Thus, the PFL and PFL-AE from E. coli were first expressed in S. cerevisiae 
to enable a functional replacement of the native PDH bypass as the sole pathway for acetyl-
CoA synthesis during anaerobic culture142 (Fig. 14). In a later study, PFL and PFL-AE from E. 
coli were co-expressed with two different electron donors, reduced ferredoxin or reduced 
flavodoxin, respectively, elucidating that the PFL-driven bypass with these electron donors 
can improve growth of a Pdc-negative strain even under aerobic conditions143. A reversible 
reaction directly from acetaldehyde to acetyl-CoA that yields NADH without consuming ATP 
catalyzed by acetylating acetaldehyde dehydrogenase (A-ALD) was also introduced into S. 
cerevisiae (Fig. 14). Different heterologous A-ALDs were evaluated in a yeast strain with all 
five native ALD genes deleted (ALD2/3/4/5/6∆), showing that all of the candidates enabled a 
faster growth but low final biomass formation142. This phenomenon might be due to the 
acetaldehyde toxicity in the cells. The route towards cytosolic acetyl-CoA synthesis catalyzed 
by phosphoketolase and phosphotransacetylase (XFPK/PTA) has drawn much attention due 
to the complete carbon conversion in the acetyl-CoA formation (Fig. 14). The XFPK enzymes 
can utilize either fructose-6-P (F6P), xylulose-5-P (X5P) or ribulose-5-P (R5P) as substrates. 
The sugar phosphates and inorganic phosphate are converted to acetyl-P and either 
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erythrose-4-P or glyceraldehyde-3-P144. The PTA is responsible for the reaction that converts 
AcP and CoA into acetyl-CoA and Pi. In S. cerevisiae, the co-expression of XFPK from 
Aspergillus nidulans and PTA from Bacillus subtilis was implemented to enhance the 
production of FAEEs significantly145. However, the flux through the XFPK/PTA pathway in 
yeast using glucose as substrate appeared to be low146. As the XFPK/PTA bypass results in a 
negative ATP yield, some carbon has to pass through native glycolysis to promote ATP 
generation, thus preventing complete carbon conversion. 

 

 

Figure 14. Engineering strategies for improving cytosolic acetyl-CoA supply in yeast cells. ME, malic enzyme; 
Mdh, malate dehydrogenase; ACL, ATP citrate lyase; Ald, acetaldehyde dehydrogenase; Acs, acetyl-CoA 
synthetase; Pfl, pyruvate-formate lyase; A-Ald, acetylating acetaldehyde dehydrogenase; Pdh, pyruvate 
dehydrogenase; XFPK, phosphoketolase; PTA, phosphotransacetylase. 

 

3.2 Redox and cofactor engineering 
 

NADH and NADPH are two essential reducing equivalents involved in the conversion of many 
metabolites in yeast, where NADH predominantly participates in catabolic reactions and 
NADPH is mainly required for anabolic reactions. For example, every elongation cycle of fatty 
acid synthesis requires two molecules of NADPH, thus 16 NADPH molecules are needed for 
the formation of one C18 fatty acid. Since yeast cells naturally produce excess NADH as the 
electron carrier, the NADPH supply is usually limiting for the synthesis of fatty acids and its 
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derivatives. NADPH is predominantly generated from the pentose phosphate pathway (PPP) 
in yeast (Fig. 15). The pathway is initiated by oxidizing G6P via glucose-6-phosphate 
dehydrogenase (G6PDH, encoded by ZWF1), which is the first rate-limiting step in the PPP. 
Then, ribulose-5-phosphate is generated through 6-phosphogluconate dehydrogenase 
(6PGDH, encoded by GND1 and GND2), thereby yielding two molecules of NADPH. Many 
attempts in metabolic engineering have been made to increase the NADPH supply in the 
cytosol. In the recent study for improved fatty acid production, extra NADPH was produced 
by overexpression of the otherwise mitochondrial malic enzyme (Fig. 14), which converts 
malate into pyruvate, in the cytosol69. 

 

 

Figure 15. An overview of NADPH synthesis in yeast and engineering strategy for improved NADPH production. 
GAPN, glyceraldehyde-3-phosphate dehydrogenase; TKL1, transketolase; TAL1, transaldolase; ZWF1, glucose-6-
phosphate dehydrogenase; GND1/2, 6-phosphogluconate dehydrogenase. 

In order to facilitate NADPH regeneration and reduce the loss of carbon, a non-
phosphorylating NADP+-dependent glyceraldehyde-3-phospate dehydrogenase (GAPN) from 
Bacillus cereus was expressed in a yeast strain with deletion of GPD1 encoding NAD+-
dependent glycerol-3-phosphate dehydrogenase147 (Fig. 15). In previous work from our 
group, fine tuning the flux distribution between the PPP and glycolysis by overexpression of 
the GND1 gene, transketolase (encoded by TKL1) and transaldolase (encoded by TAL1), 
together with downregulation of phosphoglucose isomerase (encoded by PGI1) in yeast to 
provide additional NADPH led to a 28% increase in free fatty acid production137. 
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3.3 Protein engineering 
 

Enzymes are considered as versatile biocatalysts catalyzing diverse chemical reactions in 
nature, and evolution has enabled them to possess high activities and high specificities 
towards challenging substrates. Protein engineering is a process with the goal of obtaining 
modified enzymes that are more suitable for a particular application or purpose than the 
unmodified enzymes, which generally follows two main strategies, the random approach or 
the rational design. Both can also be combined in a semi-rational design strategy148. 

Random approach (Paper III & IV) 

The random approach referred to as directed evolution is mainly conducted by introducing 
random mutations into either a single protein sequence or the sequence encoding the active 
site coupled to high-throughput screening and selection strategies. Screening and selection 
are two of the most important procedures involved in protein engineering, of which the 
selection process could automatically eliminate less-functional variants, while the screening 
facilitates the evaluation of each protein for the desired property149. Directed evolution can 
be conceptualized as series of mutational steps in a fitness landscape that represents the 
phenotype of all the variants in the library. The goal of directed evolution studies is to take 
these steps within the fitness landscape that “climb” towards peak activity levels, during 
which the beneficial mutations will result in a successively improved pheotype150. Various 
information including 3D structure information of the target protein is unnecessary, which is 
one of the advantages of the random approach (Fig. 16). Theoretically, this means that the 
approach could be applied towards any protein. 

 

Figure 16. The features of different protein engineering methods in terms of the sizes of the library and the 
amount of information required. Adapted from Romas et al. and Liu et al. 151,152.  

Before performing directed evolution, the library creation is the first crucial step, since the 
diversity of library affects the exploration of a protein’s potential properties. Methods for 
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the library construction have been developed in recent years, such as error-prone PCR and 
DNA shuffling. Error-prone PCR is the most commonly used way to create genetic variation 
nowadays, during which the gene is amplified in the presence of manganese ions or 
nucleotide analogs to promote mutagenesis through the DNA polymerase or by using a low 
fidelity DNA polymerase153. In the laboratory, the level of mutagenesis can be controlled by 
the concentration of template and the number of reaction cycles154. DNA-shuffling is widely 
applied to effectively recombine homologous genes from different species, which requires 
high similarity of the DNA sequences of multiple parent genes155,156. However, it is still 
impossible to cover the entire mutational space of a typical protein with all known library 
creation methods, as approximately 1013 unique mutants are required for a complete 
randomization of a mere decapeptide150.  

In order to obtain an improved phenotype through the random approach, several rounds of 
evolution usually have to be conducted, which is time- and labor-consuming. In addition, as 
the library size is relatively large, a convenient and efficient high-throughput screening 
method is required to benefit the accumulation of beneficial variants that would greatly 
reduce the chance of missing the desired mutant (Fig. 16). For example, fluorescent proteins 
that possess a screenable phenotype, such as GFP, have been widely used in directed 
evolution by fusion the GFP protein to the enzyme of interest; the enzymes with improved 
solubility or folding related to the florescence signal will thus be easily visualized by 
fluorescent microscopy157,158. Recently, the directed evolution strategy was also applied to 
benefit biofuel production. Variants of the AcrB efflux pump from E. coli that act on the non-
native substrate n-butanol were generated and selected through this random approach. 
These variants conferred an improvement of the tolerance to n-butanol, resulting in 
enhanced growth rates of E. coli by up to 25%159. And a cellodextrin transporter CDT2 was 
engineered in S. cerevisiae under anaerobic conditions through directed evolution; a 
significant improvement of cellobiose uptake activity and ethanol productivity was observed 
after several rounds of evolution160. 

As the current production of MCFAs by yeast cells has already approached the inhibitory 
concentration that is around 1 mM for octanoic acid and decanoic acid161,162, it is challenging 
to enable further accumulation of medium-chain fatty acids (MCFAs) in yeast, which makes it 
urgent to mitigate the toxicity for the cells. In Paper III, we evolved a native membrane 
efflux pump Tpo1 to increase its activity conferring cellular resistance against C10 fatty acid. 
Since the detailed mechanisms and structure information of Tpo1 are not known, we 
performed the random approach to engineer this protein.  

Tpo1 was originally identified as a polyamide transporter that is located on the plasma 
membrane163, and it was observed to benefit the resistance of yeast cells against diverse 
toxic compounds, such as decanoic acid164. To investigate the function of Tpo1 in yeast, we 
sought to cultivate the Tpo1 negative strain in medium with 50 mg/L of decanoic acid, which 
led to impaired growth in such toxic medium. Overexpression of Tpo1 from a single-copy 
plasmid under the control of the TDH3 promoter restored the resistance against decanoic 
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acid (Fig. 17a). We then sought to use directed evolution to obtain a better Tpo1 variant 
which could enable the yeast cells to have improved tolerance against decanoic acid (Fig. 
17b).  

 

Figure 17. The design of Tpo1 transporter engineering. (a) The role of Tpo1 involved in cellular tolerance 
against decanoic acid. The CEN.PK 113-5D, 5D strain with Tpo1 deletion, Tpo1 deletion strains with empty 
plasmid (EP) or TPO1 overexpression plasmid were tested in medium with different concentration of decanoic 
acid. The final OD600 was measured after 72 h in CSM media with decanoic acid as indicated. (b) The overview 
of the directed evolution process. Adapted from Paper III. 

A random mutagenesis library was created through error-prone PCR with a library size of 
~7.8 × 104 mutants, and three Tpo1 mutants (M11, M21 and M41) were selected after 
enrichment in medium with 60-90 mg/L of decanoic acid (Fig. 18 and see Supplementary 
Figure S7a in Paper III). The mutagenesis library for the second round of evolution was 
established based on the best variant M21 from the first round, then the best variant M49 
with an improved activity was obtained from the screening with higher decanoic acid 
concentration (90-100 mg/L) (Fig. 18 and see Supplementary Figure S7b in Paper III). 

 

 

 

Figure 18. The positions of each mutation in Tpo1 variants M11, M21, M41 and M49. Adapted from Paper III.  
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The growth of yeast strains containing M49 (F322L, T54S, I432N) and M21 (F322L) was 
tested in medium with decanoic acid, showing that growth of both of the strains was 
significantly improved compared with the strain carrying the wild type Tpo1 (Fig. 19a). We 
then investigated the contribution of each mutation individually, the results also showed 
that mutation F322L conferred the major contribution to the observed phenotype (see 
Supplementary Figure S7c in Paper III). Normally, an improved tolerance could in turn 
benefit the production of the corresponding chemicals. Thus, we integrated the expression 
cassettes of wild type TPO1 and the M49 mutant independently into chromosome of stain 
YHE02 with POX1 and TPO1 deleted to investigate if the evolved Tpo1 could improve the 
production of MCFAs, and the two strains were transformed with the MCFA production 
plasmid pScFAS28. The titer of extracellular fatty acids had significantly increased in the 
strain expressing M49, and each species of MCFAs, especially C10 to C14, was enhanced by 
19% to 213% compared to the strain containing wild-type Tpo1 (Fig. 19b). We then 
introduced two copies of M49 into strain YHE02 to investigate if the production of MCFAs 
could be further improved. According to the results, the final titer of extracellular fatty acids 
reached 110 mg/L, and the titers of each MCFA species increased by 79-320% (Fig. 19b and 
Supplementary Figure S8a in Paper III). Owing to the poor understanding of these major 
facilitator superfamily (MFS) transporters, the functions of the altered amino acid residues 
were difficult to deduce. However, we successfully obtained a more efficient Tpo1 
transporter to enhance the final titer of MCFAs in this work, which demonstrated that 
directed evolution-based transporter engineering could be a promising strategy to elevate 
the production of toxic chemicals resulting from improved cellular tolerance.  

 

Figure 19. The effect of engineered Tpo1 on cellular tolerance and the production of MCFAs. (a)The growth 
curves of the strains YHE02 (pox1Δ & tpo1Δ) expressing Tpo1 variants M21, M49 and wild-type Tpo1 in CSM-
URA medium with 100 mg/L decanoic acid. The cell densities were measured by Biolector. (b) The profile of 
MCFAs produced by strains containing wild-type Tpo1, one copy of M49 and two copies of M49 in the 
chromosomes. MCFA production plasmid pScFA28 was introduced as well. Adapted from Paper III. 
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In Paper IV, we focused on engineering a carboxylic acid reductase from Mycobacterium 
marinum (MmCAR), which is a key enzyme involved in fatty aldehyde production from fatty 
acids. Fatty aldehydes are the common precursors for different oleochemicals, such as fatty 
alcohols and alka(e)nes. The CAR enzyme consists of an adenylation domain (A domain) and 
a reductase domain (R domain) linked via a peptidyl carrier protein (PCP). The 

conformational dynamics of the CAR enzyme can be conferred with different nucleotide 
ligands, where the ATP-bound form represents the adenylation state, and AMP or AMP-acyl 
bound forms are always observed in the thiolation state165. In this work, in order to enable a 
selective medium-chain fatty alcohol (MCFOH) synthesis, we designed multiple strategies for 
multidimensional engineering of MmCAR, including a random approach via directed 
evolution, and structure-guided semi-rational design and rational approaches. 

 

 

Figure 20. The design of a high-throughput screening approach for MmCAR variants. (a) Comparison of the 
cellular toxicity of MCFAs and the corresponding fatty alcohols. Strain YJZ03 (Δpox1 Δhfd1) was used to 
evaluate the toxicity by measuring the final OD600 of the strain cultivated in equivalent concentrations of 
MCFAs/MCFOHs for 72 h. (b) The final OD600 of strains with/without MmCAR after cultivation in 1mM C8 fatty 
acid (c) The workflow of the high-throughput growth-coupled enzyme engineering method. Adapted from 
Paper IV. 

To improve the catalytic function of MmCAR for MCFA conversion, directed evolution was 
performed by first establishing a random mutagenesis library of the full-length MmCAR. 
Meanwhile, an efficient growth-coupled screening approach was created to assist the 
selection of MmCAR variants. As mentioned above, MCFAs are toxic to yeast cells, thus the 
toxicity could be utilized for the selection of enzyme variants related to their capacities of 
detoxification. We thus compared the toxicity of octanoic acid and decanoic acid and their 
corresponding fatty alcohols using strain YJZ03 with the deficiency of Pox1 and Hfd1. 
According to the results, equal toxicity to the cells was observed for the same concentration 
(70 mg/L) of C10 fatty acid and fatty alcohol, and distinct toxicity to the cells was observed 
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for the same concentration (150 mg/L) of C8 fatty acid and C8 fatty alcohol, where the C8 
fatty acid showed much more toxicity to the cells than C8 fatty alcohol (Fig. 20a). Therefore, 
1mM (150 mg/L) C8 fatty acid was used to investigate if the conversion from MCFAs to 
MCFOHs by MmCAR could be a potential detoxification pathway for MCFAs. The final OD600 
of the strain containing MmCAR was much higher than the control strain in the presence of a 
high concentration of C8 fatty acid, suggesting that the expression of MmCAR benefits MCFA 
detoxification through formation of less toxic MCFOHs (Fig. 20b). Thus, a growth-coupled 
high-throughput screening scheme was established based on the detoxification of C8 fatty 
acid, where enzyme variants with a higher activity catalyzing the MCFA reduction can be 
selected (Fig. 20c).  

 

Figure 21. The synthesis of MCFOHs in S. cerevisiae expressing MmCAR variants. (a) Schematic illustration of 
the mutated MmCARs derived from two rounds of directed evolution based on the full-length MmCAR. (b) 
Production of MCFOHs in S. cerevisiae expressing mutated MmCARs derived from directed evolution based on 
full-length MmCAR. Adapted from Paper IV. 

Using this efficient screening method, an increasing concentration of C8 FA from 290-330 
mg/L was used to facilitate the variant selection for the first round of evolution based on 
random mutagenesis of the full-length MmCAR. The beneficial variant CAR*-M150 was 
isolated from the first round, whose expression enabled the best growth of yeast cells in 
medium with C8 fatty acids. In this mutant, two of the mutations D241E and H454R, were 
located in A domain of MmCAR, while the mutation L567M was located between A domain 
and PCP domain (Fig. 21a). Subsequently, the plasmid CAR*-M150 was extracted from YJZ03 
and introduced into the high MCFA producing strain ZWE243 to test the production of 
MCFOHs. The results showed that CAR*-M150 enabled a titer of 120 mg/L MCFOHs, which 
was a more than 50% increase in MCFOH production compared with the wild type MmCAR 
(Fig. 21b). The CAR*-M150 was therefore used as the template to establish a mutagenesis 
library for the second round of evolution, during which a higher concentration of C8 FA 
(330–370 mg/L) was utilized for the library enrichment. From the second round of evolution, 
the variants CAR*-M7, CAR*-M9 and CAR*-M11 were selected as the most efficient mutants 
based on the cell growth. Their expression in strain ZWE243 also enabled the production of 
around 100 mg/L, 40 mg/L and 110 mg/L of MCFOHs, respectively (Fig. 21b). We identified 
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several beneficial mutants based on directed evolution of the full-length MmCAR that 
potentially enhanced the catalytic activity towards MCFAs. Although strains expressing the 
three variants could not produce as many MCFOHs as the strain expressing M150, two of the 
variants still showed higher catalytic activity towards MCFA conversion compared to the wild 
type as more MCFOHs were produced in vivo (Fig. 21b). Two of the mutated residues 
(D241E, H454R) from M150 appeared on the surface of the A domain rather than the active 
site, and the other one (L567M) located on the Asub domain for which the conformation 
changes substantially between the adenylation and thiolation state, which indicated that 
these mutations affected the activity of MmCAR indirectly (see supplementary Figure S8).  

Rational approach and semi-rational approach (Paper III & IV) 

With the advances in acquiring protein structures or reliable models, biochemical data and 
computational methods, protein engineering is developing more and more from random 
approaches to data-driven rational or semi-rational design166. Rather than selecting from 
bigger libraries through repeated screening processes, many studies are moving beyond 
traditional directed evolution, instead advocating new strategies for designing smaller (Fig. 
16), higher quality libraries167. In a rational or semi-rational approach, the focus on specific 
amino acid residues inferred from these reliable data significantly reduces the library size, 
which results in libraries with higher functional content (Fig. 16). Thus, less efforts and time 
have to be applied for screening of the library and this is especially advantageous if no high-
throughput assay system is available. However, an in-depth understanding of the structural 
features of the active site and their functions is highly required for rational design (Fig. 16), 
which imposes restrictions on its general application168,169. On the other hand, semi-rational 
design, such as site saturation mutagenesis, could target multiple residues based on the in 
silico prediction and sequence information (Fig. 16), which can lead to the identification of 
the potentially crucial residues170,171. Sequence-guided enzyme redesign, performed by 
multiple sequence alignments (MSA), is the most popular strategy, which enables the 
exploration of amino acid conservation and evolutionary history among homologous protein 
sequences and structures172. Based on the sequence homology, it is beneficial for protein 
engineering in identifying functional hotspots, assessing local amino acid variability and 
guiding back-to-consensus design167,172. The development of protein structure databases and 
homology modeling offer valuable assistance for structure-based enzyme redesign. More 
specific residues located near the key active sites and domain interfaces could be identified 
to benefit an efficient superior library design. For example, Cahn and co-workers established 
a structure-guided, semi-rational strategy for reversing enzymatic nicotinamide cofactor 
specificity173. The efficacy of this strategy was demonstrated by inverting the cofactor 
specificity of four structurally diverse NADP-dependent enzymes towards NAD. Recently, 
computational enzyme redesign has become a promising strategy due to the development 
of in silico modeling. The advanced computational method can efficiently estimate the 
energetics of amino acid variation on the overall protein structure with the advantage of 
reducing experimental protein engineering to the evaluation of only a handful of rational 
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designs167. Chen and co-workers reported a computational, structure-based redesign to 
switch the substrate specificity of the phenylalanine adenylation domain in the 
nonribosomal peptide synthetase enzyme gramicidin S synthetase A174. Furthermore, a 
computational method was also applied to reconstruct a critical loop in human guanine 
deaminase to enable a 100-fold increase of enzyme activity towards ammelide175. Besides 
the random approaches mentioned above, also rational and semi-rational strategies were 
implemented in our work to enable an improved enzyme activity. 

The fungal FASI (fFASI) was engineered by embedding thioesterases into the reaction 
chamber to release MCFAs in our previous study60. Due to the high similarity between 
bacterial FASI (bFASI) and fFASI, we assumed that the same engineering strategies could also 
be applied to bFASI for changing the chain length of fatty acid products. In Paper III, we 
performed rational design to both of a bFASI (from Mycobacterium vaccae, MvFAS) and 
fFASI (from S. cerevisiae, ScFAS), resulting high-level production of MCFAs through the co-
expression of these FAS variants.  

 

Figure 22. The synthesis of MCFAs in strains with engineered fFASI enzymes. (a) Overview of domain 
composition of the FASI enzymes from S. cerevisiae and M. vaccae. (b) Schematic overview of engineered fFASI. 
(c) The production of extracellular MCFAs by strains containing plasmids encoding engineered fFASI. (d) The 
production of extracellular MCFAs by strains with engineered fFASI genes integrated. Adapted from Paper III. 

In the previous study, the incorporation of a heterologous short-chain thioesterase enabled 
the production of MCFAs176. We therefore evaluated different heterologous thioesterases in 
S. cerevisiae FAS (ScFAS15), among which the ‘AcTesA from Acinetobacter baylyi was found 
to be the most efficient short-chain thioesterase (see Supplementary Figure S2 in Paper III). 
A mutated KS domain (equivalent to G1250S and M1251W in Fas2) was reported to confer 
steric restriction against long-chain acyl-ACP, and mutations in the AT and MPT domain 
(equivalent to I306A and R1834K in Fas1) could alter the substrate loading as well as acyl-
CoA offloading efficiency59,177. Different combinations of mutated KS domain, AT domain and 
MPT domain were constructed based on wild type ScFAS (Fig. 22b). ScFAS05 only containing 
mutated KS was found to be the most efficient variant, in which the ‘AcTesA thioesterase 
was introduced to generate ScFAS28 (Fig. 22c). The integration of ScFAS28 in ZW207 
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resulted in the production of 85 mg/L MCFAs, 45% higher than those produced by the strain 
with only the mutated KS domain, and 143% higher than those produced by ZW206 
containing the FAS only with the ‘AcTesA thioesterase (Fig. 22d).  

Different from fFASI, the type I FASs from the CMN (Corynebacteria, Mycobacteria and 
Nocardia) group of Actinobacteria are single-chain proteins with an auxiliary 
phosphopantetheinyl transferase (AcpS in the bacterial FAS system)178. As bFASI is highly 
similar to fFASI (Fig. 22a), and the expression of bFASI in yeast is not subjected to 
endogenous regulations179, it would be interesting to introduce bFASI for MCFA production. 
In our work, a strategy equivalent to the one used for fFASI was applied to improve the 
activity of bFASI from M. vaccae towards production of MCFAs successfully. The co-
expression of engineered bFASI and fFASI further increases in the production of MCFAs (see 
Figure 1h and i in Paper III).  

In conclusion, the expression of two engineered FASI systems in yeast significantly facilitated 
the production of MCFAs, which also revealed that the engineering strategy for the FASI 
enzyme is applicable to variants from distant species.  

For the downstream MCFOHs production, further rational and semi-rational redesign of 
MmCAR was conducted based on its distinct domains in Paper IV. As MmCAR possesses a 
broad substrate spectrum ranging from C4 to C18, which is suboptimal for MCFOH 
production, we sought to change the substrate specificity towards MCFAs through narrowing 
down the substrate binding pocket. The A domain of CAR exhibits a mechanism of substrate 
identification and activation similar to that of the ANL superfamily of adenylation enzymes, 
where the ATP is attacked by the oxygen from the carboxylic acid to generate an AMP-acyl 
phosphoester180–182. Enzymes from the superfamily of acyl-activating enzymes (AAEs), such 
as fatty acyl-AMP ligases (FAALs) and fatty acyl-CoA ligases (FACLs), are able to transfer the 
carboxylic groups of their substrates to other acceptor groups, suggesting that they share a 
function similar to the A domain of CAR181,183. A potentially crucial residue S306 (I303 in 
MmCAR) was identified after aligning the FAAL from E. coli (PDB id 3PBK) with the A domain 
of CAR from Nocardia iowensis (NiCAR PDB id 5MSD) (Fig. 23c). In a previous study, a bulk 
tryptophan was introduced to result in mutated proteins FAAL28 (I227W) and FACL13 
(T214W) in the respective enzymes from Mycobacterium tuberculosis at the position 
equivalent to Q302 in MmCAR (I305 in NiCAR). The mutated enzymes had a significant 
increase in the activity towards C10 or C8 fatty acids, respectively, rather than longer acyl 
chains183. We thus replaced the amino acids of residues I303 and Q302 in MmCAR with a 
tryptophan. The variants containing I303W and Q302W enabled ~130 mg/L and ~110 mg/L 
of MCFOHs, respectively (Fig. 23a and b). According to the results, we speculated that the 
catalytic pocket of MmCAR was narrowed resulting from steric hindrance caused by the 
introduction of the bulkier tryptophan. Meanwhile, we also performed directed evolution 
towards the A domain of MmCAR coupled with the high-throughput screening method 
described above (Fig. 20c). After two rounds of evolution, CAR*-A69 from the first round and 
CAR*-A10 from the second round were isolated and expressed in high MCFA producing 
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strain ZWE243, both resulted in around 100 mg/L of MCFOHs (Fig. 23b). More C6 and C8 
fatty alcohols were produced by the CAR*-A10 containing strain compared with CAR*-A69 
strain. Four mutations (E176G, Q182R, Q371R, F501Y) were identified in the efficient variant 
CAR*-A10. However, all of them located on the surface of the A domain instead of the 
binding pocket. The distinct catalytic activities of the mutants derived from these 
approaches indicated that the rational design interfering with the binding pocket directly 
was potentially more efficient than the random approach in terms of altering substrate 
specificity. 

 

Figure 23. The synthesis of MCFOHs in S. cerevisiae by different MmCAR mutants. (a) Schematic overview of 
MmCAR mutants derived from different strategies. (b, e) Production of MCFOHs in S. cerevisiae by mutated 
MmCARs derived from adenylation domain modification (b) and reductase domain optimization (e). (c) 
Assignation of the amino acid residue related to the substrate chain length determination. And the alignment 
of sequences of FAALs and CARs are presented (d) The on- and off-states of the R domain determined by the 
conformational change of C983-M985. Adapted from Paper IV. 

The R domain of MmCAR is where the thioester is reduced using NADPH; it enables a strict 
two-electron reduction of the acyl-PCP thioester to a fatty aldehyde. However, the backbone 
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reorientation of residues 983-985 was reported to affect the conformational equilibrium 
between on- and off-states of the MmCAR R domain towards a more efficient four-electron 
reduction184. The D984 will be positioned away from the nicotinamide in the active form, 
while it will locate with the nicotinamide binding pocket in the inactive form together with 
S983 (Fig. 23d). We introduced the mutations D984G and M985A into MmCAR individually 
with the aim to potentially change the final product to fatty alcohols as previously 
reported184. However, both mutants showed a negative effect on MCFOH production in 
yeast (see Supplementary Figure S3b and S3c in Paper IV). As our high-throughput screening 
approach was very effective for selection of enzyme variants from different mutagenesis 
libraries, in order to obtain an engineered R domain free of conformational regulation by 
C983-M985 or more efficient for reduction of medium-chain substrates, we applied this 
method for screening of a site-directed saturation mutagenesis library targeting residues 
983-985 (Fig. 23a). Four variants (CAR*-F1/E5/E6/B6) that enabled a higher growth rate and 
final OD of yeast cells in the medium with 380 mg/L C8 FA were isolated and introduced into 
ZWE243 to investigate if they are also beneficial for MCFOH production (see Supplementary 
Figure S4 in Paper IV). Consistently, all these variants showed positive effects in MCFOH 
production, among which the CAR*-F1 (C983P, D984H, M985L) was the most efficient one 
that led to a final production of 170 mg/L MCFOHs (Fig. 22e). A common mutation (M985L or 
M985I) was found among these four MmCAR variants (Fig. 23a). However, after determining 
MCFOH production in a strain containing the individual mutation (CAR*-M985L), we found 
that the M985L mutant only led to a production of around 100 mg/L MCFOHs in yeast (see 
Supplementary Figure S5 in Paper IV). Meanwhile, the CAR*-F1w/o985 variant containing 
only the other mutations (C983P and D984H) from CAR*-F1 was also constructed and tested 
in strain ZWE243. The results showed an even slightly stronger effect on MCFOH production 
than for the CAR*-F1 mutant, indicating that these two mutations rather than M985L might 
play a more critical role in CAR*-F1 for MCFOHs production.  

 

Figure 24. The synthesis of MCFOHs in S. cerevisiae by MmCAR chimeras with two PCP-R domains. (a) 
Schematic overview of MmCAR chimeras with two PCP-R domains are presented. CAR*-RS01, CAR*-RS02 and 
CAR*-RS03 are plasmids containing MmCAR separately co-expressed with RNRP, RMxaA and RGPL, respectively. 
CAR*-RS011, CAR*-RS021 and CAR*-RS031 are plasmids containing MmCAR fused with RNRP, RMxaA and RGPL 
using linker GGGGS, respectively (b) The production of MCFOHs in S. cerevisiae by MmCAR variants with di-
domain. Adapted from Paper IV. 
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In a previous study, the comparison based on crystal structures between MmCAR and 
nonribosomal peptide synthetases (NRPSs) elucidated that they share a high similarity in the 
structures of the reductase domains185,186. We selected three reductase domains sharing 
high identity (50%) with the MmCAR R domain from a glycopeptidolipid (GPL) cluster of 
Mycobacterium smegmatis (RGPL), an NRPS of Mycobacterium tuberculosis (RNRP) and a 
terminal NRPS module (MxaA) of Stimatella aurantiaca Sga15 (RMxaA) that had been reported 
to catalyze the 4-electron reduction to replace the native MmCAR R domain, respectively. All 
the chimeras, however, seem to have lost their function as no MCFOHs were detected in the 
yeast strains (data not shown). Instead, the heterologous PCP-R domains were introduced 
into yeast as shown in Figure 24a through either fusion with MmCAR using linker GGGGS or 
separate expression together with MmCAR in the cells to avoid misfolding of MmCAR. 
Surprisingly, most of the chimeras had positive effects on the MCFOHs production in yeast, 
of which the best variant CAR*-RS011 (MmCAR fused to the RNRP) enabled around 150 mg/L 
of MCFOH production (Fig. 24b). 

 

Figure 25. The substrate specificity of MmCAR mutants was characterized in vivo. (a) GC spectrum of 
intracellular fatty alcohols derived from strains ZWE243 with wild type CAR, CAR*-M150, CAR*-A303 and CAR*-
F1, respectively. (b) Profiles of intracellular fatty alcohols in strain containing wild-type MmCAR, CAR*-M150, 
CAR*-A303 and CAR*-F1, respectively. Adapted from Paper IV. 
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Although the increase in production of MCFAs was achieved in those chimeras integrated 
with 4-electron R domains, it remained impossible to determine whether this enabled direct 
production of alcohols in vivo. In this part of the work, we have applied both rational and 
semi-rational design towards the R domain of MmCAR. The results elucidated that the 
smaller mutagenesis library from a semi-rational redesign led to a more efficient and direct 
effect on the desired function. Both of the approaches represent a less time-consuming and 
high efficiency manner compared with random approaches.  

Besides assessing the production of total MCFOHs in yeast strains, we evaluated the 
substrate specificity of MmCAR mutants towards distinct chain-lengths of fatty acids in vivo 
and in vitro as well. We determined the intracellular fatty alcohols derived from strains 
containing the wild-type MmCAR, CAR*-A303, CAR*-M150 and CAR*-F1, respectively. Based 
on the GC spectra, we could clearly see that the major components of intracellular fatty 
alcohols were MCFOHs (C8-C12) and relatively less long chain fatty alcohols (LCFOHs, C14-
C16) were detected (Fig. 25a). After comparing the ratio of each component, all the MmCAR 
variants enabled a higher proportion of MCFAs compared to the wild type. 75%, 78% and 
67% of MCFOHs were produced by the strains containing CAR*-A303, CAR*-F1 and CAR*-
M150, respectively, and the wild-type MmCAR had only 59% of MCFOHs (Fig. 25b). 
Furthermore, the activities for reducing fatty acids with different chain length were 
measured in crude protein extracts. According to the results, the activities towards C6-C10 
fatty acids were improved in the presence of all the mutants compared to the wild type, 
except for the comparable activity of M150 on C10 fatty acids (Fig. 26). The I303W mutant 
seems the most efficient one that enabled about 2-fold increase in the activity towards C6 
fatty acid compared to the wild type.  

 

 

Figure 26. The substrate specificity of MmCAR mutants was characterized in vitro. The NADPH oxidation rate of 
the crude protein extracted from strain ZWE243 containing CAR*-F1, CAR*-M150, CAR*-A303, the wild-type 
MmCAR and an empty plasmid, respectively. Adapted from Paper IV. 
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27a). The polyamine exporter Tpo1 had been reported to confer tolerance against MCFAs, 
and according to our previous work, an engineered Tpo1 was able to benefit the cellular 
tolerance against C10 and C8 fatty acid as well as the production of MCFAs. We therefore 
speculated that the deletion of it would potentially enable a further increase in MCFOH 
production through reducing the secretion of MCFAs. Thus, we deleted TPO1 from yeast 
strain ZWE243, yielding YH28. Three plasmids pZWMAOH01, CAR*-A303, CAR*-F1+303 
leading to distinct amounts of MCFOHs being produced were introduced into ZWE243 and 
YH28, respectively. The results showed that the improvement of MCFOH production was 
only observed in the Tpo1 deletion strain containing the most efficient variant CAR*-F1+303, 
for which 250 mg/L of MCFOHs were obtained with a 3-fold increase compared with the 
original strain (Fig. 27b). This suggested that the flux could only be redirected towards the 
MCFOH production by the variant with highest activity of MCFAs conversion in the TPO1 
deletion strain. Although the mechanistic details of how Tpo1 benefits the tolerance against 
MCFAs are still not fully clear, the possible mechanism inferred from our results in this work 
and previous work could be that Tpo1 might provide a channel for exporting the toxic 
substrates and the channel would be blocked in the absence of Tpo1. 

  

 

Figure 27. The synthesis of MCFOHs in strains with different combined mutants and TPO1 deletion. (a) The 
production of MCFOHs in the ZWE243 strains containing plasmids pZWMAOH01, CAR*-M150, CAR*-A303, 
CAR*-M150+303, CAR*-F1w/o985, CAR*-F1w/o985+303, CAR*-RS011, CAR*-RS011+303, CAR*-F1 and CAR*-
F1+303, respectively. (b) The effect of TPO1 deletion on the MCFOH production. Adapted from Paper IV. 

In conclusion, we implemented diverse protein engineering strategies to enable a significant 
improvement in the production of MCFAs and MCFOHs in S. cerevisiae. Here, protein 
engineering was applied to benefit the crucial catalytic reactions through optimizing the key 
enzymes as well as to improve product tolerance through modifying membrane 
transporters. 
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3.4 Adaptive laboratory evolution 
 

Adaptive laboratory evolution (ALE) is a frequently used strategy for engineering 
microorganisms through accessing the basic mechanisms of molecular evolution and 
adaptive changes after long term selection under harsh growth conditions. Different from 
the protein engineering strategies mentioned above, ALE allows nonintuitive beneficial 
mutations to occur in diverse genes and regulatory regions in parallel187,188. Owing to the 
advances in next-generation sequencing technologies in recent years, ALE has been 
successfully applied to facilitate the establishment of production platforms for many 
organisms, such as S. cerevisiae and E. coli. 

For instance, a high concentration of ethanol has been proven to result in cell wall instability 
and cell lysis189,190. Adaptation of a xylose-utilizing genetically engineered yeast strain to 
sugarcane bagasse hydrolysates improved multiple-inhibitor tolerance, while the ethanol 
yield in the adapted strain was improved 1.11-fold. Analysis of the evolved strain suggested 
a rearrangement in the composition of the cell wall190,191. A high concentration of organic 
acids, such as acetic acid, succinic acid and lactic acid, was observed to negatively affect the 
cell growth of yeast and E. coli192–194. A continuous culture was performed with a wild type E. 
coli strain in a gradually increasing concentration of succinate. The evolved strain was able to 
produce and sustain significantly higher titers of succinate (0.5 M) after the ALE. Reverse 
metabolic engineering was thus performed after identifying potentially beneficial mutations 
through DNA microarray analysis, and greater growth rates for the reverse engineered 
strains were observed under 0.592 M succinate stress conditions than for the wild-type192. In 
general, it would be beneficial for fermentations using yeast to conduct these at ≥ 40 °C in 
terms of increasing efficiency of the process and reducing costs. Therefore, ALE successfully 
facilitated the selection of yeast strains with improved growth and ethanol production at ≥ 
40 °C195. Moreover, the underlying mechanism was revealed after genome sequencing, 
where a sterol composition change was found to contribute to this phenotype. In these 
successful examples, the potential of ALE in biotechnological engineering as a promising 
approach was highlighted. In our work, ALE was also implemented to improve the cell fitness 
against octanoic acid in order to benefit MCFA production in yeast.  

In Paper III, the cellular resistance against decanoic acid was successfully improved through 
engineering the Tpo1 transporter, which was demonstrated to be beneficial for MCFA 
production. Therefore, we assumed that an improved cell fitness against these toxic 
chemicals could also be achieved by ALE. The ALE experiment was implemented to achieve 
improved MCFA tolerance through cultivation of a yeast strain in medium with octanoic acid. 
Thus, YJZ02 (Δpox1) as the parent strain was used for ALE, which has the advantage of 
preventing cells acquiring improved tolerance through an increased MCFA degradation 
activity. In order to perform ALE, cells were continuously transferred to fresh medium with 
octanoic acid for more than 100 generations (Fig. 28). We harvested the evolved strains with 
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significantly improved tolerance against octanoic acid from different stages during the 
evolution process, and seven protein-encoding genes were found having mutations after 
sequencing the genomes of three evolved strains (Fig. 28).  

A M1I mutation at the start codon of PDR1 that encodes a transcription factor regulating 
multidrug resistance genes was identified in ZWE01.29, and this mutation was passed down 
to the later isolated clones (Fig. 28, see Supplementary Figure S10 in Paper III). One 
nonsense mutation Y1142* was discovered in the pleiotropic ABC efflux transporter Pdr5 
that is regulated by Pdr1 in ZWE03. A similar phenotype of conferring cellular tolerance 
against octanoic acid was enabled by the mutated PDR1 allele (Pdr1, M1I) and other alleles 
(Pdr1, M1*; Pdr1, ΔN181; and Δpdr1), demonstrating that the mutated Pdr1 (Pdr1, M1I) was 
a null mutant (see Supplementary Figure S11 in Paper III). Osh2 has been reported to 
transport sterols between organelle membranes196. A frameshift mutation and a substitution 
mutation D1206Y in Osh2 were found in ZWE01.8 and ZWE01.29 of the ZWE01 population, 
respectively (Fig 28, see Supplementary Figure S10 in Paper III). According to the structure 
analysis, these two mutations in Osh2 might result in the loss-of-function of Osh2 (see 
Supplementary Figure S12 in Paper III). 

 

 

Figure 28. The ALE procedure for obtaining octanoic acid resistant strains. 

To investigate if the deletion of both OSH2 and PDR1 in the original strain could lead to 
improved resistance to octanoic acid as well a comparison of cell growth in 400 mg/L 
octanoic acid was conducted for different strains. The results showed that the deletion of 
both OSH2 and PDR1 in strain YJZ02 had an effect similar to the final evolved strain ZWE03 
on the level of resistance against octanoic acid (Fig. 29).  
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Figure 29. Growth comparison of evolved strain, parental strain and strains with PDR1 and/or OSH2 deletion. 

Afterwards, the plasmid ScFAS28 was introduced into the evolved strains to evaluate the 
performance concerning MCFA production, and we found that they were able to produce 
more MCFAs than the parent strain, an improvement that ranged from 25-217% for each 
individual product (Fig. 30). 

 

Figure 30. The synthesis of MCFAs from evolved strains compared to those from parental strain YJZ02. 

Taken together, engineering efforts including protein engineering, pathway optimization and 
cellular fitness improvement were applied to dramatically improve the production of MCFAs. 
These versatile strategies could also be used to benefit the production of other toxic 
chemicals. 
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4 Summary, conclusion and perspectives 
 

 
 

In past decades, the advances in biotechnology have offered great opportunities to expand 
the diversity of chemicals produced by microbes and enabled efficient microbial cell 
factories. The specific demands on titer, rate and yield are essential for the development 
from a proof-of-concept strain to a cell factory that could be utilized for industrial 
production. This is a time-consuming and most challenging road that requires numerous 
modifications and optimizations in metabolic pathways, enzymes of interest and the 
fermentation process. Combining diverse engineering strategies, free fatty acids have been 
produced at high titers of 33.4 g/L57, providing a potential precursor pool for further 
formation of valuable chemicals. Compared with free fatty acids, fatty acid derivatives 
possess wider applications such as biofuels and biomaterials197,198. As described above, our 
work focused on the improved production of several fatty acid derivatives in S. cerevisiae, 
such as fatty alcohols, MCFAs and MCFOHs, through multidimensional engineering 
approaches.  

The low viability of cells and the complicated extraction process are major obstacles for 
industrial fatty alcohol production. In order to solve these problems, we attempted to 
identify a transporter able to functionally export fatty alcohols from the yeast S. cerevisiae. 
Thus, in Paper I, mammalian transporter FATP1 was found in yeast to promote the export of 
fatty alcohols in yeast. The expression of FATP1 resulted an increased cell fitness and 4.5-
fold higher extracellular fatty alcohols compared with the control strain. FATP1 was reported 
as a membrane-bound acyl-CoA synthetase specific to very long chain fatty acids, and 
involved in uptake of long chain fatty acids199,200. Further efforts towards functional domain 
identification were made through domain exchange between FATP1 and FATP4. In this part 
of the work, we highlight the possibility that transporter engineering could be a promising 
strategy to enable the successful commercialization of biofuel production. Transporter 
engineering was further applied in our next work. 

In Paper II, the yeast S. cerevisiae was engineered to enable a relatively high production of 1-
alkenes through dynamically regulating their synthesis and transporter engineering. PfUndB 
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from P. fluorescens Pf-5 showed high enzyme activity towards 1-alkene formation and was 
found to locate to the membrane. Dynamic control of PfUndB was performed to relieve the 
toxicity of expressing the membrane protein, together with cofactor engineering by 
expressing the NADH-dependent Pdx/Pdr system, yielding a 4-fold increase in 1-alkene 
production compared with the control strain. FATP1 was found to facilitate the export of 1-
alkenes as well in this study; its expression contributed to a 40% increase in extracellular 1-
alkene production. Different from the performance in the fatty alcohol producing strain, 
FATP1 only had a marginal effect on the cell growth. This suggested that the toxicity of 1-
alkenes is not the bottleneck at the current stage in contract to fatty alcohols. The low 
catalytic activity of the key enzymes involved in 1-alkene formation is rather the major 
problem that demands prompt solution.  

The optimization of a type I FAS in a previous study enabled the selective synthesis of MCFAs 
in yeast59,60. In Paper III, both the endogenous FAS and an orthogonal bacterial type I FAS 
were engineered for MCFA production in S. cerevisiae. Owing to the development of 
engineering strategies, the titers of MCFAs currently produced by engineered yeast cells 
have already approached the inhibitory concentration of MCFAs105,201,202. Thus, directed 
evolution of the transporter Tpo1 and adaptive laboratory evolution were implemented to 
increase cellular tolerance against toxic MCFAs with the consequence of 2.3- and 2.7- fold 
improvement in MCFA production, respectively. The mutants that conferred resistance to 
MCFAs during ALE were further characterized after performing genome sequencing of three 
evolved strains. However, due to the poor understanding of the Tpo1 transporter, it was 
difficult to deduce the possible mechanism of the altered amino acid residues. We further 
enlarged the precursor supply, which combined with these modifications, resulted in a final 
production of >1 g/L MCFAs and the highest yield (0.053 g/g glucose) reported in yeast so 
far. This high MCFA production platform strain could be considered as the provider of a 
precursor pool for the production of a range of MCFA-derived chemicals. 

Based on our work described above, we further engineered MmCAR from Mycobacterium 
marinum for selective synthesis of MCFOHs in yeast through multiple protein engineering 
strategies in Paper IV. Based on high-throughput screening coupled with cell growth, a 
random mutagenesis approach was conducted based on the full-length MmCAR, and 50% 
more MCFOHs were produced by the best variant. Both a random mutagenesis approach 
and rational design based on its structure information were performed to the A domain of 
MmCAR, which successfully changed the substrate specificity to MCFAs, and the best 
mutation I303W resulted in a 1.6-fold increase in MCFOH production. The R domain 
modification through the semi-rational design toward residues 983-985 turned out to be the 
most efficient strategy that increased the final titer of MCFOHs 2.1-fold compared with the 
control strain. In combination with these efficient mutations, a final 3-fold increase in 
MCFOHs was achieved with the additional deletion of transporter Tpo1. In this part of work, 
the engineered MmCAR offered abundant production of MCFOHs and aldehydes as the 
versatile intermediates that enable broad applications for further formation of alka(e)nes 



 51 
 

and FAEEs. However, the impaired growth caused by the toxicity of MCFOHs still is a major 
obstacle for future industrial production like MCFAs. Thus, the improvement of cellular 
tolerance against MCFOHs through fermentation process optimization and transporter 
engineering would be feasible strategies to obtain a further increase in MCFOH production.  

We could clearly demonstrate that transporter engineering plays a very important role for 
the improved production of oleochemicals, especially of toxic chemicals that might cause 
impaired cell growth. In our work, the expression of a heterologous transporter has been 
proven to significantly benefit the export of fatty alcohols and alkenes, which would be of 
great commercial interest in reducing the cost of the final product extraction. However, the 
expression of heterologous transporters for improved production and secretion has not 
been widely studied due to many reasons. The poor understanding of transporters is one of 
the main reasons, as the substrates of many transporters have not been fully identified and 
the transporters for many products of commercial interests are still unknown. In addition, 
the difficulties of functionally expressing heterologous transporters could be caused by the 
discrepancy of membrane structures between different species and the negative effects on 
cell viability. We therefore brought up an alternative approach in our study, an improved 
activity of native transporter Tpo1 was achieved through protein engineering to benefit the 
cellular tolerance against toxic chemicals, resulting an improved production of MCFAs. This 
strategy could perfectly circumvent the necessity of functionally expressing a heterologous 
transporter, but it requires that the native one should ideally already possess some basic 
activity towards the substrates of interest. The protein engineering approach was also 
highlighted in our work where the key enzyme MmCAR involved in fatty alcohol formation 
was engineered to enable a changed specificity towards MCFAs. However, the application of 
this strategy is still limited by our knowledge of structural information and the screening 
method. The development in the accuracy of structural prediction based on computational 
structure modeling would play a very important role for further experimental investigation. 
Ultra-high-throughput screening method that could be achieved by the advances in 
instrumentation of reading and analysis would also confer critical contributions in future 
applications. Moreover, practical protein engineering methods towards non-typical proteins 
that have no structural information and screening method available would be a future 
direction to be developed along with the technical advances.  

As mentioned, it is still challenging to meet the commercial requirements for the microbial 
production of fatty acid derivatives. The cellular toxicity caused by the accumulation of these 
chemicals is one of the major problems for large-scale industrial production. Transporter 
engineering, adaptive evolution and fermentation process optimization need to be further 
developed to improve the cellular tolerance and product secretion. Moreover, in many 
cases, the relatively low activity of the key enzymes is still the major obstacle, such as for 
alka(e)ne production in yeast. Besides achieving better performance by protein engineering 
towards the target enzymes, the development of high-throughput methods would also allow 
for rapid selection among large amounts of enzyme candidates. In addition, as the 
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oleochemicals possess relatively low value, increasing the utilization of carbon sources by 
changing to single carbon feedstocks, such as CO2 and methanol, is also another feasible 
strategy to obtain high TRY metrics that needs to be extensively studied. The progress of 
metabolic engineering benefits from great developments in the field of biotechnology, for 
example, the CRISPR technology has significantly shortened the time of genetic manipulation 
in microbes. However, based on the “Design-Build-Test-Learn” (DBTL) cycle203, learning is 
probably the most challenging part that requires more novel analysis tools to get new insight 
into optimization of microbes and proteins of interest. The development of next-generation 
sequencing in omics analysis and machine-learning techniques could provide a deeper 
understanding about the regulation and interaction of metabolites and proteins inside the 
cell, which would benefit the exploitation of new engineering targets.         

In conclusion, this thesis clearly indicates that the engineered yeast cells provide great 
opportunities to produce diverse chemicals. Besides the traditional metabolic pathway 
engineering, multidimensional engineering at the protein level and the cellular level leading 
to an improved tolerance against toxic chemicals will also play crucial roles in enhancing the 
TRY metrics in yeast.  



 53 
 

5 References 
 

1. Kavšček, M., Stražar, M., Curk, T., Natter, K. & Petrovič, U. Yeast as a cell factory: current state and 
perspectives. Microb. Cell Fact. 14, 94 (2015). 

2. Hausjell, J., Halbwirth, H. & Spadiut, O. Recombinant production of eukaryotic cytochrome P450s in 
microbial cell factories. Biosci. Rep. 38, (2018). 

3. Gottardi, M., Reifenrath, M., Boles, E. & Tripp, J. Pathway engineering for the production of 
heterologous aromatic chemicals and their derivatives in Saccharomyces cerevisiae: bioconversion 
from glucose. FEMS Yeast Res. 17, (2017). 

4. Krivoruchko, A. & Nielsen, J. Production of natural products through metabolic engineering of 
Saccharomyces cerevisiae. Curr. Opin. Biotechnol. 35, 7–15 (2015). 

5. Werck-Reichhart, D. & Feyereisen, R. Cytochromes P450: a success story. Genome Biol. 1, 
reviews3003.1 (2000). 

6. Withers, S. T. & Keasling, J. D. Biosynthesis and engineering of isoprenoid small molecules. Appl. 
Microbiol. Biotechnol. 73, 980–990 (2006). 

7. Roberts, S. C. Production and engineering of terpenoids in plant cell culture. Nat. Chem. Biol. 3, 387–
395 (2007). 

8. Wang, C. et al. Microbial Platform for Terpenoid Production: Escherichia coli and Yeast. Front. 
Microbiol. 9, 2460 (2018). 

9. Zhang, Y., Nielsen, J. & Liu, Z. Engineering yeast metabolism for production of terpenoids for use as 
perfume ingredients, pharmaceuticals and biofuels. FEMS Yeast Res. 17, (2017). 

10. Liao, P., Hemmerlin, A., Bach, T. J. & Chye, M.-L. The potential of the mevalonate pathway for enhanced 
isoprenoid production. Biotechnol. Adv. 34, 697–713 (2016). 

11. Jongedijk, E. et al. Capturing of the monoterpene olefin limonene produced in Saccharomyces 
cerevisiae. Yeast 32, n/a-n/a (2014). 

12. Engels, B., Dahm, P. & Jennewein, S. Metabolic engineering of taxadiene biosynthesis in yeast as a first 
step towards Taxol (Paclitaxel) production. Metab. Eng. 10, 201–206 (2008). 

13. Zhou, Y. J. et al. Modular Pathway Engineering of Diterpenoid Synthases and the Mevalonic Acid 
Pathway for Miltiradiene Production. J. Am. Chem. Soc. 134, 3234–3241 (2012). 

14. Guo, J. et al. CYP76AH1 catalyzes turnover of miltiradiene in tanshinones biosynthesis and enables 
heterologous production of ferruginol in yeasts. Proc. Natl. Acad. Sci. U. S. A. 110, 12108–13 (2013). 

15. Verwaal, R. et al. High-level production of beta-carotene in Saccharomyces cerevisiae by successive 
transformation with carotenogenic genes from Xanthophyllomyces dendrorhous. Appl. Environ. 
Microbiol. 73, 4342–50 (2007). 

16. Paddon, C. J. & Keasling, J. D. Semi-synthetic artemisinin: a model for the use of synthetic biology in 
pharmaceutical development. Nat. Rev. Microbiol. 12, 355–367 (2014). 

17. Ro, D.-K. et al. Production of the antimalarial drug precursor artemisinic acid in engineered yeast. 
Nature 440, 940–943 (2006). 

18. Panche, A. N., Diwan, A. D. & Chandra, S. R. Flavonoids: an overview. J. Nutr. Sci. 5, e47 (2016). 

19. Lee, Y. K. et al. (−)-Epigallocatechin-3-gallate prevents lipopolysaccharide-induced elevation of beta-
amyloid generation and memory deficiency. Brain Res. 1250, 164–174 (2009). 

20. Castañeda-Ovando, A., Pacheco-Hernández, M. de L., Páez-Hernández, M. E., Rodríguez, J. A. & Galán-
Vidal, C. A. Chemical studies of anthocyanins: A review. Food Chem. 113, 859–871 (2009). 



 54 
 

21. Weisshaar, B. & Jenkins, G. I. Phenylpropanoid biosynthesis and its regulation. Curr. Opin. Plant Biol. 1, 
251–257 (1998). 

22. Ro, D.-K. & Douglas, C. J. Reconstitution of the entry point of plant phenylpropanoid metabolism in 
yeast (Saccharomyces cerevisiae): implications for control of metabolic flux into the phenylpropanoid 
pathway. J. Biol. Chem. 279, 2600–7 (2004). 

23. Koopman, F. et al. De novo production of the flavonoid naringenin in engineered Saccharomyces 
cerevisiae. Microb. Cell Fact. 11, 155 (2012). 

24. Lyu, X., Ng, K. R., Lee, J. L., Mark, R. & Chen, W. N. Enhancement of Naringenin Biosynthesis from 
Tyrosine by Metabolic Engineering of Saccharomyces cerevisiae. J. Agric. Food Chem. 65, 6638–6646 
(2017). 

25. Chemler, J. A., Lim, C. G., Daiss, J. L. & Koffas, M. A. G. A Versatile Microbial System for Biosynthesis of 
Novel Polyphenols with Altered Estrogen Receptor Binding Activity. Chem. Biol. 17, 392–401 (2010). 

26. Rodriguez, A. et al. Metabolic engineering of yeast for fermentative production of flavonoids. 
Bioresour. Technol. 245, 1645–1654 (2017). 

27. Hagel, J. M. & Facchini, P. J. Benzylisoquinoline Alkaloid Metabolism: A Century of Discovery and a 
Brave New World. Plant Cell Physiol. 54, 647–672 (2013). 

28. Hawkins, K. M. & Smolke, C. D. Production of benzylisoquinoline alkaloids in Saccharomyces cerevisiae. 
Nat. Chem. Biol. 4, 564–73 (2008). 

29. Trenchard, I. J., Siddiqui, M. S., Thodey, K. & Smolke, C. D. De novo production of the key branch point 
benzylisoquinoline alkaloid reticuline in yeast. Metab. Eng. 31, 74–83 (2015). 

30. Galanie, S., Thodey, K., Trenchard, I. J., Filsinger Interrante, M. & Smolke, C. D. Complete biosynthesis of 
opioids in yeast. Science 349, 1095–100 (2015). 

31. Brown, S., Clastre, M., Courdavault, V. & O’Connor, S. E. De novo production of the plant-derived 
alkaloid strictosidine in yeast. Proc. Natl. Acad. Sci. U. S. A. 112, 3205–10 (2015). 

32. Billingsley, J. M. et al. Engineering the biocatalytic selectivity of iridoid production in Saccharomyces 
cerevisiae. Metab. Eng. 44, 117–125 (2017). 

33. Fairley, P. Introduction: Next generation biofuels. Nature 474, S2–S5 (2011). 

34. Röttig, A., Wenning, L., Bröker, D. & Steinbüchel, A. Fatty acid alkyl esters: perspectives for production 
of alternative biofuels. Appl. Microbiol. Biotechnol. 85, 1713–1733 (2010). 

35. Knoshaug, E. P. & Zhang, M. Butanol Tolerance in a Selection of Microorganisms. Appl. Biochem. 
Biotechnol. 153, 13–20 (2009). 

36. Branduardi, P., Longo, V., Berterame, N. M., Rossi, G. & Porro, D. A novel pathway to produce butanol 
and isobutanol in Saccharomyces cerevisiae. Biotechnol. Biofuels 6, 68 (2013). 

37. Si, T., Luo, Y., Xiao, H. & Zhao, H. Utilizing an endogenous pathway for 1-butanol production in 
Saccharomyces cerevisiae. Metab. Eng. 22, 60–68 (2014). 

38. Krivoruchko, A., Serrano-Amatriain, C., Chen, Y., Siewers, V. & Nielsen, J. Improving biobutanol 
production in engineered Saccharomyces cerevisiae by manipulation of acetyl-CoA metabolism. J. Ind. 
Microbiol. Biotechnol. 40, 1051–1056 (2013). 

39. Chen, X., Nielsen, K. F., Borodina, I., Kielland-Brandt, M. C. & Karhumaa, K. Increased isobutanol 
production in Saccharomyces cerevisiae by overexpression of genes in valine metabolism. Biotechnol. 
Biofuels 4, 21 (2011). 

40. Kondo, T. et al. Genetic engineering to enhance the Ehrlich pathway and alter carbon flux for increased 
isobutanol production from glucose by Saccharomyces cerevisiae. J. Biotechnol. 159, 32–37 (2012). 

41. Nielsen, J., Larsson, C., van Maris, A. & Pronk, J. Metabolic engineering of yeast for production of fuels 



 55 
 

and chemicals. Curr. Opin. Biotechnol. 24, 398–404 (2013). 

42. Buijs, N. A., Siewers, V. & Nielsen, J. Advanced biofuel production by the yeast Saccharomyces 
cerevisiae. Curr. Opin. Chem. Biol. 17, 480–488 (2013). 

43. Chen, F., Tholl, D., Bohlmann, J. & Pichersky, E. The family of terpene synthases in plants: a mid-size 
family of genes for specialized metabolism that is highly diversified throughout the kingdom. Plant J. 
66, 212–229 (2011). 

44. Chandran, S. S., Kealey, J. T. & Reeves, C. D. Microbial production of isoprenoids. Process Biochem. 46, 
1703–1710 (2011). 

45. Meadows, A. L. et al. Rewriting yeast central carbon metabolism for industrial isoprenoid production. 
Nature 537, 694–697 (2016). 

46. Klug, L. & Daum, G. Yeast lipid metabolism at a glance. FEMS Yeast Res. 14, 369–388 (2014). 

47. Ferreira, R., Teixeira, P. G., Siewers, V. & Nielsen, J. Redirection of lipid flux toward phospholipids in 
yeast increases fatty acid turnover and secretion. Proc. Natl. Acad. Sci. 115, 1262–1267 (2018). 

48. Tuller, G., Nemec, T., Hrastnik, C. & Daum, G. Lipid composition of subcellular membranes of an 
FY1679-derived haploid yeast wild-type strain grown on different carbon sources. Yeast 15, 1555–1564 
(1999). 

49. Viljoen, B. C., Kock, J. L. F. & Lategan, P. M. Long-chain fatty acid composition of selected genera of 
yeasts belonging to the Endomycetales. Antonie Van Leeuwenhoek 52, 45–51 (1986). 

50. Tehlivets, O., Scheuringer, K. & Kohlwein, S. D. Fatty acid synthesis and elongation in yeast. Biochim. 
Biophys. Acta - Mol. Cell Biol. Lipids 1771, 255–270 (2007). 

51. Hiltunen, J. K. et al. Mitochondrial fatty acid synthesis type II: more than just fatty acids. J. Biol. Chem. 
284, 9011–5 (2009). 

52. Grininger, M. Perspectives on the evolution, assembly and conformational dynamics of fatty acid 
synthase type I (FAS I) systems. Curr. Opin. Struct. Biol. 25, 49–56 (2014). 

53. Beld, J., Lee, D. J. & Burkart, M. D. Fatty acid biosynthesis revisited: structure elucidation and metabolic 
engineering. Mol. Biosyst. 11, 38–59 (2015). 

54. Maier, T., Jenni, S., Ban, N. & Ban, N. Architecture of mammalian fatty acid synthase at 4.5 A resolution. 
Science 311, 1258–62 (2006). 

55. Jenni, S. et al. Structure of fungal fatty acid synthase and implications for iterative substrate shuttling. 
Science 316, 254–61 (2007). 

56. LYNEN, F. et al. On the Structure of Fatty Acid Synthetase of Yeast. Eur. J. Biochem. 112, 431–442 
(2005). 

57. Yu, T. et al. Reprogramming Yeast Metabolism from Alcoholic Fermentation to Lipogenesis. Cell 174, 
1549-1558.e14 (2018). 

58. Yu, T. et al. Metabolic engineering of Saccharomyces cerevisiae for production of very long chain fatty 
acid-derived chemicals. Nat. Commun. 8, 15587 (2017). 

59. Gajewski, J., Pavlovic, R., Fischer, M., Boles, E. & Grininger, M. Engineering fungal de novo fatty acid 
synthesis for short chain fatty acid production. Nat. Commun. 8, 14650 (2017). 

60. Zhu, Z. et al. Expanding the product portfolio of fungal type I fatty acid synthases. Nat. Chem. Biol. 
(2017). doi:10.1038/nCHeMBIO.2301 

61. Jin, G., Yang, F., Hu, C., Shen, H. & Zhao, Z. K. Enzyme-assisted extraction of lipids directly from the 
culture of the oleaginous yeast Rhodosporidium toruloides. Bioresour. Technol. 111, 378–382 (2012). 

62. Sarria, S., Kruyer, N. S. & Peralta-Yahya, P. Microbial synthesis of medium-chain chemicals from 



 56 
 

renewables. Nat. Biotechnol. 35, 1158–1166 (2017). 

63. Hofvander, P., Doan, T. T. P. & Hamberg, M. A prokaryotic acyl-CoA reductase performing reduction of 
fatty acyl-CoA to fatty alcohol. FEBS Lett. 585, 3538–3543 (2011). 

64. Schirmer, A., Rude, M. A., Li, X., Popova, E. & del Cardayre, S. B. Microbial biosynthesis of alkanes. 
Science 329, 559–62 (2010). 

65. Akhtar, M. K., Turner, N. J. & Jones, P. R. Carboxylic acid reductase is a versatile enzyme for the 
conversion of fatty acids into fuels and chemical commodities. Proc. Natl. Acad. Sci. U. S. A. 110, 87–92 
(2013). 

66. Metz, J. G., Pollard, M. R., Anderson, L., Hayes, T. R. & Lassner, M. W. Purification of a jojoba embryo 
fatty acyl-coenzyme A reductase and expression of its cDNA in high erucic acid rapeseed. Plant Physiol. 
122, 635–44 (2000). 

67. Willis, R. M., Wahlen, B. D., Seefeldt, L. C. & Barney, B. M. Characterization of a Fatty Acyl-CoA 
Reductase from Marinobacter aquaeolei VT8: A Bacterial Enzyme Catalyzing the Reduction of Fatty 
Acyl-CoA to Fatty Alcohol. Biochemistry 50, 10550–10558 (2011). 

68. Runguphan, W. & Keasling, J. D. Metabolic engineering of Saccharomyces cerevisiae for production of 
fatty acid-derived biofuels and chemicals. Metab. Eng. 21, 103–113 (2014). 

69. Zhou, Y. J. et al. Production of fatty acid-derived oleochemicals and biofuels by synthetic yeast cell 
factories. Nat. Commun. 7, 11709 (2016). 

70. d’Espaux, L. et al. Engineering high-level production of fatty alcohols by Saccharomyces cerevisiae from 
lignocellulosic feedstocks. Metab. Eng. 42, 115–125 (2017). 

71. van Helvoort, A. et al. MDR1 P-Glycoprotein Is a Lipid Translocase of Broad Specificity, While MDR3 P-
Glycoprotein Specifically Translocates Phosphatidylcholine. Cell 87, 507–517 (1996). 

72. van Meer, G., Halter, D., Sprong, H., Somerharju, P. & Egmond, M. R. ABC lipid transporters: Extruders, 
flippases, or flopless activators? FEBS Lett. 580, 1171–1177 (2006). 

73. Bird, D. et al. Characterization of Arabidopsis ABCG11/WBC11, an ATP binding cassette (ABC) 
transporter that is required for cuticular lipid secretion†. Plant J. 52, 485–498 (2007). 

74. McFarlane, H. E., Shin, J. J. H., Bird, D. A. & Samuels, A. L. Arabidopsis ABCG transporters, which are 
required for export of diverse cuticular lipids, dimerize in different combinations. Plant Cell 22, 3066–
75 (2010). 

75. Le Hir, R. et al. ABCG9, ABCG11 and ABCG14 ABC transporters are required for vascular development in 
Arabidopsis. Plant J. 76, 811–824 (2013). 

76. Li, N., Xu, C., Li-Beisson, Y. & Philippar, K. Fatty Acid and Lipid Transport in Plant Cells. Trends Plant Sci. 
21, 145–158 (2016). 

77. Li, H., Schmitz, O. & Alper, H. S. Enabling glucose/xylose co-transport in yeast through the directed 
evolution of a sugar transporter. Appl. Microbiol. Biotechnol. 100, 10215–10223 (2016). 

78. Hirsch, D., Stahl, A. & Lodish, H. F. A family of fatty acid transporters conserved from mycobacterium to 
man. Proc. Natl. Acad. Sci. U. S. A. 95, 8625–9 (1998). 

79. DiRusso, C. C. et al. Comparative biochemical studies of the murine fatty acid transport proteins (FATP) 
expressed in yeast. J. Biol. Chem. 280, 16829–37 (2005). 

80. Glatz, J. F. C., Luiken, J. J. F. P. & Bonen, A. Membrane Fatty Acid Transporters as Regulators of Lipid 
Metabolism: Implications for Metabolic Disease. Physiol. Rev. 90, 367–417 (2010). 

81. Black, P., Sandoval, A., Arias-Barrau, E. & DiRusso, C. Targeting the Fatty Acid Transport Proteins (FATP) 
to Understand the Mechanisms Linking Fatty Acid Transport to Metabolism. Immunol. Endocr. Metab. 
Agents Med. Chem. 9, 11–17 (2009). 



 57 
 

82. Xu, S., Jay, A., Brunaldi, K., Huang, N. & Hamilton, J. A. CD36 Enhances Fatty Acid Uptake by Increasing 
the Rate of Intracellular Esterification but Not Transport across the Plasma Membrane. Biochemistry 
52, 7254–7261 (2013). 

83. Bonen, A. et al. Regulation of fatty acid transport by fatty acid translocase/CD36. Proc. Nutr. Soc. 63, 
245–249 (2004). 

84. Hu, Y., Zhu, Z., Nielsen, J. & Siewers, V. Heterologous transporter expression for improved fatty alcohol 
secretion in yeast. Metab. Eng. 45, 51–58 (2018). 

85. Schmuth, M. et al. Differential Expression of Fatty Acid Transport Proteins in Epidermis and Skin 
Appendages. J. Invest. Dermatol. 125, 1174–1181 (2005). 

86. Herrmann, T. et al. Mouse fatty acid transport protein 4 (FATP4): Characterization of the gene and 
functional assessment as a very long chain acyl-CoA synthetase. Gene 270, 31–40 (2001). 

87. Gimeno, R. E. et al. Characterization of a heart-specific fatty acid transport protein. J. Biol. Chem. 278, 
16039–44 (2003). 

88. Chiu, H.-C. et al. Transgenic Expression of Fatty Acid Transport Protein 1 in the Heart Causes Lipotoxic 
Cardiomyopathy. Circ. Res. 96, 225–233 (2005). 

89. Schaffer, J. E. & Lodish, H. F. Expression cloning and characterization of a novel adipocyte long chain 
fatty acid transport protein. Cell 79, 427–436 (1994). 

90. Black, P. N., Zhang, Q., Weimar, J. D. & DiRusso, C. C. Mutational analysis of a fatty acyl-coenzyme A 
synthetase signature motif identifies seven amino acid residues that modulate fatty acid substrate 
specificity. J. Biol. Chem. 272, 4896–903 (1997). 

91. Watkins, P. ., Pevsner, J. & Steinberg, S. . Human very long-chain acyl-CoA synthetase and two human 
homologs: initial characterization and relationship to fatty acid transport protein. Prostaglandins, 
Leukot. Essent. Fat. Acids 60, 323–328 (1999). 

92. Zou, Z., DiRusso, C. C., Ctrnacta, V. & Black, P. N. Fatty acid transport in Saccharomyces cerevisiae. 
Directed mutagenesis of FAT1 distinguishes the biochemical activities associated with Fat1p. J. Biol. 
Chem. 277, 31062–71 (2002). 

93. Howard, R. W. & Blomquist, G. J. ECOLOGICAL, BEHAVIORAL, AND BIOCHEMICAL ASPECTS OF INSECT 
HYDROCARBONS. Annu. Rev. Entomol. 50, 371–393 (2005). 

94. Jetter, R. & Kunst, L. Plant surface lipid biosynthetic pathways and their utility for metabolic 
engineering of waxes and hydrocarbon biofuels. Plant J. 54, 670–683 (2008). 

95. Schirmer, A., Rude, M. A., Li, X., Popova, E. & del Cardayre, S. B. Microbial biosynthesis of alkanes. 
Science 329, 559–62 (2010). 

96. Liu, Y. et al. Hydrogen peroxide-independent production of α-alkenes by OleTJE P450 fatty acid 
decarboxylase. Biotechnol. Biofuels 7, 28 (2014). 

97. Rude, M. A. et al. Terminal Olefin (1-Alkene) Biosynthesis by a Novel P450 Fatty Acid Decarboxylase 
from Jeotgalicoccus Species. Appl. Environ. Microbiol. 77, 1718–1727 (2011). 

98. Sorigué, D. et al. An algal photoenzyme converts fatty acids to hydrocarbons. Science 357, 903–907 
(2017). 

99. Herman, N. A. Enzymes for fatty acid-based hydrocarbon biosynthesis. Curr. Opin. Chem. Biol. 35, 22–
28 (2016). 

100. Bernard, A. et al. Reconstitution of plant alkane biosynthesis in yeast demonstrates that Arabidopsis 
ECERIFERUM1 and ECERIFERUM3 are core components of a very-long-chain alkane synthesis complex. 
Plant Cell 24, 3106–18 (2012). 

101. Qiu, Y. et al. An insect-specific P450 oxidative decarbonylase for cuticular hydrocarbon biosynthesis. 



 58 
 

Proc. Natl. Acad. Sci. U. S. A. 109, 14858–63 (2012). 

102. Mendez-Perez, D., Begemann, M. B. & Pfleger, B. F. Modular synthase-encoding gene involved in α-
olefin biosynthesis in Synechococcus sp. strain PCC 7002. Appl. Environ. Microbiol. 77, 4264–7 (2011). 

103. Marella, E. R., Holkenbrink, C., Siewers, V. & Borodina, I. Engineering microbial fatty acid metabolism 
for biofuels and biochemicals. Curr. Opin. Biotechnol. 50, 39–46 (2018). 

104. Zhou, Y. J. et al. Harnessing Yeast Peroxisomes for Biosynthesis of Fatty-Acid-Derived Biofuels and 
Chemicals with Relieved Side-Pathway Competition. J. Am. Chem. Soc. 138, 15368–15377 (2016). 

105. Zhu, Z. et al. Enabling the synthesis of medium chain alkanes and 1-alkenes in yeast. Metab. Eng. 44, 
81–88 (2017). 

106. Chen, B., Ling, H. & Chang, M. W. Transporter engineering for improved tolerance against alkane 
biofuels in Saccharomyces cerevisiae. Biotechnol. Biofuels 6, 21 (2013). 

107. Ling, H., Chen, B., Kang, A., Lee, J.-M. & Chang, M. Transcriptome response to alkane biofuels in 
Saccharomyces cerevisiae: identification of efflux pumps involved in alkane tolerance. Biotechnol. 
Biofuels 6, 95 (2013). 

108. Zhou, Y. J., Hu, Y., Zhu, Z., Siewers, V. & Nielsen, J. Engineering 1-Alkene Biosynthesis and Secretion by 
Dynamic Regulation in Yeast. ACS Synth. Biol. 7, 584–590 (2018). 

109. Rui, Z. et al. Microbial biosynthesis of medium-chain 1-alkenes by a nonheme iron oxidase. Proc. Natl. 
Acad. Sci. 111, 18237–18242 (2014). 

110. Liu, Q. et al. Engineering an iterative polyketide pathway in Escherichia coli results in single-form alkene 
and alkane overproduction. Metab. Eng. 28, 82–90 (2015). 

111. Dennig, A. et al. Oxidative Decarboxylation of Short-Chain Fatty Acids to 1-Alkenes. Angew. Chemie Int. 
Ed. 54, 8819–8822 (2015). 

112. Heux, S., Cachon, R. & Dequin, S. Cofactor engineering in Saccharomyces cerevisiae: Expression of a 
H2O-forming NADH oxidase and impact on redox metabolism. Metab. Eng. 8, 303–314 (2006). 

113. Rui, Z., Harris, N. C., Zhu, X., Huang, W. & Zhang, W. Discovery of a Family of Desaturase-Like Enzymes 
for 1-Alkene Biosynthesis. ACS Catal. 5, 7091–7094 (2015). 

114. Doshi, R., Nguyen, T. & Chang, G. Transporter-mediated biofuel secretion. Proc. Natl. Acad. Sci. U. S. A. 
110, 7642–7 (2013). 

115. Dunlop, M. J. et al. Engineering microbial biofuel tolerance and export using efflux pumps. Mol. Syst. 
Biol. 7, 487 (2011). 

116. Kalscheuer, R., Stölting, T. & Steinbüchel, A. Microdiesel: Escherichia coli engineered for fuel 
production. Microbiology 152, 2529–2536 (2006). 

117. Stöveken, T. & Steinbüchel, A. Bacterial Acyltransferases as an Alternative for Lipase-Catalyzed 
Acylation for the Production of Oleochemicals and Fuels. Angew. Chemie Int. Ed. 47, 3688–3694 (2008). 

118. Shi, S., Valle-Rodríguez, J. O., Khoomrung, S., Siewers, V. & Nielsen, J. Functional expression and 
characterization of five wax ester synthases in Saccharomyces cerevisiae and their utility for biodiesel 
production. Biotechnol. Biofuels 2012 51 5, 7 (2012). 

119. Kalscheuer, R., Luftmann, H. & Steinbüchel, A. Synthesis of novel lipids in Saccharomyces cerevisiae by 
heterologous expression of an unspecific bacterial acyltransferase. Appl. Environ. Microbiol. 70, 7119–
25 (2004). 

120. Shi, S., Valle-Rodríguez, J. O., Siewers, V. & Nielsen, J. Engineering of chromosomal wax ester synthase 
integrated Saccharomyces cerevisiae mutants for improved biosynthesis of fatty acid ethyl esters. 
Biotechnol. Bioeng. 111, 1740–1747 (2014). 

121. Murphy, D. J. & Vance, J. Mechanisms of lipid-body formation. Trends Biochem. Sci. 24, 109–115 



 59 
 

(1999). 

122. Valle-Rodríguez, J. O., Shi, S., Siewers, V. & Nielsen, J. Metabolic engineering of Saccharomyces 
cerevisiae for production of fatty acid ethyl esters, an advanced biofuel, by eliminating non-essential 
fatty acid utilization pathways. Appl. Energy 115, 226–232 (2014). 

123. de Jong, B. W., Shi, S., Siewers, V. & Nielsen, J. Improved production of fatty acid ethyl esters in 
Saccharomyces cerevisiae through up-regulation of the ethanol degradation pathway and expression of 
the heterologous phosphoketolase pathway. Microbial Cell Factories 13, (2014). 

124. Yu, K. O., Jung, J., Kim, S. W., Park, C. H. & Han, S. O. Synthesis of FAEEs from glycerol in engineered 
Saccharomyces cerevisiae using endogenously produced ethanol by heterologous expression of an 
unspecific bacterial acyltransferase. Biotechnol. Bioeng. 109, 110–115 (2012). 

125. van Maris, A. J. A. et al. Alcoholic fermentation of carbon sources in biomass hydrolysates by 
Saccharomyces cerevisiae: current status. Antonie Van Leeuwenhoek 90, 391–418 (2006). 

126. Nevoigt, E. Progress in Metabolic Engineering of Saccharomyces cerevisiae. Microbiol. Mol. Biol. Rev. 
72, 379–412 (2008). 

127. Nielsen, J. & Jewett, M. C. Impact of systems biology on metabolic engineering of Saccharomyces 
cerevisiae. FEMS Yeast Res. 8, 122–131 (2008). 

128. PRONK, J. T., YDE STEENSMA, H. & VAN DIJKEN, J. P. Pyruvate Metabolism in Saccharomyces cerevisiae. 
Yeast 12, 1607–1633 (1996). 

129. Bender, T., Pena, G. & Martinou, J.-C. Regulation of mitochondrial pyruvate uptake by alternative 
pyruvate carrier complexes. EMBO J. 34, 911–924 (2015). 

130. van Dijken, J. P. & Scheffers, W. A. Redox balances in the metabolism of sugars by yeasts. FEMS 
Microbiol. Lett. 32, 199–224 (1986). 

131. Schadeweg, V. & Boles, E. n-Butanol production in Saccharomyces cerevisiae is limited by the 
availability of coenzyme A and cytosolic acetyl-CoA. Biotechnol. Biofuels 9, 44 (2016). 

132. Chen, Y., Daviet, L., Schalk, M., Siewers, V. & Nielsen, J. Establishing a platform cell factory through 
engineering of yeast acetyl-CoA metabolism. Metab. Eng. 15, 48–54 (2013). 

133. van Maris, A. J. A. et al. Directed evolution of pyruvate decarboxylase-negative Saccharomyces 
cerevisiae, yielding a C2-independent, glucose-tolerant, and pyruvate-hyperproducing yeast. Appl. 
Environ. Microbiol. 70, 159–66 (2004). 

134. Oud, B. et al. An internal deletion in MTH1 enables growth on glucose of pyruvate-decarboxylase 
negative, non-fermentative Saccharomyces cerevisiae. Microb. Cell Fact. 11, 131 (2012). 

135. Chen, Y., Zhang, Y., Siewers, V. & Nielsen, J. Ach1 is involved in shuttling mitochondrial acetyl units for 
cytosolic C2 provision in Saccharomyces cerevisiae lacking pyruvate decarboxylase. FEMS Yeast Res. 15, 
(2015). 

136. Kozak, B. U. et al. Engineering acetyl coenzyme A supply: functional expression of a bacterial pyruvate 
dehydrogenase complex in the cytosol of Saccharomyces cerevisiae. MBio 5, e01696-14 (2014). 

137. Yu, T. et al. Reprogramming Yeast Metabolism from Alcoholic Fermentation to Lipogenesis. Cell 174, 
1549-1558.e14 (2018). 

138. Lynd, L. R., Wyman, C. E. & Gerngross, T. U. Biocommodity Engineering. Biotechnol. Prog. 15, 777–793 
(1999). 

139. Krivoruchko, A., Zhang, Y., Siewers, V., Chen, Y. & Nielsen, J. Microbial acetyl-CoA metabolism and 
metabolic engineering. Metab. Eng. 28, 28–42 (2015). 

140. Galdieri, L., Zhang, T., Rogerson, D., Lleshi, R. & Vancura, A. Protein acetylation and acetyl coenzyme a 
metabolism in budding yeast. Eukaryot. Cell 13, 1472–83 (2014). 



 60 
 

141. Rodriguez, S. et al. ATP citrate lyase mediated cytosolic acetyl-CoA biosynthesis increases mevalonate 
production in Saccharomyces cerevisiae. Microb. Cell Fact. 15, 48 (2016). 

142. Kozak, B. U. et al. Replacement of the Saccharomyces cerevisiae acetyl-CoA synthetases by alternative 
pathways for cytosolic acetyl-CoA synthesis. Metab. Eng. 21, 46–59 (2014). 

143. Zhang, Y. et al. Functional pyruvate formate lyase pathway expressed with two different electron 
donors in Saccharomyces cerevisiae at aerobic growth. FEMS Yeast Res. 15, (2015). 

144. van Rossum, H. M., Kozak, B. U., Pronk, J. T. & van Maris, A. J. A. Engineering cytosolic acetyl-coenzyme 
A supply in Saccharomyces cerevisiae: Pathway stoichiometry, free-energy conservation and redox-
cofactor balancing. Metab. Eng. 36, 99–115 (2016). 

145. de Jong, B. W., Shi, S., Siewers, V. & Nielsen, J. Improved production of fatty acid ethyl esters in 
Saccharomyces cerevisiae through up-regulation of the ethanol degradation pathway and expression of 
the heterologous phosphoketolase pathway. Microb. Cell Fact. 13, 39 (2014). 

146. Bergman, A. et al. Heterologous phosphoketolase expression redirects flux towards acetate, perturbs 
sugar phosphate pools and increases respiratory demand in Saccharomyces cerevisiae. Microb. Cell 
Fact. 18, 25 (2019). 

147. Guo, Z., Zhang, L., Ding, Z. & Shi, G. Minimization of glycerol synthesis in industrial ethanol yeast 
without influencing its fermentation performance. Metab. Eng. 13, 49–59 (2011). 

148. Engqvist, M. K. M. & Rabe, K. S. Applications of Protein Engineering and Directed Evolution in Plant 
Research. Plant Physiol. 179, 907–917 (2019). 

149. Xiao, H., Bao, Z. & Zhao, H. High Throughput Screening and Selection Methods for Directed Enzyme 
Evolution. Ind. Eng. Chem. Res. 54, 4011–4020 (2015). 

150. Packer, M. S. & Liu, D. R. Methods for the directed evolution of proteins. Nat. Rev. Genet. 16, 379–394 
(2015). 

151. Kazlauskas, R. J. & Bornscheuer, U. T. Finding better protein engineering strategies. Nat. Chem. Biol. 5, 
526–529 (2009). 

152. Liu, Q., Xun, G. & Feng, Y. The state-of-the-art strategies of protein engineering for enzyme 
stabilization. Biotechnol. Adv. 37, 530–537 (2019). 

153. Leemhuis, H., Kelly, R. M. & Dijkhuizen, L. Directed evolution of enzymes: Library screening strategies. 
IUBMB Life 61, 222–228 (2009). 

154. Neylon, C. Chemical and biochemical strategies for the randomization of protein encoding DNA 
sequences: library construction methods for directed evolution. Nucleic Acids Res. 32, 1448–1459 
(2004). 

155. Stemmer, W. P. C. Rapid evolution of a protein in vitro by DNA shuffling. Nature 370, 389–391 (1994). 

156. Crameri, A., Raillard, S.-A., Bermudez, E. & Stemmer, W. P. C. DNA shuffling of a family of genes from 
diverse species accelerates directed evolution. Nature 391, 288–291 (1998). 

157. Barakat, N. H. & Love, J. J. Molecular diversity in engineered protein libraries. Curr. Opin. Chem. Biol. 11, 
335–341 (2007). 

158. Kovačević, G., Ostafe, R., Balaž, A. M., Fischer, R. & Prodanović, R. Development of GFP-based high-
throughput screening system for directed evolution of glucose oxidase. J. Biosci. Bioeng. 127, 30–37 
(2019). 

159. Fisher, M. A. et al. Enhancing tolerance to short-chain alcohols by engineering the Escherichia coli AcrB 
efflux pump to secrete the non-native substrate n-butanol. ACS Synth. Biol. 3, 30–40 (2014). 

160. Lian, J., Li, Y., HamediRad, M. & Zhao, H. Directed evolution of a cellodextrin transporter for improved 
biofuel production under anaerobic conditions in Saccharomyces cerevisiae. Biotechnol. Bioeng. 111, 



 61 
 

1521–1531 (2014). 

161. Borrull, A., López-Martínez, G., Poblet, M., Cordero-Otero, R. & Rozès, N. New insights into the toxicity 
mechanism of octanoic and decanoic acids on Saccharomyces cerevisiae. Yeast 32, 451–460 (2015). 

162. Liu, P. et al. Membrane stress caused by octanoic acid in Saccharomyces cerevisiae. Appl. Microbiol. 
Biotechnol. 97, 3239–3251 (2013). 

163. Albertsen, M., Bellahn, I., Krämer, R. & Waffenschmidt, S. Localization and Function of the Yeast 
Multidrug Transporter Tpo1p. J. Biol. Chem. 278, 12820–12825 (2003). 

164. Legras, J. L. et al. Activation of Two Different Resistance Mechanisms in Saccharomyces cerevisiae upon 
Exposure to Octanoic and Decanoic Acids. Appl. Environ. Microbiol. 76, 7526–7535 (2010). 

165. Gulick, A. M. Conformational Dynamics in the Acyl-CoA Synthetases, Adenylation Domains of Non-
ribosomal Peptide Synthetases, and Firefly Luciferase. ACS Chem. Biol. 4, 811–827 (2009). 

166. Steiner, K. & Schwab, H. Recent advances in rational approaches for enzyme engineering. Comput. 
Struct. Biotechnol. J. 2, e201209010 (2012). 

167. Lutz, S. Beyond directed evolution—semi-rational protein engineering and design. Curr. Opin. 
Biotechnol. 21, 734–743 (2010). 

168. Bornscheuer, U. T. & Pohl, M. Improved biocatalysts by directed evolution and rational protein design. 
Curr. Opin. Chem. Biol. 5, 137–143 (2001). 

169. Chica, R. A., Doucet, N. & Pelletier, J. N. Semi-rational approaches to engineering enzyme activity: 
combining the benefits of directed evolution and rational design. Curr. Opin. Biotechnol. 16, 378–384 
(2005). 

170. Morley, K. L. & Kazlauskas, R. J. Improving enzyme properties: when are closer mutations better? 
Trends Biotechnol. 23, 231–237 (2005). 

171. Lutz, S. Beyond directed evolution—semi-rational protein engineering and design. Curr. Opin. 
Biotechnol. 21, 734–743 (2010). 

172. Porebski, B. T. & Buckle, A. M. Consensus protein design. Protein Eng. Des. Sel. 29, 245–251 (2016). 

173. Cahn, J. K. B. et al. A General Tool for Engineering the NAD/NADP Cofactor Preference of 
Oxidoreductases. ACS Synth. Biol. 6, 326–333 (2017). 

174. Voigt, C. A., Mayo, S. L., Arnold, F. H. & Wang, Z. G. Computational method to reduce the search space 
for directed protein evolution. Proc. Natl. Acad. Sci. U. S. A. 98, 3778–83 (2001). 

175. Murphy, P. M., Bolduc, J. M., Gallaher, J. L., Stoddard, B. L. & Baker, D. Alteration of enzyme specificity 
by computational loop remodeling and design. Proc. Natl. Acad. Sci. U. S. A. 106, 9215–20 (2009). 

176. Leber, C., Choi, J. W., Polson, B. & Da Silva, N. A. Disrupted short chain specific β-oxidation and 
improved synthase expression increase synthesis of short chain fatty acids in Saccharomyces cerevisiae. 
Biotechnol. Bioeng. 113, 895–900 (2016). 

177. Gajewski, J. et al. Engineering fatty acid synthases for directed polyketide production. Nat. Chem. Biol. 
13, 363–365 (2017). 

178. Grininger, M. Perspectives on the evolution, assembly and conformational dynamics of fatty acid 
synthase type I (FAS I) systems. Curr. Opin. Struct. Biol. 25, 49–56 (2014). 

179. Haushalter, R. W. et al. Development of an orthogonal fatty acid biosynthesis system in E. coli for 
oleochemical production. Metab. Eng. 30, 1–6 (2015). 

180. Hisanaga, Y. et al. Structural Basis of the Substrate-specific Two-step Catalysis of Long Chain Fatty Acyl-
CoA Synthetase Dimer. J. Biol. Chem. 279, 31717–31726 (2004). 

181. Gulick, A. M. Conformational dynamics in the Acyl-CoA synthetases, adenylation domains of non-



 62 
 

ribosomal peptide synthetases, and firefly luciferase. ACS Chem. Biol. 4, 811–27 (2009). 

182. Finnigan, W. et al. Characterization of carboxylic acid reductases as enzymes in the toolbox for 
synthetic chemistry. ChemCatChem (2016). doi:10.1002/cctc.201601249 

183. Goyal, A., Verma, P., Anandhakrishnan, M., Gokhale, R. S. & Sankaranarayanan, R. Molecular Basis of 
the Functional Divergence of Fatty Acyl-AMP Ligase Biosynthetic Enzymes of Mycobacterium 
tuberculosis. J. Mol. Biol. 416, 221–238 (2012). 

184. Gahloth, D. et al. Structures of carboxylic acid reductase reveal domain dynamics underlying catalysis. 
Nat. Chem. Biol. 13, 975–981 (2017). 

185. Barajas, J. F. et al. Comprehensive Structural and Biochemical Analysis of the Terminal Myxalamid 
Reductase Domain for the Engineered Production of Primary Alcohols. Chem. Biol. 22, 1018–1029 
(2015). 

186. Chhabra, A. et al. Nonprocessive [2 + 2]e- off-loading reductase domains from mycobacterial 
nonribosomal peptide synthetases. Proc. Natl. Acad. Sci. 109, 5681–5686 (2012). 

187. Portnoy, V. A., Bezdan, D. & Zengler, K. Adaptive laboratory evolution — harnessing the power of 
biology for metabolic engineering. Curr. Opin. Biotechnol. 22, 590–594 (2011). 

188. Dragosits, M. & Mattanovich, D. Adaptive laboratory evolution – principles and applications for 
biotechnology. Microb. Cell Fact. 12, 64 (2013). 

189. Zhao, X. Q. Mechanisms of yeast stress tolerance and its manipulation for efficient fuel ethanol 
production. J. Biotechnol. 144, 23–30 (2009). 

190. Jiménez, J. & Benítez, T. Adaptation of yeast cell membranes to ethanol. Appl. Environ. Microbiol. 53, 
1196–8 (1987). 

191. Martín, C., Marcet, M., Almazán, O. & Jönsson, L. J. Adaptation of a recombinant xylose-utilizing 
Saccharomyces cerevisiae strain to a sugarcane bagasse hydrolysate with high content of fermentation 
inhibitors. Bioresour. Technol. 98, 1767–1773 (2007). 

192. Sandoval, N. R., Mills, T. Y., Zhang, M. & Gill, R. T. Elucidating acetate tolerance in E. coli using a 
genome-wide approach. Metab. Eng. 13, 214–224 (2011). 

193. Shanmugam, K. T. & Ingram, L. O. Engineering Biocatalysts for Production of Commodity Chemicals. J. 
Mol. Microbiol. Biotechnol. 15, 8–15 (2008). 

194. Graves, T., Narendranath, N. V., Dawson, K. & Power, R. Effect of pH and lactic or acetic acid on ethanol 
productivity by Saccharomyces cerevisiae in corn mash. J. Ind. Microbiol. Biotechnol. 33, 469–474 
(2006). 

195. Caspeta, L. et al. Altered sterol composition renders yeast thermotolerant. Science (80-. ). 346, 75–8 
(2014). 

196. Tong, J., Manik, M. K., Yang, H. & Im, Y. J. Structural insights into nonvesicular lipid transport by the 
oxysterol binding protein homologue family. Biochim. Biophys. Acta - Mol. Cell Biol. Lipids 1861, 928–
939 (2016). 

197. Lennen, R. M. & Pfleger, B. F. Microbial production of fatty acid-derived fuels and chemicals. Curr. Opin. 
Biotechnol. 24, 1044–1053 (2013). 

198. Peralta-Yahya, P. P., Zhang, F., del Cardayre, S. B. & Keasling, J. D. Microbial engineering for the 
production of advanced biofuels. Nature 488, 320–328 (2012). 

199. Glatz, J. F. C., Luiken, J. J. F. P. & Bonen, A. Membrane Fatty Acid Transporters as Regulators of Lipid 
Metabolism: Implications for Metabolic Disease. Physiol. Rev. 90, 367–417 (2010). 

200. Coe, N. R., Smith, A. J., Frohnert, B. I., Watkins, P. A. & Bernlohr, D. A. The fatty acid transport protein 
(FATP1) is a very long chain acyl-CoA synthetase. J. Biol. Chem. 274, 36300–4 (1999). 



 63 
 

201. Liu, P. et al. Membrane stress caused by octanoic acid in Saccharomyces cerevisiae. Appl. Microbiol. 
Biotechnol. 97, 3239–3251 (2013). 

202. Borrull, A., López-Martínez, G., Poblet, M., Cordero-Otero, R. & Rozès, N. New insights into the toxicity 
mechanism of octanoic and decanoic acids on Saccharomyces cerevisiae. Yeast 32, 451–460 (2015). 

203. Nielsen, J. & Keasling, J. D. Engineering Cellular Metabolism. Cell 164, 1185–1197 (2016). 

 


