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Samenvatting

In de afgelopen decennia is biotechnologie steeds prominenter aanwezig in onze 
samenleving. In supermarkten liggen naast biotechnologische basisproducten zoals 
bier, brood en wijn ook wasmiddelen met enzymen en zepen met biotechnologisch 
geproduceerde geuren, die allemaal verpakt kunnen zijn in plastic dat geproduceerd is 
uit organisch afval. In de medische wereld zijn door gebruik van biotechnologie nieuwe 
moleculen ontwikkeld en op de markt gebracht die gericht zijn op het behandelen van de 
meest slopende ziektes: van diabetes tot malaria. Daardoor zijn duizenden levens gered.

De inleiding, hoofdstuk één van dit proefschrift, begint met het maken van een schets van 
hoe, samen met aanvullende technologieën, microbiologische biotechnologie kan bijdragen 
tot het bestrijden van klimaatverandering. In deze context zijn er al biotechnologische 
producten geïntroduceerd in de energie- en chemische grondstoffenmarkt, maar vanwege 
het kostenconcurrentievermogen van petrochemicaliën wordt het gebruik van biogebaseerde 
brandstoffen en chemicaliën beperkt. De economische haalbaarheid van een biotechnologisch 
proces wordt sterk beïnvloed door drie essentiële aspecten: titer (productconcentratie), 
snelheid en opbrengst. In de microbiologische biotechnologie is een van de belangrijkste 
factoren die invloed heeft op deze prestatie-indicatoren de beschikbaarheid, in het gekozen 
organisme, van de benodigde moleculen voor productroutes. In eukaryotische celfabrieken 
zoals gisten en andere schimmels zijn worden heterologe routes voor productvorming over 
het algemeen tot expressie gebracht in het cytosol. Deze cytosolische localisatie kan de 
toegankelijkheid van de productroutes voor moleculair bouwstenen beperken, als deze 
gemaakt worden in andere delen in de cel. Dit proefschrift focust op de energiekosten en 
beschikbaarheid in het cytosol van twee belangrijke biosynthetische bouwstenen, acetyl-
CoA en succinyl-CoA, in de gist Saccharomyces cerevisiae, die veel gebruikt wordt in 
grootschalige industriële processen. 

Er wordt in het algemeen aangenomen dat succinyl-CoA exclusief aanwezig in de 
mitochondriën van S. cerevisiae. In tegenstelling hiertoe kan acetyl-CoA gesynthetiseerd 
worden in zowel het cytosol als de mitochondriën, waarbij verschillende mechanismen 
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betrokken zijn. Zowel de hieruit voortkomende verschillende energiekosten voor de 
synthese van acetyl-CoA in deze celcompartimenten, als de gevolgen voor de vorming 
van het industrieel product, worden besproken in hoofdstuk één. Dit hoofdstuk beschrijft 
ook eerdere pogingen om deze energiekosten te beperken en de uitdagingen die men is 
tegengekomen bij het bereiken van dit doel.

Hoofdstuk twee beschrijft de implementatie van een nieuwe katabole route in de S. cerevisiae 
en de toename van haar capaciteit door middel van laboratorische evolutie. In deze gist kost 
synthese van cytosolisch acetyl-CoA uit pyrodruivenzuur twee mol ATP per mol acetyl-CoA.  
Om de ATP die gebruikt is in dit proces te regenereren, is dissimilatie van het substraat nodig, 
wat de opbrengst beperkt van producten die uit cytosolisch  acetyl-CoA worden gemaakt. 
In eerder onderzoek werd deze van nature aanwezige ATP-consumerende route voor de 
synthese van cytosolisch acetyl-CoA vervangen door een ATP-onafhankelijke route via een 
heteroloog pyruvaatdehydrogenase (PDH) dat in het gistcytosol tot expressie werd gebracht. 
De resulterende stam kon cytosolisch acetyl-CoA synthetiseren in een tempo dat snelle groei 
mogelijk maakte, maar voor productvorming zou een nog  veel hogere synthesesnelheid 
nodig zijn. Het onderzoek dat gepresenteerd wordt in hoofdstuk twee focust op een 
metabole ontwerpstrategie om de pyruvaatdissimilatie om te leiden door een heteroloog 
tot expressie gebracht PDH. Daartoe werden de S. cerevisiae pyruvaatdecarboxylase-
genen (PDC1, PDC5 en PDC6) en een gen dat codeert voor een essentiële subunit van het 
natuurlijke mitochondriële PDH (PDA1) verwijderd en een cytosolisch PDH tot expressie 
gebracht. De ontworpen stam kon niet onmiddellijk groeien op koolstofbronnen waarvan 
de stofwisseling via pyruvaat verloopt. Daarom werden evolutie-experimenten in het 
lab gebruikt om extra mutaties te selecteren, die het mogelijk zouden maken om het 
heterologe, cytosolische PHD te gebruiken als enig mechanisme voor pyruvaatdissimilatie. 
Geëvolueerde stammen lieten groeisnelheden op lactaat, een substraat dat exclusief wordt 
gedissimileerd via pyruvaat, zien van maximaal 0.15 h-1. Het opnieuw bepalen van de DNA-
volgorde van de genomen van geëvolueerde stammen gaf geen volledige verklaring voor 
voor het onderliggende moleculaire mechanisme dat verantwoordelijk was voor hun snelle 
groei. Hoewel in meerdere evolutie-lijnen een mutatorfenotype optrad dat interpretatie van 
de geaccumuleerde mutaties moeilijker maakte, kon uit deze analyse toch een rol van de 
beschikbaarheid van intramitochondrieel acetyl-CoA afgeleid worden. 

Hoofdstuk drie beschrijft het eerste experimentele bewijs voor de synthese van cytosolisch 
succinyl-CoA in S. cerevisiae. Om de cytosolische synthese van dit metaboliet mogelijk te 
maken, werden de structurele genen voor alle drie de subunits van het Escherichia coli 
α-ketoglutaraatdehydrogenase (αKGDH) complex tot expressie gebracht in S. cerevisiae. 
Tegelijkertijd werd een E. coli-enzym tot expressie gebracht om lipoylering van het αKGDH-
complex, wat nodig is voor enzymatische activiteit, mogelijk te maken. Kolomchromatografie 
met scheiding op molecuulgrootte en massaspectrometrie toonden aan dat het αKGDH-
complex alle subunits bevatte en dat het dezelfde grootte had als in E. coli. Functionele 
expressie van het heterologe complex bleek uit de toename van de αKGDH-activiteit 
in de cytosolische fractie van gistcelhomogenaten. De cytosolische activiteit van het 
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αKGDH-complex werd in vivo getest door het maken van een reporterstam waarin het 
metaboliet 5-aminolevulinezuur gesynthetiseerd kon worden uit cytosolisch, maar niet 
uit mitochondrieel, succinyl-CoA. Daartoe werd HEM1, het gen dat codeert voor het 
mitochondrieel enzym 5-aminolevuliniczuur (ALA) synthase, dat succinyl-CoA omzet, 
verwijderd en vervangen door een bacterieel ALA synthase dat in het cytosol tot expressie 
werd gebracht. In de resulterende stam hing de complementatie van ALA auxotrofie 
af van de activering van het αKGDH-complex door de toevoeging van lipoinezuur. Deze 
functionele expressie van een bacterieel αKGDH-complex in gist vormt een belangrijke 
stap naar efficiënte productie, met gistcultures, van verbindingen zoals 1,4-butanediol en 
4-aminobutyraat, waarvan de productroutes succinyl-CoA gebruiken als bouwsteen. 

In het onderzoek verricht in hoofdstuk twee, werd melkzuur gebruikt als koolstofbron 
in de groeimedia. Losstaand van dit gebruik is melkzuur een product van belang in 
industriële biotechnologie met toepassingen in de voedselindustrie, in de medische 
wereld en in polymeerscheikunde. Hoewel de routes die dit organische zuur met het 
centraal koolstofmetabolisme verbinden goed bekend zijn, is de export van melkzuur 
uit microbiële cellen tot dusver nog onvolledig begrepen. In voorafgaand onderzoek 
leidde laboratoriumevolutie van een S. cerevisiae-stam waaruit de belangrijke 
carbonzuurtransporter Jen1 was verwijderd, tot de ontdekking dat een eiwit dat betrokken 
is bij transport van acetaat (Ady2), ook lactaat kan transporteren. Het in hoofdstuk 4 
beschreven onderzoek laat zien dat een stam die geen van beide transporters bezit, na 
laboratoriumevolutie weer lactaat kon consumeren. Bepaling van de DNA-volgorde van 
het hele genoom van verschillende bracht aan het licht dat twee ADY2 homologen (ATO2 
en ATO3) waren gemuteerd in verschillende geëvolueerde cellijnen. Het introduceren 
van deze mutaties in een niet-geëvolueerde stam en een daaropvolgende fysiologische 
karakterisering liet zien dat de betreffende varianten van Ato2 en Ato3 efficiënt melkzuur 
de cel in konden transporteren. Modellering van de 3D-structuren van Ady2, Ato2 en 
Ato3 liet zien dat mutaties die efficiënt transport van melkzuur mogelijk maakten, vaak 
leidden tot verandering van een van de drie aminozuren die de hydrofobe constrictie van 
het anionkanaal vormen. Wij stellen voor dat een verwijding van deze constrictie in deze 
transporters gefaciliteerde diffusie van melkzuur mogelijk maakte. 





Summary

In the past decades, biotechnology has become ever more prominent in our society. On 
supermarket shelves, biotechnological staple products such beer, bread and wine are 
accompanied by enzyme-containing detergents and soaps with biotechnologically produced 
fragrances, all of which are possibly packaged with bio-derived plastics. In the medical field, 
new molecules aimed at treating the most debilitating diseases known to humanity, from 
diabetes to malaria, have been developed and commercialized using biotechnology, saving 
thousands of lives in the process. 

The introductory Chapter 1 of this thesis starts by outlining how, together with other 
complementary technologies, microbial biotechnology can contribute to combating climate 
change. In this context, biotechnological products have already entered the energy and 
commodity chemicals markets, although cost-competitiveness with their conventional 
petrochemical counterparts is still limiting the widespread use of bio-based fuel and 
chemicals. The economic feasibility of a biotechnological process is strongly influenced by 
three critical aspects of product formation: titer, rate and yield. In microbial biotechnology, 
one of the key factors affecting these performance indicators is the availability, in the 
organism of choice, of precursor molecules for product pathways. In eukaryotic cell factories 
such as yeasts and other fungi, heterologous product pathways are usually expressed in 
the cytosol. This cytosolic localization may limit access to precursors that are generated in 
other cellular compartments. This dissertation focuses on the energetic cost and cytosolic 
availability of acetyl-CoA and succinyl-CoA, two key biosynthetic precursors, in the yeast 
Saccharomyces cerevisiae, which is used in many large-scale industrial processes.

In Saccharomyces cerevisiae succinyl-CoA is generally assumed to be exclusively localized 
in the mitochondria. In contrast, acetyl-CoA can be synthetized in the cytosol as well as 
in the mitochondria, albeit by different mechanisms. The different energetic costs for the 
synthesis of cytosolic acetyl-CoA in these two compartments, as well as its repercussions 
on industrial product formation, are discussed in Chapter 1. This Chapter also describes 
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previous attempts at reducing said energetic cost, and the challenges encountered in 
achieving this goal. 

Chapter 2 describes the implementation of a novel catabolic route in S. cerevisiae and the 
increase of its capacity by laboratory evolution. In this yeast, synthesis of the cytosolic 
acetyl-CoA pool comes at the cost of two moles of ATP per mole of acetyl-CoA formed. To 
regenerate the ATP invested in this conversion, substrate dissimilation is required, which 
effectively limits the yield of acetyl-CoA derived products. In previous work, this native, ATP-
consuming pathway for cytosolic acetyl-CoA synthesis was replaced by an ATP-independent 
route via a heterologous pyruvate dehydrogenase (PDH) expressed in the yeast cytosol. 
While the resulting strain was able to synthesize cytosolic acetyl-CoA at a rate that enabled 
rapid growth, a much higher synthesis rate would be required for product synthesis. The 
research presented in Chapter 2 first focused on a metabolic engineering strategy to 
completely redirect pyruvate dissimilation through the heterologously expressed PDH. To 
this end, the S. cerevisiae pyruvate decarboxylase genes and (PDC1, PDC5, PDC6) and a gene 
encoding an essential subunit of the native, mitochondrial PDH (PDA1) were deleted, and a 
cytosolic PDH was expressed. The engineered strain could not immediately grow directly on 
carbon sources whose metabolism converged at pyruvate. Therefore, laboratory evolution 
was used to select for additional mutations that would allow the heterologous pathway 
to serve as sole mechanism for pyruvate dissimilation. Evolved strains exhibited growth 
rates on lactate, a substrate that is exclusively dissimilated via pyruvate, of up to 0.15 h-1. 
Resequencing of the genomes of evolved strains did not allow for a complete resolution of 
the molecular mechanism underlying their fast growth. However, despite the emergence, 
in multiple evolution lines, of a mutator phenotype that complicated interpretation of the 
accumulated mutations, a possible role of the intramitochondrial acetyl-CoA pool could be 
inferred.

In Chapter 3, the first experimental proof for the synthesis of cytosolic succinyl-CoA in 
Saccharomyces cerevisiae is described. To enable cytosolic synthesis of this metabolite, the 
structural genes for all three subunits of the Escherichia coli α-ketoglutarate dehydrogenase 
(αKGDH) complex were expressed in S. cerevisiae. The E. coli lipoic-acid scavenging enzyme 
was co-expressed to enable cytosolic lipoylation of the αKGDH complex, which is required 
for its enzymatic activity. Size-exclusion chromatography and mass spectrometry indicated 
that the heterologously expressed αKGDH complex contained all subunits and that its size 
was the same as in E. coli. Functional expression of the heterologous complex was evident 
from increased αKGDH activity in the cytosolic fraction of yeast cell homogenates. In 
vivo cytosolic activity of the αKGDH complex was tested by constructing a reporter strain 
in which the essential metabolite 5-aminolevulinic acid could only be synthetized from 
cytosolic, and not mitochondrial, succinyl-CoA. To this end HEM1, which encodes the 
succinyl-CoA-converting mitochondrial enzyme 5-aminolevulinic acid (ALA) synthase, was 
deleted and a bacterial ALA synthase was expressed in the cytosol. In the resulting strain, 
complementation of ALA auxotrophy depended on activation of the αKGDH complex by 
lipoic acid addition. Functional expression of a bacterial αKGDH complex in yeast represents 
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a vital step towards efficient yeast-based production of compounds such as 1,4-butanediol 
and 4-aminobutyrate, whose product pathways use succinyl-CoA as a precursor.

In the research performed in Chapter 2, lactic acid was extensively used as the carbon 
source in the growth media. Apart from this use, lactic acid is a product of interest in 
industrial biotechnology, with uses in food industry, in medicine and in polymer chemistry. 
Although the pathways connecting this organic acid to the central carbon metabolism are 
well known, its export from microbial cells remains elusive. In previous work, adaptive 
laboratory evolution of a S. cerevisiae strain lacking the major carboxylic acid transporter 
JEN1, led to the identification of a gene involved in acetate transport (ADY2), which was 
also able to transport lactate. Our work in Chapter 4 shows that a strain lacking both these 
transporters can, by means of adaptive laboratory evolution, be evolved to consume lactate. 
Whole genome sequencing of different colony isolates revealed that two ADY2 homologues 
(ATO2 and ATO3) were mutated across multiple evolution lines. Reverse engineering of these 
mutations and subsequent physiological characterization showed that these transporters 
were able to efficiently transport lactic acid into the cell. Modeling of the 3D structures of 
ADY2, ATO2 and ATO3 revealed that mutations allowing efficient transport of lactic acid 
often occur in one of three amino acid residues that comprise the hydrophobic constriction 
of the anion channel. We propose that an increased size of the constriction present in these 
transporters may allow for facilitated diffusion of lactic acid.





1.
General introduction
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Scientific research articles presume the reader to be knowledgeable of the concepts 
and vocabulary used in the field. As scientific literature is most often directed at peers, a 
technical, unambiguous writing style helps in unequivocally communicating experimental 
results and in avoiding unnecessary repetition. It does, however, tend to make scientific 
works unfriendly and difficult to grasp for the general public. While the use of a technical 
vocabulary is necessary for a description of the technical details of this work, sections 1.1, 
1.2, 1.3 and 1.4 of this introductory chapter have mostly been written in layman’s terms, 
with the intention to make them accessible for a broader audience. Before delving into 
specific technical details, these sections outline a huge societal challenge that scientists 
around the world are trying to address, and the role biotechnology plays in it. 
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1

1.1 Consequences of climate change

Today, climate change is the single biggest threat facing humanity. Avoiding an increase of 
the average global temperature of over 1.5 °C, relative to the average temperature of the 
past 150 years, is widely held to be crucial to avoid extensive irreparable damage (Stocker 
et al., 2013). In 2019, the average global temperature was already 0.95 °C above the 20th 
century average (NOAA, 2019). 

Climate change will not only cause damage to the natural environment, but also socio-
economic disruption and, ultimately, loss of human lives (Masson-Delmotte et al., 2018; 
Reuveny, 2007). Melting of the polar caps will cause flooding of low-lying, often densely 
populated, areas (McMillan et al., 2014) and higher global average temperatures will de-
stabilize local habitats, causing animal migration towards higher latitudes and altitudes (Hill 
et al., 2011) and species extinction (Sala et al., 2000; Thomas et al., 2004). Severe weather 
events, flooding and droughts will increase, both in intensity and frequency, with an ever 
larger negative impact on crop yields (Rosenzweig and Parry, 1994). As a still growing world 
population seeks to get out of poverty, food supply will not be able to meet the expected 
demand by 2050 (Lobell et al., 2008; Lobell et al., 2011). By 2050, an estimated 25 million 
to 1 billion people will have fled low laying coastal regions from rising sea levels (Brown, 
2009; Clark et al., 2016) and between 25 and 36 countries will lose 10 % or more of their 
coastal areas (Marzeion and Levermann, 2014). As the northern polar cap shrinks, new 
waterways will open up for trade, and new areas will be available for the exploitation of 
natural resources. These situations have the potential of exacerbating geopolitical tensions 
between countries already at odds over maritime and land boundaries (WEF, 2020). 

1.2 Causes of climate change

The scientific community virtually unanimously recognizes the anthropogenic (i.e. caused 
by human activity) increase of the atmospheric concentrations of greenhouse gases as 
single biggest contributor to the current increase of global average temperatures (Metz et 
al., 2001). Greenhouse gases act by reflecting infrared radiation (heat) emitted from earth 
back to the surface (much like the way in which a greenhouse keeps warmth in – hence the 
name). Different gases, including carbon dioxide (CO2), methane (CH4) and nitrous oxide 
(N2O) have the potential to cause this effect, with CO2 being the biggest contributor to the 
current climate change. Over the past 800,000 years, the global average CO2 concentration 
in the Earth’s atmosphere ranged between 175 and 300 parts per million (ppm)1 (Bereiter 
et al., 2015). However, since the industrial revolution of the 19th century, this concentration 
steadily increased, reaching 408 ppm in 2018 (Figure 1). Over this time period, fossil 
resources were increasingly used for the production of fuels and commodity chemicals. 
The latter are chemicals used as precursors for the production of different goods that are 

1 Parts per million (ppm) is the accepted unit to measure the concentration of carbon dioxide in the atmosphere. 
175 ppm corresponds to 0.34 grams of CO2 per cubic meter of air (g · m-3), 300 ppm corresponds to 0.58 g · m-3, 
and 408 ppm to 0.79 g · m-3.
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used on a very large scale, such as plastics. Fuel burning for power generation and goods 
production were therefore at the basis of a massive release of CO2 into the atmosphere. 

Figure 1 Global average long-term atmospheric concentration of carbon dioxide (CO2) measured in parts per million 
(ppm). Adapted from: ourworldindata.org/co2-and-other-greenhouse-gas-emissions. Data source: Bereiter et al. 
(2015)

Accumulation of CO2 in the atmosphere is a direct consequence of the hugely different rates 
at which CO2 is formed or converted to fossil fuels (van Maris et al., 2006) (Figure 2). In 
the past few centuries, mankind has used fossil resources for power generation at an ever-
increasing rate, thereby rapidly releasing CO2 into the atmosphere. Fossil resources have 
themselves been formed from CO2, but this process is extremely slow. It starts with the 
fixation (capture) of CO2 by plants and algae to yield biomass (organic matter in living or 
dead organisms). This biomass can then sediment and fossilize, thus trapping carbon from 
the atmosphere to underground reservoirs. While the fixation of CO2 by plants and algae 
is a relatively fast process, the subsequent sedimentation and fossilization of biomass can 
take millions of years. This disparity in rates lies at the root of the current climate problem.
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Figure 2 Carbon cycle of commodity products. Left: Petrochemical material streams. Right: Industrial biotechnology 
streams. 10⁶: 1 million years. 10⁸: 100 million years. Adapted from van Maris et al. (2006)

To avoid the warming effects caused by a further increase of atmospheric CO2, the use of 
fossil resources should be reduced to zero before 2050 (Rogelj et al., 2018). In order to 
achieve that, strategies are urgently needed to replace fossil-based processes for chemical 
production and power generation with renewable ones. 

1.3 Strategies to abate carbon dioxide emissions

To meet the energy demand of a still growing human population, and at the same time 
reduce CO2 emissions, implementation of new technology for power generation and 
production of materials will have to go hand in hand with behavioral changes. 

Reducing or eliminating CO2 emissions will inevitably require changes in life style, as new 
policies and technologies often require decades before their implementation at a national 
level, while behavioral shifts have the potential to be rapidly implemented (Pacala and 
Socolow, 2004). A European household produces between 8 and 10 tons of CO2 per year per 
person, while in the US this value fluctuates between 12 and 16 tons of CO2. Within these 
carbon budgets, the proportions are roughly equivalent: 30 % derives from transportation, 
30 % from utilities (electricity and gas) and 20-30 % from production and consumption of 
food, with the remaining 10-20 % derived from tangible products (Jones and Kammen, 2011; 
Ottelin et al., 2019). In this context, behavioral changes such reducing meat consumption, 
living without a car and avoiding air travel have the potential of reducing yearly per capita 
emission by 30 to 50%. 

At present, we are observing a shift in regards to power generation. The energy obtained from 
solar and wind power plants is, thanks to the development of new technologies, becoming 
more and more affordable. In many parts of the world, its cost is currently on par with fossil-
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derived energy (Comello et al., 2018). These forms of renewable energies, together with the 
use of non-CO 2 emitting technologies such as geothermal facilities, hydroelectric dams and 
nuclear power plants, have the potential to eliminate CO 2 production for power generation.  

There is also an increasing trend of replacing traditional, gasoline-based road vehicles 
with electric ones. While this shift is possible for short-range transport by road, it is not 
currently applicable for long-range road transport, shipping and, in particular, aviation, 
due to the low energy density of electric batteries2. To avoid using fossil-based fuels for 
these modes of transport, biotechnological processes have been developed in which sugars 
from fast growing plants (sugar cane and corn) can be converted into liquid transport fuels 
(biofuels). These biomass-derived fuels have the potential to very strongly reduce net CO2  

emissions relative to conventional fossil-based transport fuels. At first glance, this may seem 
peculiar, since the amount of CO2 released upon combustion of biofuels is roughly equal to 
the amount emitted by an energy-equivalent amount of fossil-derived fuel. However, the 
amount of CO2 released from biofuels is then again incorporated in the plants and crops 
used to produce the biofuels in the first place, thereby dramatically shortening its retention 
time in the atmosphere by several thousand folds. As an illustration, when biofuels are 
produced from fast-growing plants such as corn or sugar cane, the CO2 will already be fixed 
in next growth season and completely bypass the slow fossilization process (see Figure 2, 
“Industrial biotechnology”). It has to be noted that this ‘zero-net-emission scenario’ does 
not include the CO2 generated during the production of fertilizers, nor any CO2 emitted 
when land is repurposed for the cultivation of suitable crops (Fargione et al., 2008). Both 
these factors, as well as the CO2 production associated with of transport and processing of 
raw materials and products, need to be taken into account in ultimately achieving net-zero 
carbon emission biofuels production. 

About 80 % of extracted crude oil is processed to yield fuels, either for electricity generation 
in power plants, or for use in the transport sector (Alfke et al., 2007; U.S. Energy Information 
Administration, 2020). The remaining 20 % is used for the synthesis of hundreds of different 
products, from car tires to plastics. For the latter, durability is both a desired characteristic 
and an environmental threat. If not properly disposed, plastic has the potential to pollute 
the environment for hundreds or even thousands of years, in addition to the environmental 
damage already caused by the CO2 released from its production in the first place. It has 
been estimated that, in 2010 alone, 275 million tons of plastic were released in the ocean 
(Jambeck et al., 2015), where its resilience will cause harm to aquatic species, but also 
wildlife and, possibly, humans (Thompson et al., 2009). In addition, with its primary market 
being packaging, in which the package itself is destined for immediate disposal, plastic 
pollution is destined to increase (Jambeck et al., 2015). 

To reduce carbon emissions and address environmental concerns, biotechnology has, in 
recent years, started developing compounds that may be used for plastic production (Baek 

2 One kilogram of gasoline contains between 27- and 47-fold more energy than a fully charged one-kilogram 
battery.
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et al., 2016; Getachew and Woldesenbet, 2016). As in the case for biofuels, the abatement 
in CO2 emission would come from the use of fast-growing plants to produce sugars, which 
would then be converted into plastics via biotechnological processes (bioplastics). An 
additional advantage is that some (but not all) types of bioplastics are biodegradable3, with 
a half-life ranging from a few months to a decade (Bagheri et al., 2017). Furthermore, the 
basic building blocks of biodegradable bioplastics are naturally occurring molecules in living 
organisms thus leading to reduced toxicity problems when bioplastics are degraded in the 
environment. 

The two illustrated examples, biofuels and bioplastics, show how biotechnology can provide 
solutions to our current climate challenges. However, biotechnology alone cannot solve the 
climate challenge. To avoid disastrous consequences of climate change, carbon emission will 
have to drop to zero before 2050 (Rogelj et al., 2018). To achieve that goal, an integrated 
approach, involving different technologies for renewable power generation, sustainable 
agricultural practices and better material use is needed.

1.4 Industrial biotechnology

In the context of this thesis, industrial biotechnology refers to the use of microorganisms 
(bacteria, yeasts and fungi) to make products. Millennia before the term ‘industrial 
biotechnology’ was used, mankind already used microorganisms to make a wide range of 
products (Liu et al., 2018), with beer and wine brewing (Michel et al., 1992) and bread 
making (Bell et al., 2001) as main examples of early biotechnological processes. These latter 
applications are examples of microbial fermentation processes, in which a substrate (the 
sugars present in either wort, grape must or dough) is converted into a product (ethanol in 
wine and beer, and leavening bubbles of carbon dioxide in bread) by means of ‘cell factories’ 
(microorganisms). 

Since the introduction, four decades ago, of techniques to precisely change the genetic 
information (DNA) of microorganisms (‘genetic modification’ or ‘genetic engineering’), it has 
become possible to extend the range of products of microorganisms beyond their natural 
capabilities. This approach has become a cornerstone of industrial biotechnology, both for 
expanding its product range to include compounds ranging from life-saving drugs to aviation 
fuels and for improving the efficiency and rate of product formation.

Today, genetically modified microbial cell factories are used in industry to produce a wide 
range of products, from simple bulk compounds such as ethanol (Argueso et al., 2009; 
Moyses et al., 2016) and succinic acid (Otero et al., 2013; Raab et al., 2010), to highly 
complex molecules such as antibiotics (Awan et al., 2017; van der Beek and Roels, 1984) 
and sugar substitutes (Olsson et al., 2016) (Figure 3). 

3 Biodegradation: naturally occurring breakdown of materials by microorganisms. 
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Figure 3 Spectrum of molecules att ainable using either petrochemical synthesis or biotechnology. Grey circle, 
small molecules produced from petro-chemical synthesis. Green circle: complex molecules produced in industrial 
biotechnology. The product spectra of the two fi elds overlap.

Apart from replacing molecules currently derived from fossil resources, biotechnological 
processes can be used to improve the sustainability and economics of the producti on 
of compounds that are derived from natural resources. An early example includes the 
producti on of human growth hormone (hGH), which is used for treatment of growth 
disorders in children. Unti l the early 1980’s, isolati on of hGH from donor brains conferred a 
risk of contaminati on with the deadly Creutzfeld-Jacob disease (Brown et al., 1985; Powell-
Jackson et al., 1985). This risk was completely eliminated by producing hGH in a geneti cally 
engineered Escherichia coli bacterium, into which the human gene for hGH was introduced 
(Flodh, 1986). A more recent example is the biosynthesis of artemisinic acid, a precursor 
for the potent anti malarial drug artemisinin. This compound naturally occurs in the plant 
Artemisia annua, from which it can be extracted to produce malaria therapeuti cs (Miller and 
Su, 2011). However, growth requirements, the year-long life cycle, the minute quanti ti es 
of the acti ve compound present in the plant and the lack of adequate chemical synthesis 
routes for this compound (Covello, 2008), caused the supply of the drug to always fall short 
of global demand, especially in economically underdeveloped areas (Hale et al., 2007; 
Rodrigues et al., 2019). This issue was addressed by very extensive geneti c engineering4

of the yeast Saccharomyces cerevisiae (baker’s yeast) to enable it to produce artemisinic 
acid from sugar (Mercke et al., 2000; Ro et al., 2006). Aft er effi  cient producti on in yeast, 
artemisinic acid could then be chemically converted to the drug artemisinin. In doing so, 

4 Geneti c engineering: modifi cati on of the geneti c makeup of an organism in order to change its characteristi cs. 
The geneti c makeup (or ‘genome’) is the collecti on of instructi ons (or ‘genes’) needed for the organism to 
functi on. The genome is stored within the organism itself in the form of DNA. Diff erent modifi cati ons can be 
performed: a gene (or part thereof) can be copied or removed; a change can be made within a gene; a gene 
from a diff erent organism can be transferred to a new host. 
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production of the drug was made independent of the harvest of the plant it originally 
derived from, thus making it both more available and affordable (Rodrigues et al., 2019).   

Every year, thousands of new biologically derived molecules are discovered in nature (Pye 
et al., 2017), each of which may have an industrial or pharmaceutical application. As many 
of these molecules are too complex to be chemically synthetized in an economically feasible 
manner, biotechnology offers an opportunity to tap nature’s potential, and to bring new 
industrially relevant compounds to the market or to provide new drugs for the treatment 
of diseases. 

1.5 Saccharomyces cerevisiae as a production platform

Yeasts are unicellular fungi that, for many centuries, have been used for the production 
of fermented foods and beverages. In the context of industrial biotechnology, yeasts are 
used for the production of hundreds of products, in many cases after genetic modification 
to introduce and optimize biochemical pathways that naturally occur in other organisms 
(Rebello et al., 2018). Saccharomyces cerevisiae is currently the yeast with the broadest 
product spectrum, which has been enabled by an extremely well developed set of molecular 
biology tools for genetic modification (Mattanovich et al., 2014). Although progress in yeast 
research is increasingly enabling similar genetic access and industrial applications in non-
Saccharomyces (‘non-conventional’) yeast species (Rebello et al., 2018), S. cerevisiae has 
an impressive record of being the first. It was the first eukaryotic organism whose genome 
was sequenced (Goffeau et al., 1996), the first eukaryotic organism used for the production 
of heterologous proteins (Hitzeman et al., 1981) and it continues to be the organism 
responsible for the production of the largest-volume product of industrial biotechnology 
(ethanol, now > 100 Mton/year) (Gombert and van Maris, 2015; Mussatto et al., 2010). 

Expanding the product range and improving the stoichiometry and kinetics of product 
formation by S. cerevisiae (and other microorganisms) has been greatly aided by the 
development of new DNA-sequencing technology, DNA-synthesis platforms and molecular 
biology tools. Over the past two decades, sequencing technologies such as Illumina and 
Nanopore have brought the costs for sequencing yeast and fungal genomes down from 
millions to just over a hundred dollars per sample (Wetterstrand, 2020). The costs for 
custom synthesis of DNA sequences have also dropped drastically, and are now in the range 
of 0.05 – 0.20 € per base pair (Hughes and Ellington, 2017). Recombinant DNA technologies 
have been used since the 1980’s for the modification of microbial genomes, first with the 
use of restriction enzymes, then with the development of now common molecular biology 
techniques such as the polymerase chain reaction (PCR) and the establishment of cre-loxP 
system for genome engineering (Morange, 2000). In the past decade, the discovery of the 
mechanisms behind the CRISPR system (Brouns et al., 2008), and subsequently the use of 
Cas9 (CRISPR-associated protein 9) for genome engineering (DiCarlo et al., 2013; Jinek et 
al., 2012; Mans et al., 2015) has revolutionized the field by allowing for multiple, extremely 
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precise genome edits to be simultaneously performed in a wide range of organisms, 
including S. cerevisiae and other yeasts. 

1.5.1 Current S. cerevisiae product spectrum
In the context of industrial biotechnology, S. cerevisiae is best known, as mentioned above, 
for ethanol production to be used as biofuel, where it can be used directly or blended with 
conventional gasoline for use in the automotive industry. While not yet on the market, 
Lanzatech has recently obtained approval for commercialization of ethanol-derived jet fuel 
(LanzaTech, 2018). In their process, ethanol is chemically converted to medium/long-chain 
hydrocarbons, which can be blended up to 50 % with regular jet fuel, substantially reducing 
carbon emission from one of the least sustainable forms of transport (Eagan et al., 2019; 
LanzaTech, 2019). The low energy density (by weight) of ethanol has brought academic and 
industrial scientists to attempt production of other alcohols, such as butanol or isobutanol 
(Branduardi et al., 2013; Lan and Liao, 2013; Steen et al., 2008). Industrial production of 
isobutanol has been demonstrated by GEVO, which uses S. cerevisiae as a production 
host (Ryan, 2019). Recently, farnesene, a sesquiterpene, has been produced by Amyris 
(Meadows et al., 2016). After production by engineered S. cerevisiae, this hydrocarbon can 
be chemically hydrogenated to farnesane, whose applicability as a transport fuel has been 
demonstrated in practice (Renninger and Mcphee, 2008).

Organic acids, such as pyruvic, lactic, and succinic acid, which find applications in the food, 
pharmaceutical and chemical industry and in the manufacturing of solvents and polymers, 
may also be produced with S. cerevisiae (Abbott et al., 2009b). Industrial processes for the 
production of succinic acid using baker’s yeast are currently established (Verwaal et al., 
2007), while other acids are produced in a variety of hosts (Sauer et al., 2008). The main 
advantage in using S. cerevisiae for organic acid production is its tolerance to low pH, which 
allows the production of the free acid rather than its salt, thus simplifying downstream 
processing and reducing costs. 

In addition to ethanol, farnesene and organic acids, production of a large and rapidly 
growing number of other complex molecules by engineered S. cerevisiae strains has been 
demonstrated. Products of interest include the flavonoid naringenin (Koopman et al., 2012), 
the drug precursor artemisinic acid (Ro et al., 2006) and flavor and fragrance precursors 
such as phenyl-ethanol (Hassing et al., 2019) and geraniol (Oswald et al., 2007). The power 
of modern yeast genetic modification techniques is illustrated by a study of Galanie et al. 
(2015), who demonstrated the successful engineering of S. cerevisiae for the biosynthesis 
of opioids, in a process which required the insertion of 13 heterologous genes and the 
modification of several steps in the native yeast central carbon metabolism.

1.5.2 Strategies for strain improvement
In any biotechnological process, titer, rate and yield (TRY) are critical factors in determining 
its economic feasibility. In the case of bulk or commodity chemicals, the cost of the substrate 
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account for the majority of the cost of the product (Kumar and Murthy, 2011), which implies 
that yield of product on substrate (Y) is of crucial importance in determining economic 
viability. Further optimization can be achieved by accelerating product formation (R) and 
its concentration in the fermentation broth (T). Improved rate and titer help to minimize 
the scale and costs of cultivation vessels, and a high titer also helps to recover product from 
microbial cultures. When profit margins are narrow, even small improvement of the titer, rate, 
and yield (TRY) of a bioprocess can have large relative impact on its economic profitability. 
For the production of (very) high added-value molecules, such as pharmaceuticals, costs 
of feedstock and fermentation infrastructure are often of lower importance, and the ease 
of recovering a pure compound, which is often related to the product titer (T) is generally 
much more important than the rate of product formation or its yield on substrate. 

With rare exceptions, wild-type microorganisms do not produce a metabolite of interest 
in industrially relevant quantities. Therefore, in order to improve the characteristics of the 
strain of interest, three strategies are often applied: random mutagenesis (also known as 
classical strain improvement), metabolic engineering and adaptive laboratory evolution. 

‘Classical’ strain improvement refers to the iterative application of rounds of random 
mutagenesis with chemical mutagens or irradiation, screening and selection of the best 
performing mutants. In the absence of an easily identifiable phenotype (e.g., production of 
a colored compound) application of this technique often requires an infrastructure capable 
of screening from tens of thousands newly generated strains. One of the first massive 
applications of this approach started immediately after the second world war, when strains 
of the antibiotic producing fungus Penicillium (Fleming, 1929) were mutagenized for the 
production of the life-saving new antibiotic penicillin (van der Beek and Roels, 1984). In this 
example, the use of this technique yielded a several thousand-fold improvement in antibiotic 
production. Mutagenesis and selection, which can now be intensified and automatic by 
application of robotics, continues to be an important technique in modern biotechnology. 
‘Classical’ strain improvement finds application when the molecular or genetic basis of a 
relevant trait is not known, or when genetic engineering tools are not available. Selection 
of the best performing strain (often without the use of mutagenic factors) has also been 
applied in the food industry, where consumer acceptance issues preclude the use of genetic 
modification. The power of this improvement technique has been amplified by the option 
to re-sequence the entire genome of better performing strains, thereby allowing the 
identification of causal mutations (Herrgård and Panagiotou, 2012; Oud et al., 2012).

Metabolic engineering is defined as the rational, targeted genetic modification of a 
microorganism aimed at improving its metabolic characteristics for industrial application 
(Bailey, 1991). With the exception of beer, wine and bread, the previously mentioned 
examples for the production of chemicals in S. cerevisiae are examples of metabolic 
engineering, in which the metabolism of this yeast was engineered either for the production 
of a metabolite of interest, or for the improvement of the availability of precursors and 
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cofactors of the central carbon metabolism. Contrary to classical strain improvement, this 
approach requires a deep knowledge and understanding of the organism being modified, 
and molecular biology tools are needed in order to perform the intended modifications. 

Adaptive laboratory evolution, also referred to as ‘evolutionary engineering’ refers to 
the use of specific cultivation strategies to establish a selection pressure for the isolation 
of mutants with desired phenotypes (Dragosits and Mattanovich, 2013; Sauer, 2001). 
This technique, in a similar fashion to classical strain improvement, is used when a clear 
metabolic engineering target cannot immediately be identified, and it is often used in 
combination with the other two approaches. In contrast to random mutagenesis, the best 
performing strain is isolated by means of an applied selection pressure, thus bypassing the 
need for intensive screening facilities. Moreover, adaptive laboratory evolution allows for 
the accumulation of subsequent mutations that provide a selective advantage under the 
selected cultivation regime. Re-sequencing of single colony isolates from parallel evolution 
lines can then elucidate the molecular mechanism of the obtained phenotype. The use of 
parallel evolution lines is often a necessity to discriminate between causal and random, non-
deleterious mutations. 

Adaptive laboratory evolution of S. cerevisiae has been applied for the selection of 
phenotypes such as resistance to toxic compounds, ability to consume non-native substrates 
and implementation of alternative catabolic pathways (for a detailed review see Mans et al. 
(2018)). Selection for improved production of anabolic products, whose synthesis requires 
a net input of energy, is challenging, as improved production often causes a metabolic 
burden which could be selected against. Successful examples of the implementation of 
adaptive laboratory evolution aimed at anabolic product formation include the isolation 
of a S. cerevisiae strain engineered for the production of β-carotene. This organism was 
challenged with increasing concentration of hydrogen peroxide. As β-carotene is a potent 
antioxidant, strains overproducing this compound have a selective advantage under 
oxidative stress, and thus survive harsher and harsher conditions (Reyes et al., 2014). In 
another elegant example, strains of Yarrowia lipolytica exhibiting a higher lipid content were 
selected on the basis on increased buoyancy (Liu et al., 2015). Both examples show how 
the design of the experimental conditions plays a key role in the successful selection of a 
phenotype of interest. 

In contrast to metabolic engineering, and alike classical strain improvement, adaptive 
laboratory evolution does not per se require deep knowledge of the metabolism of the 
organism of interest, nor has the need of molecular biology tools. Both of those come into 
play at the step of reverse engineering (Oud et al., 2012), that is, inserting the newly found 
mutations in the parental strain, in order to elucidate the molecular mechanism leading to 
the observed phenotype.
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1.6 Engineering precursor supply

The metabolism of any living organism is organized around a set of 12 molecules 
(glucose-1-phosphate, glucose-6-phosphate, erythrose-4-phosphate, ribose-5-phosphate, 
dihydroxyacetone-phosphate, 3-phosphoglycerate, phosphoenolpyruvate, pyruvate, acetyl-
Coenzyme A, oxaloacetate, α-ketoglutarate and succinyl-Coenzyme A), which can act as 
precursors for the synthesis of all other metabolites found within the cell (Noor et al., 2010). 
To economize use of substrate and cellular energy, regulation mechanisms have evolved 
in order to synthetize only the necessary amount required for growth. When considered 
from this perspective, metabolic regulation has evolved to avoid wasting precious resources 
(Metallo and Vander Heiden, 2013). 

Product pathways for the synthesis of industrially relevant metabolites tap into cellular pools 
of these metabolic intermediates, whose availability can therefore limit rate of formation 
and yield of the product of interest (Nielsen and Keasling, 2016). Similarly, these process 
indicators are also impacted by the metabolic route used for the synthesis of precursors. 
Some of the metabolites are synthetized in different cellular compartments, using distinct 
metabolic routes which differ in their use of cofactors and ATP consumption, and thereby 
impact the maximum attainable product yield. Therefore, while the mere introduction of 
the set of genes encoding enzymes required for conversion of precursors into product (the 
‘product pathway’) often leads to measurable product formation, it is in general not sufficient 
to achieve titers, rates and yields that are required for economically feasible industrial 
processes. In metabolic engineering strategies, it is therefore essential to take into account 
the availability of key precursors and cofactors of the reactions involved in their synthesis. 
In the past decade, nearly all scientific literature in which microorganisms were successfully 
engineered for non-native product formation integrated research on pathway expression 
and precursor supply (reviews for S. cerevisiae, non-conventional hosts and bacteria can be 
found in Lian et al. (2018), Sun and Alper (2020) and Calero and Nikel (2019), respectively). 

In the past years, numerous engineering efforts have been made to enable the synthesis 
of new ‘drop-in’ biofuels. Metabolic engineering strategies for yeast-based production of 
non-native alcohols such as n-butanol (Atsumi et al., 2008; Lee et al., 2008) and isobutanol 
(Chen et al., 2011; Smith et al., 2010) and other alcohols derived from the 2-ketoacid 
pathway have been intensively explored, as well as pathways for fatty acids/isoprenoids 
derived fuels (Chandran et al., 2011; Steen et al., 2010). In most cases, production of these 
molecules requires efficient supply of the precursor molecule acetyl-CoA. In microbial cell 
factories, this precursor affects yield, and productivities for the synthesis of a wide range of 
compounds of interest.

1.7 Acetyl‑CoA

Acetyl-CoA is one of the 12 essential metabolic precursors for biomass formation (Noor et al., 
342 2010). In native yeast metabolism, compounds synthesized from this precursor include 
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fatty acids, sterols and multiple amino acids, while acetyl-CoA is also used as acetyl-donor 
for the acetylation of histones and other proteins (Flikweert et al., 1999; Flikweert et al., 
1997; Henriksen et al., 2012; Takahashi et al., 2006). The synthesis of several major classes of 
industrially relevant products whose production in yeast is actively explored, including fatty 
acids, isoprenoid- and flavonoid-derived products and n-butanol, start with acetyl-CoA as a 
building block. In S. cerevisiae, acetyl-CoA can be synthesized either in the mitochondria or 
in the cytosol (Figure 4) and, due to the impermeability of the mitochondrial membrane for 
coenzyme-A (Flikweert et al., 1999; Van den Berg and Steensma, 1995), this molecule is only 
available for use in product pathways in the compartment in which it has been generated. 

Mitochondrial synthesis of acetyl-CoA is mediated by the pyruvate dehydrogenase complex, 
a multi-subunit, thiamine- and lipoate-dependent enzyme complex with a molecular weight 
of up to 2 million Daltons (2 MDa) (Patel and Roche, 1990). The concerted action of its 
subunits enables the decarboxylation and oxidation of pyruvate, the reduction of NAD+ to 
NADH and the formation of a thioester bond to form acetyl-CoA. Alternatively, mitochondrial 
acetyl-CoA can be synthetized by the mitochondrial enzyme Ach1, which transfers the CoA 
group from succinyl-CoA to acetate, thereby generating acetyl-CoA and succinate (Buu et 
al., 2003). This acetyl-CoA can then either be used to fuel the TCA cycle, or as a precursor 
for the biosynthesis of mitochondrial fatty acids and as a precursor for amino acids derived 
from α-ketoglutarate..

Cytosolic synthesis of acetyl-CoA is mediated by the concerted action of three separate 
enzymes: pyruvate decarboxylase, acetaldehyde dehydrogenase and acetyl-CoA synthetase. 
This pathway, known as the pyruvate-dehydrogenase bypass, is used to provide cytosolic 
acetyl-CoA for fatty acid, lysine and terpenoid biosynthesis, as well as for histone acetylation 
(Pronk et al., 1996; van Rossum et al., 2016a). Additionally, this pool is used by malate 
synthase, part of the glyoxylate cycle, to replenish intermediates of the TCA cycle when 
growing on ethanol or acetate (Kornberg, 1966). The last step of the pathway, the activation 
of acetate to acetyl-CoA, is thermodynamically unfavorable, with a ΔGo’ of + 47.1 ± 1.0 
kJ mol-1 (Flamholz et al., 2012). The synthesis is therefore driven forward by the hydrolysis of 
ATP to AMP, which lowers the total change in Gibb’s free energy under biochemical standard 
conditions of the overall reaction to – 4.5 ± 0.8 kJ mol-1. The pyrophosphate (PPi) formed in 
this reaction is further hydrolyzed to phosphate and the formation of one mole of cytosolic 
acetyl-CoA in native S. cerevisiae cells therefore uses the energetic equivalent of two moles 
of ATP hydrolyzed to ADP. In S. cerevisiae, two acetyl-CoA synthetase isoenzymes can 
catalyze this reaction. ACS1 is expressed during growth on ethanol or acetate (De Virgilio et 
al., 1992) and in glucose-limited cultures (van den Berg et al., 1996), while ACS2 is required 
for growth at high glucose concentrations (de Jong-Gubbels et al., 1997; van den Berg and 
Steensma, 1995). A deletion mutant lacking both genes is not viable unless an alternative 
pathway for cytosolic acetyl-CoA biosynthesis is introduced (Kozak et al., 2014a). Apart from 
their difference in expression, these isoenzymes also have different kinetic characteristics 
(Table 1), with Acs1 having a lower Km for acetate than Acs2 (van den Berg et al., 1996). 
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Table 1 Kinetic properties of acetyl-coenzyme A synthetases in cell extracts of glucose-limited, aerobic chemostat 
cultures of S. cerevisiae. Table adapted from van den Berg et al. (1996).

Vmax (mM) Km acetate (mM) Km ATP (mM)
Acs1 1.10 ± 0.01 0.32 ± 0.01 1.4 ± 0.0
Acs2 0.34 ± 0.01 8.8 ± 0.5 1.3 ± 0.1

The absence, in bacterial proteins, of N-terminal sequences that would direct them to a 
specific cellular compartment in eukaryotic cells, often results in their localization in the 
cytosol when expressed in eukaryotic organisms (Kozak et al., 2014b). As demonstrated in a 
study on isobutanol production in S. cerevisiae (Avalos et al., 2013), it is possible to transfer 
product pathways to the mitochondrial matrix. This does, however, require the engineering 
of every protein of the pathway, and transport of substrates and products in and out of 
the mitochondrion. In practice, heterologous product pathways are still predominantly 
expressed in the cytosol, where they only have access to cytosolic pools of acetyl-CoA 
and other precursors. In such scenarios, the ATP requirement of the native ‘pyruvate-
dehydrogenase bypass’ pathway for acetyl-CoA synthesis in S. cerevisiae can have a huge 
impact on the maximum attainable product yields for pathways starting at acetyl-CoA. As 
an example, the biosynthesis of farnesene requires 9 cytosolic acetyl-CoA molecules for 
each mole of farnesene. Consequently, this would require an input 18 ATP just to generate 
the precursor for a single molecule of product. If this ATP cost would be eliminated it could, 
when coupled with an ameliorated cofactor usage, increase the yield of farnesene on 
glucose by 25 % (when compared to the maximum pathway yield attainable using the native 
S. cerevisiae metabolic network) (Meadows et al., 2016). This example clearly demonstrates 
the industrial relevance of ATP-independent sources of acetyl-CoA in the yeast cytosol. 

1.8 Alternative pathways for cytosolic acetyl‑CoA biosynthesis

Several metabolic engineering strategies for decreasing or eliminating the ATP costs 
of cytosolic acetyl-CoA synthesis in S. cerevisiae have been explored, whose energetic 
requirements are summarized in Table 2. In this table, the energetics cost for precursor 
synthesis is indicated as the cost of ATP per acetyl-CoA formed from glucose. Under these 
conditions, the native ACS pathway has a cost of 1 ATP per acetyl-CoA formed, as the ATP 
generated from the conversion of glucose to pyruvate is also taken into account. 
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Table 2 Energetics of different pathways for the biosynthesis of cytosolic acetyl-CoA from glucose. The indicated 
stoichiometries are based on their combination with a yeast-type Embden-Meyerhof glycolysis and energy-
independent uptake of glucose. ACS – acetyl-CoA synthetase, PK and PTA – xylulose-5-phosphate phosphoketolase 
and phosphate acetyltransferase, PFL – pyruvate-formate lyase, with or without formate dehydrogenase (FDH), ACL 
– ATP-citrate lyase, A-ALD – acetylating acetaldehyde dehydrogenase, PDH – pyruvate dehydrogenase, CAR – carnitine 
shuttle (using the native PDH). Table adapted from Kozak et al., (2014b). Literature references refer to studies in which 
these pathways, which originate from different organisms, have been functionally expressed in S. cerevisiae.

Pathway ATP/Acetyl‑CoA NAD(P)H/Acetyl‑CoA Reference
ACS -1 2 (Shiba et al. 2007)
PK, PTAa -1/2 2 (Sonderegger et al., 2004)
PK, PTAb -1/3 0 (Sonderegger et al., 2004)
ACL 0 1 + 1 mitochondrial (Rodriguez et al., 2016; Tang et al., 2013)
PFL 0 (includes 

export of 
formate)

1 (Kozak et al., 2014a)

PFL, FDH 1 2 (Kozak et al., 2014a)
A-ALD 1 2 (Kozak et al., 2014a; Kozak et al., 2016)
PDH 1 2 (Kozak et al., 2014b)
CAR (mitochondrial 
PDH)

1 1 + 1 mitochondrial (van Rossum et al., 2016b)

1.8.1 Xylulose‑5‑phosphate phosphoketolase and phosphate acetyltransferase pathway
An alternative pathway for the biosynthesis of cytosolic acetyl-CoA was first explored by 
Sonderegger et al. (2004), who expressed Bifidobacterium lactis phosphoketolase (PK) 
and Bacillus subtilis phosphate acetyltransferase (PTA) in S. cerevisiae (Figure 4). In this 
system, xylulose-5-phosphate is split in glyceraldehyde-3-phosphate and acetyl-phosphate 
by the introduced phosphoketolase. The resulting acetyl-phosphate is then substrate of 
the heterologous phosphate acetyltransferase which converts it to acetyl-CoA, whereas 
glyceraldehyde-3-phosphate continues through glycolysis and is converted to acetyl-CoA via 
the native acetyl-CoA synthetase. The ATP cost for the PK-PTA pathway depends on how the 
initial molecule xylulose-5-phosphate is generated. If generated from glucose-6-phosphate 
via the oxidative pentose phosphate pathway, the ATP cost via this route is 0.5 ATP per 
acetyl-CoA. If, however, xylulose-5-phosphate is produced via the non-oxidative pentose 
phosphate pathway (starting at fructose-6-phosphate and glyceraldehyde-3-phosphate), 
and the glyceraldehyde-3-phosphate generated by the PK can be recycled to produce 
fructose-6-phosphate, which reduces the ATP cost to 1/3 ATP per acetyl-CoA. 
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Figure 4 Top panel: native S. cerevisiae metabolism for acetyl-CoA formation. Bottom panel: engineered 
S. cerevisiae metabolism for acetyl-CoA synthesis derived from the pentose phosphate pathway. Abbreviations: 
PDC, pyruvate decarboxylase. ADH, alcohol dehydrogenase. ALD, acetaldehyde dehydrogenase. ACS, acetyl-CoA 
synthetase. PDHm, mitochondrial pyruvate dehydrogenase. ACH, acetyl-CoA hydrolase. PK, phosphoketolase. 
PTA, phosphotransacetylase. DHAP, dihydroxyacetone phosphate. G3P, glyceraldehyde-3-phosphate. Metabolic 
reactions have been simplified for clarity.
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pyruvate decarboxylase. ADH, alcohol dehydrogenase. ALD, acetaldehyde dehydrogenase. ACS, acetyl-CoA 
synthetase. PDHc, cytosolic pyruvate dehydrogenase. A-ALD, acetylating acetaldehyde dehydrogenase. PFL, 
pyruvate-formate lyase. FDH, formate dehydrogenase. Metabolic reactions have been simplified for clarity.
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1.8.2 Pyruvate‑formate lyase
Pyruvate – formate lyase (PFL) is an enzyme that predominantly occurs in bacteria and 
which catalyzes the ATP-independent conversion of pyruvate and coenzyme-A to acetyl-
CoA and formic acid (Figure 5) (Waks and Silver, 2009). Kozak et al. (2014a) showed that 
expression of E. coli Pfl allowed growth on glucose of an acs1Δ acs2Δ S. cerevisiae strain, at 
74% of the specific growth rate observed for the reference (ACS1, ACS2) strain. Applicability 
of this metabolic engineering strategy is limited by the oxygen sensitivity of the pyruvate 
formate lyase, which implies that growth of engineered strains is restricted to anaerobic or 
oxygen-limited conditions. Additionally, it is assumed that organic acid export may come at a 
cost of 1 ATP per molecule of acid (Abbott et al., 2009a; van Maris et al., 2004). When taking 
into account ATP-dependent formate export, the synthesis of acetyl-CoA from glucose via a 
PFL yields 0 ATP per acetyl-CoA formed. The expression of a formate dehydrogenase, which 
oxidizes formate to CO2, with concomitant production of NADH, could in principle make 
formate export unnecessary, thus restoring the net ATP yield of 1 ATP per cytosolic acetyl-
CoA formed. 

1.8.3 Acetylating acetaldehyde dehydrogenase
The use of an acetylating acetaldehyde dehydrogenase for cytosolic acetyl-CoA synthesis in 
engineered S. cerevisiae was first published by Kozak et al. (2014a) (Figure 5). This enzyme 
converts, in a single step, acetaldehyde to acetyl-CoA, thus conserving the energy released 
in the oxidation of acetaldehyde and using it to drive the energy-intensive formation of the 
thioester bond. As the energetically expensive step of the acetyl-CoA synthetase is bypassed, 
this route yields, on glucose grown cultures, 1 ATP per acetyl-CoA formed. Expression of the 
EutE gene from E. coli in a S. cerevisiae strain lacking the acetaldehyde dehydrogenase genes 
(ald2Δ, ald3Δ, ald4Δ, ald5Δ, ald6Δ) allowed for aerobic growth on glucose at 82% of the 
growth rate of the reference strain (0.27 ± 0.00 h-1 and 0.33 ± 0.00 h-1, respectively). While 
this enzyme was able to sustain anabolic requirements of acetyl-CoA in glucose-grown 
cultures, growth on ethanol, which should require the entire catabolic flux to run through 
this pathway, was only observed at very low rates after laboratory evolution (Kozak et al., 
2016). 

1.8.4 Pyruvate dehydrogenase
An alternative way for acetyl-CoA biosynthesis was explored by Kozak et al. (2014b) and Lian 
and Zhao (2016) (Figure 5). In the work from these independent groups, a bacterial pyruvate 
dehydrogenase complex was expressed in order to complement an otherwise lethal acs1Δ, 
acs2Δ deletion. The choice of a bacterial enzyme was motivated by the fact that bacterial 
proteins lack mitochondrial localization sequences and would not require ‘clipping’ of 
eukaryotic sequences by additional genetic modifications. This strategy was initiated to 
generate acetyl-CoA from pyruvate in the yeast cytosol by the same oxidative decarboxylation 
reaction that occurs in eukaryotic mitochondria. Compared to the previously mentioned 
strategies, use of the pyruvate dehydrogenase complex has several potential advantages. In 
contrast to PFL, it is not sensitive to oxygen, allowing it to operate under both aerobic and 
anaerobic conditions. Furthermore, NADH and CO2 are formed, rather than formic acid, thus 
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obviating the need for organic acid export. In addition, the NADH formed is available as a 
reducing equivalent for the biosynthesis of highly reduced products. When compared to the 
A-ALD, there are also several advantages in using a cytosolic pyruvate dehydrogenase. The 
reaction catalyzed by the A-ALD has a standard Gibbs free energy change (ΔGo’) of 0.1 ± 2.4 
kJ mol-1 or 1.1 ± 2.4 kJ mol-1 when using NAD+ or NAPD+, respectively. These near-zero values 
indicate that direction of the reaction strongly depends on concentrations of reactants and 
products, and could therefore lead to an accumulation of acetaldehyde. In contrast, the 
reaction catalyzed by the pyruvate dehydrogenase complex has a ΔGo’ of -35.5 ± 6.4 kJ mol-

1, similar to the one observed for pyruvate decarboxylase (-35.4 ± 6.5 kJ mol-1), thus driving 
the reaction towards acetyl-CoA formation. Like the A-ALD, the use of a cytosolic PDH 
bypasses the ATP-consuming ACS reaction, thus yielding 1 ATP per acetyl-CoA on glucose 
grown cultures.

1.8.5 ATP‑citrate lyase
The use of a heterologously expressed ATP-citrate lyase as the pathway for the biosynthesis 
of cytosolic acetyl-CoA in S. cerevisiae has been explored by and Rodriguez et al. (2016) and, 
previously, by Tang et al., (2013) (Figure 6). In their work, formation of a cytosolic acetyl-CoA 
was mediated by the activity of cytosolically expressed ATP citrate lyase, which hydrolyses 
citrate to oxaloacetate and acetyl-CoA, using one ATP to drive the reaction. The formation 
of citrate required, in turn, the activity of the mitochondrial pyruvate dehydrogenase and 
citrate synthase, thus coupling the cytosolic and mitochondrial acetyl-CoA pools. Compared 
to the PDH bypass, acetyl-CoA formation from glucose via this system has a net ATP cost of 0 
(2 ATPs formed in glycolysis, and 2 ATPs used to convert citrate to acetyl-CoA). A pitfall of this 
system is its reliance on the mitochondrial pyruvate dehydrogenase and citrate synthase, 
whose in vivo activity is strongly reduced in the presence of glucose, due to the transcriptional 
repression of these genes in the presence of this carbon source. In addition, activity of the 
pyruvate dehydrogenase complex is inhibited by glucose-induced phosphorylation (Gey et 
al., 2008), thus limiting the applicability of this strategy to conditions in cultures exposed to 
high glucose concentrations. 

1.8.6 Carnitine shuttle
In mammals (Vaz and Wanders, 2002) and in some yeasts (Strijbis et al., 2009), acetyl-
CoA moieties can be transported between intracellular compartments by means of the 
carnitine shuttle. This system is used during growth on fatty acids, as β-oxidation occurs 
in the peroxisomes, and the produced acetyl-CoA moiety has to be transferred to the 
mitochondria to fuel the TCA cycle (Bieber, 1988; Hiltunen et al., 2003; Kawamoto et al., 
1979; Vaz and Wanders, 2002). As previously mentioned, CoA-containing molecules cannot 
readily cross organelle membranes (van Roermund et al., 1995), and must therefore be 
transported. To this end, the acyl group is transferred to carnitine, and the resulting acyl-
carnitine can then be transported into the mitochondria. Before the discovery of the PDH 
bypass, it was thought that this system would be required for the formation of cytosolic 
aceyl-CoA (Kohlhaw and Tan-Wilson, 1977). However, it was later shown that the carnitine 
shuttle operates in a unidirectional manner, shuttling acyl moieties from the peroxisome 
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and cytosol to the mitochondria (van Maris et al., 2003), despite the reaction being 
mechanistically and thermodynamically reversible (ΔGo’ -1.1 ± 2.9 kJ mol-1 in the direction 
of acetyl-L-carnitine formation). Subsequent metabolic engineering and adaptive laboratory 
evolution experiments have shown that this system can be engineered to transfer acetyl-
CoA from the mitochondrion to the cytosol in glucose grown cultures (van Rossum et al., 
2016b) (Figure 6). Using this strategy, the ATP cost for cytosolic acetyl-CoA formation was 
reduced, as this molecule would be supplied by the mitochondrial pyruvate dehydrogenase 
and then transferred out by the carnitine shuttle. However, as S. cerevisiae lacks the 
required biosynthetic pathway for carnitine biosynthesis (Swiegers et al., 2001), this system 
would rely on the supplementation of carnitine, which might increase the overall costs of 
the bioprocess. 

As in the case of the overexpression of a citrate lyase, the use of a carnitine shuttle for 
the supplementation of cytosolic acetyl-CoA requirements relies on the formation of 
intramitochondrial acetyl-CoA, mediated by the native pyruvate dehydrogenase (van 
Rossum et al., 2016b). This enzyme is strongly (but not completely) repressed during growth 
on glucose (Bowman et al., 1992; Gey et al., 2008), and could thus limit the flux of acetyl-
CoA needed for a feasible product pathway. Unlike the ATP-citrate lyase pathway, acetyl-CoA 
formation in the cytosol is mediated by a shuttle, and not by the ATP-dependent conversion 
of citrate, thus yielding a net 1 ATP per acetyl-CoA formed in glucose grown cultures. 

1.9 Succinyl‑CoA
Succinyl-CoA, the thioester of succinic acid and coenzyme A is, like acetyl-CoA, also one 
of the 12 key metabolites required for biomass formation by living cells (Dickinson et al., 
1986). In eukaryotes, succinyl-CoA is synthesized in the mitochondria by means of the 
α-ketoglutarate dehydrogenase complex or by the succinate-CoA ligase (Bard et al., 1974). 
In addition to its role as an intermediate in catabolism via the TCA cycle, it is required in 
yeast anabolism as the starting metabolite for the synthesis of 5-aminolevulinic acid, the 
first committed precursor in heme biosynthesis (Weinert et al., 2013) (Figure 7). Contrary 
to the well-established native pathway for cytosolic synthesis of acetyl-CoA in S. cerevisiae, 
no mechanisms for cytosolic succinyl-CoA formation have, to date, been reported in this 
yeast. This observation is puzzling since clear evidence for succinylation of cytosolic proteins 
in eukaryotic organisms (Martin and Williams, 2003) suggests availability of a cytosolic 
succinyl-CoA pool to act as succinyl donor for this post-translational modification process. 
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Industrially relevant compounds, such as γ-hydroxybutyric acid, 1,4-butanediol, 
5-aminolevulinic acid (ALA) and adipic acid can all be synthetized from succinyl-CoA 
(Figure 7).  γ-hydroxybutyric acid can be used as a precursor for polyhydroxybutyrate, a 
compostable bioplastic which currently finds applications in medicine as an internal suture 
material (Martin and Williams, 2003; Kariduraganavar et al., 2014), and whose production 
has been previously engineered in E. coli (Le Meur et al., 2013). 1,4-butanediol, a commodity 
chemical for the production of plastics, polyesters and spandex fibers, has been produced in 
engineered E. coli (Yim et al., 2011), but not in yeast. At first used as an herbicide (Rebeiz et 
al., 1984), it was discovered that 5-aminolevulinic acid would readily accumulate in cancer 
cells, where it is converted in protoporphyrin IX (Kennedy et al., 1990). Upon exposure 
with an appropriate light source (violet-blue light, wavelength 395-415 nm) this molecule 
emits a red fluorescence, thus aiding the surgeon in the localization of the tumor (Kaneko 
(1998), reviewed by Sasaki et al. (2002)). Apart from this diagnostic use, ALA is also used as 
a treatment for some types of skin cancer: upon application, cancerous cells are irradiated 
with specific laser radiation, which causes the accumulated protoporphyrin to produce 
singlet oxygen molecules. The damage caused by this reactive oxygen species causes 
irreparable cellular damage which, ultimately, kills the tumor (Kennedy et al., 1990). This 
versatile, non-proteinogenic amino acid has been produced in different hosts (reviewed in 
Liu et al. (2014)). Adipic acid is the most common industrial dicarboxylic acid (Musser, 2000), 
which is the precursor for the synthesis of nylon. Recently, Cheong et al. (2016) showed 
that it is possible to produce this molecule in E. coli, thereby opening up research lines 
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towards bio-based production of nylon from renewable resources. With the exception of 
5-aminolevulinic acid, which can be natively produced by several algae (Beale, 1970; Sasaki 
et al., 1995), all the succinyl-CoA-derived compounds mentioned above have been produced 
in prokaryotic organisms. The confinement of succinyl-CoA to the mitochondria have so far 
precluded the use of eukaryotic hosts, including yeasts, for production of these compounds. 
Establishment of an S. cerevisiae platform with an energy-efficient, cytosolic pathway for 
succinyl-CoA production could therefore be highly relevant for yeast biotechnology. 

Scope and outline of this thesis

Efficient, economically feasible production of high-energy molecules, such as long-chain 
alcohols and fatty acids, is required for a successful transition towards a biobased economy. 
Currently, economically viable production of these metabolites in S. cerevisiae is precluded 
by a limited availability and high metabolic cost of key cytosolic precursors needed for their 
synthesis. The goal of the research presented in this thesis was to explore strategies for 
improving the production of two such precursors, acetyl-CoA and succinyl-CoA, in the yeast 
cytosol. 

Chapter 1 gives a general introduction on the current climate challenge, and describes 
how biotechnology may help to reduce output of greenhouse gases associated with 
the production of chemicals and transport fuels. In addition, the product spectrum of 
S. cerevisiae is described, together with the general engineering strategies that can be used 
to expand and improve product formation by this yeast. The chapter then introduces the 
two product precursors, acetyl-CoA and succinyl-CoA, on which the experimental research 
described in this thesis was focused. 

Chapter 2 describes the engineering, characterization and genome data analysis of 
engineered S. cerevisiae strains in which a cytosolically expressed, bacterial pyruvate 
dehydrogenase (PDH) complex is the sole enzyme responsible for formation of acetyl-CoA 
from pyruvate. Metabolic engineering approaches alone did not enable growth solely relying 
on this introduced pathway. Therefore, adaptive laboratory evolution experiments were 
devised and successfully applied to select evolved strains in which acetyl-CoA production 
was strictly dependent on the heterologously expressed PDH complex. Whole-genome 
sequencing revealed, in multiple independent lines, the emergence of mutator phenotypes, 
which suggested that multiple, simultaneous mutations had to occur for the establishment 
of the improved phenotype. Analysis of the complex genotypes of the evolved strains 
suggested possible explanations for the observed phenotype, which challenged some 
current hypotheses on the regulation of genes involved in central carbon metabolism.

ATP-efficient production of succinyl-CoA in the yeast cytosol could open up new pathways 
towards compounds such as 1,4-butanediol, 4-hydroxybutyrate and 5-aminolevulinic acid. 
Chapter 3 explores a strategy to accomplish cytosolic synthesis of succinyl-CoA in S. cerevisiae 
by functional expression of a bacterial α-ketoglutarate dehydrogenase complex. Experiments 
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with cell homogenates indicated the cytosolic expression and assembly of a functional 
α-ketoglutarate dehydrogenase complex in the engineered yeast strains. In addition, in vivo 
experiments showed that the heterologous pathway could fully complement an introduced 
auxotrophy for 5-aminolevulinic acid, thus indicating the presence of a usable pool of 
succinyl-CoA in the cytosol of S. cerevisiae. This work is the first evidence for the production 
of cytosolic succinyl-CoA and opens up S. cerevisiae for the production of relevant industrial 
compounds that are currently not yet produced in this host.

The research described in Chapter 2 made intensive use of lactate-grown cultures for 
laboratory evolution of yeast strains with genetic modifications in pyruvate metabolism. 
Based on earlier research, it was anticipated that some of the mutations in evolved strains 
might be related to lactate transport rather than to pyruvate metabolism. As a parallel 
research line, Chapter 4 therefore focused on the application of adaptive laboratory 
evolution to identify genes and alleles that could, potentially, contributed to improved 
transport of lactic acid in S. cerevisiae. To this end, a strain in which the JEN1 and ADY2 
lactate transporter genes were deleted, was evolved for consumption of lactic acid. This 
research line, which led to the identification of new lactate transporters, showed the 
power of laboratory evolution experiments in identifying relevant phenotypes and genetic 
plasticity. 
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ABSTRACT

Expression of a bacterial pyruvate dehydrogenase (PDH) complex in the cytosol of 
Saccharomyces cerevisiae can provide sufficient cytosolic acetyl-CoA for biosynthesis, while 
lowering the ATP-requirement for synthesis of this industrially relevant precursor molecule. 
To explore and extend the capacity of this pathway, we engineered S. cerevisiae to completely 
redirect pyruvate dissimilation via a cytosolic PDH complex. After eliminating native 
pyruvate-decarboxylase and mitochondrial PDH activities in a strain expressing a bacterial 
PDH complex in the cytosol, a two-stage laboratory evolution approach was applied to enable 
and accelerate growth on l-lactate. Growth of evolved strains on l-lactate strictly depended 
on the cytosolic PDH complex and estimated rates of cytosolic acetyl-CoA production 
through the PDH complex were three-fold higher than previously reported. Whole-genome 
sequencing revealed high numbers of mutations in three independently evolved cell lines. 
The inferred mutator phenotypes of these strains complicated interpretation of sequence 
data and suggested that multiple mutations contributed to the evolved phenotype. All 
evolved strains showed mutations in genes encoding subunits of the heterologous PDH 
complex and loss-of-function mutations in ACS1, which encodes a high-affinity acetyl-CoA 
synthetase isoenzyme. The latter observation, together with a positive impact of carnitine 
addition on growth rates, identified availability of mitochondrial acetyl-CoA as critical factor 
in strains that depended on a cytosolic PDH complex for pyruvate dissimilation. While the 
genetic basis for the phenotype of the evolved strains was not fully resolved, this work 
provides a basis for further research into compartmentation of acetyl-CoA metabolism and 
to improve functionality of bacterial PDH complexes in industrial yeast strains.
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1. INTRODUCTION

Biotechnological processes are used to industrially produce compounds ranging from 
bulk chemicals such as (cellulosic) ethanol and succinic acid to specialty chemicals such as 
sweeteners (Mikkelsen et al., 2018; Zhao et al., 2019), pharmaceuticals and their precursors 
(Ro et al., 2006). Several important products of microbial biotechnology, including those 
consisting of or derived from fatty acids (Qiao et al., 2017), isoprenoids (Meadows et al., 
2016) and flavonoids (Rodriguez et al., 2017), require acetyl-Coenzyme A (acetyl-CoA) as a 
biosynthetic precursor. Found in all living organisms, acetyl-CoA participates in a multitude of 
reactions in yeast metabolism: it fuels the TCA cycle, is a precursor for the synthesis of lipids, 
sterols, N-acetylglucosamine and lysine (Flikweert et al., 1999; Flikweert et al., 1996) and acts 
as acetyl-donor for protein acetylation (Henriksen et al., 2012; Takahashi et al., 2006) . 

In the industrial yeast Saccharomyces cerevisiae, acetyl-CoA can be synthesized from pyruvate 
via two distinct pathways. In the mitochondria, the pyruvate dehydrogenase (PDH) complex 
oxidatively decarboxylates pyruvate to acetyl-CoA and thereby feeds the TCA cycle. Since the 
mitochondrial inner membrane is impermeable to acetyl-CoA, an alternative route of acetyl-
CoA synthesis is required to feed cytosolic pathways for synthesis of lysine, lipids and sterols 
and for protein acetylation (Flikweert et al., 1999; Takahashi et al., 2006; van den Berg and 
Steensma, 1995). In wild-type S. cerevisiae, cytosolic acetyl-CoA is formed by the concerted 
action of three cytosolic enzymes, which together constitute the ‘PDH bypass’ (Holzer and 
Goedde, 1957): pyruvate decarboxylase (Pdc1,5,6), acetaldehyde dehydrogenase (Ald2,3,4,5,6) 
and acetyl-CoA synthetase (Acs1,2). 

The cytosolic formation of acetyl-CoA from pyruvate requires three distinct conversions: 
decarboxylation of pyruvate (ΔGo’ -40.3 ± 3.6 kJ mol-1), pyridine-nucleotide dependent oxidation 
of acetaldehyde (ΔGo’ -47.0 ± 2.6  kJ mol-1) and activation of acetate with coenzyme A (ΔGo’ 
+47.1 ± 1.0  kJ mol-1) (Flamholz et al., 2012; Noor et al., 2012; Noor et al., 2014; Noor et al., 
2013). When these reactions are combined by the mitochondrial PDH complex, the free-energy 
change of the first two steps is used to drive the complete reaction, resulting in an overall ΔGo’ 
of -40.2 kJ mol-1 (the calculated change in free energy of the oxidative reactions assumes the 
use of the NAD+/NADH couple as an electron acceptor/donor). When pyruvate conversion to 
acetyl-CoA occurs in the cytosol, the change in free energy of the pyruvate decarboxylase and 
acetaldehyde dehydrogenase reactions is dissipated and an input of free energy is required to 
‘push’ activation of acetate to acetyl-CoA (Figure 1). Since Acs1 and Acs2 convert ATP to AMP 
and the pyrophosphate generated in this reaction is hydrolyzed, the net ATP cost of acetate 
activation to acetyl-CoA is equivalent to the conversion of 2 ATP to 2 ADP (Pronk et al., 1994). The 
different ATP stoichiometries of cytosolic and mitochondrial acetyl-CoA synthesis strongly affect 
the product yields of acetyl-CoA derived compounds produced in S. cerevisiae. For example, 
biosynthesis of a single molecule of the sesquiterpene farnesene in genetically engineered 
S. cerevisiae requires 9 molecules of cytosolic acetyl-CoA. When synthesized via the native 
cytosolic PDH bypass, formation of this amount of acetyl-CoA comes a net cost of 18 ATP and, as 
a result, a complete molecule of glucose has to be respired to generate the ATP required for the 
acetyl-CoA synthetase reaction (Meadows et al., 2016; van Rossum et al., 2016b). 
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Figure 1 Gibbs free energy change for different routes for acetyl-CoA formation from pyruvate. The change in 
Gibbs free energy (ΔGo’, in kJ mol-1) is indicated in the numbers above the arrows. The values calculated for the 
direct conversion of pyruvate and acetaldehyde to acetyl-CoA assume the concomitant reduction of NAD+. The 
underlined value for the conversion of acetate to acetyl-CoA indicates the change in ΔGo’ for ATP-independent 
conversion. Abbreviations: Glu: glucose. Pyr: pyruvate. AcH: acetaldehyde. EtOH: ethanol. Ac: acetate. Ac-CoA: 
acetyl coenzyme A. Pdc: pyruvate decarboxylase. Ald: acetaldehyde dehydrogenase. Acs: acetyl-CoA synthetase.
A-Ald: Acetylating acetaldehyde dehydrogenase. PDH: pyruvate dehydrogenase complex and lipoylation machinery.

Several metabolic engineering strategies have been tested to reduce or eliminate ATP 
requirements for cytosolic acetyl-CoA synthesis from pyruvate in S. cerevisiae (reviewed by 
van Rossum et al. (2016b)). A bacterial pyruvate-formate lyase (PFL), which converts pyruvate 
to formate and acetyl-CoA, was previously expressed in S. cerevisiae (Kozak et al., 2014a). 
While the PFL reaction itself does not require an input of free energy, ATP was inferred to 
be required for export of formate. Alternatively, the native pyruvate decarboxylase reaction 
can be linked to a heterologous acetylating acetaldehyde dehydrogenase (A-ALD) (Kozak et 
al., 2014a; Kozak et al., 2016). A-ALD catalyses the oxidative, NAD+-dependent conversion of 
acetaldehyde and CoA to acetyl-CoA. Both PFL and A-ALD combine formation of the energy-
rich thioester with another reaction (decarboxylation of pyruvate for PFL, and acetaldehyde 
oxidation for A-ALD), resulting in ΔGo’s of -21.2 ± 3.0 and 0.1 ± 2.4 kJ mol-1, respectively, for 
the overall reactions. Under some conditions, the near-zero ΔGo’ of the A-ALD reaction has 
been implicated in acetaldehyde toxicity in engineered strains (Kozak et al., 2014a; Kozak et 
al., 2016).

ATP-independent formation of cytosolic acetyl-CoA in yeast can also be accomplished by 
heterologous expression of a bacterial PDH complex in the yeast cytosol. PDH complexes 
consist of three catalytic subunits: pyruvate dehydrogenase (E1, in some organisms consisting 
of E1α and E1β proteins), dihydrolipoyl transacetylase (E2) and dihydrolipoyl dehydrogenase. 
Thiamine pyrophosphate (TPP) is involved as a cofactor in the decarboxylation reaction, while 
covalently E2-bound lipoic acid shuttles the substrate along the different catalytic domains 
(Bunik, 2003; Graham and Perham, 1990). TPP is available in the yeast cytosol, where it acts 
as cofactor for transketolase and pyruvate decarboxylase (Hohmann and Meacock, 1998). 
Lipoic acid is only present in yeast mitochondria, where it is synthetized from octanoyl-acyl-
carrier-protein (octanoyl-ACP), an intermediate of fatty acid biosynthesis (Schonauer et al., 
2009). Kozak et al. (2014b) showed that combined expression of bacterial PDH complex 
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subunits and lipoylation enzymes fully complemented the acetyl-CoA requirement of an S. 
cerevisiae acs1Δ acs2Δ double mutant for growth.

The goals of this work were to investigate if a heterologously expressed cytosolic PDH complex 
can provide more cytosolic acetyl-CoA than the small amount needed for biosynthesis in 
glucose-grown S. cerevisiae cultures and to explore options to increase its in vivo capacity. 
To address these issues, we engineered S. cerevisiae to fully redirect pyruvate dissimilation 
through cytosolic PDH complex and characterized the resulting strains. Subsequently, 
laboratory evolution on medium containing l-lactate as sole carbon source was used to 
select mutants with a higher in vivo flux through cytosolic PDH complex. Whole-genome 
sequencing and functional analysis of mutated alleles was then applied to investigate the 
molecular basis for improved growth of evolved strains.

2. MATERIALS AND METHODS

2.1 Strains and maintenance
The S. cerevisiae strains used in this study (Table 2) share the CEN.PK genetic background 
(Entian and Kötter, 2007). Stock cultures of S. cerevisiae were grown aerobically in 500 mL 
shake flasks containing 100 mL synthetic medium (SM) (Verduyn et al., 1992) or YP medium 
(10 g L-1 Bacto yeast extract, 20 g L-1 Bacto peptone) supplemented with the appropriate 
carbon source. When needed, cultures were supplied with dl-lipoic acid (Sigma-Aldrich, 
St. Louis, MO, USA) to a final concentration of 100 μg L-1. Stock cultures of E. coli XL1-Blue 
Subcloning Grade Competent Cells (Agilent Genomics, Santa Clara, CA, USA) were grown in 
LB medium (5 g L-1 Bacto yeast extract, 10 g L-1 Bacto tryptone, 10 g L-1 NaCl) supplemented 
with 100 mg L-1 ampicillin. Media were autoclaved at 121 °C for 20 min. Temperature-
sensitive media supplements (vitamins and lipoic acid) and antibiotics were filter sterilized 
and added to the autoclaved media prior to use. Media containing 2-(N-morpholino)
ethanesulfonic acid hydrate (MES-hydrate) were not autoclaved, but filter sterilized.  For 
yeast strain storage, glycerol was added to grown cultures to a final concentration of 30 % 
v/v and 1 mL aliquots were stored at -80°C.

2.2 Molecular biology techniques
Phusion high-fidelity DNA Polymerase (Thermo Fisher Scientific, Waltham, MA, USA) was used 
for PCR amplification for cloning purposes. Diagnostic PCR was performed with DreamTaq 
PCR Master Mix (2X) (Thermo Fisher Scientific). Manufacturers’ protocols were followed, 
except for the use of a lower primer concentration (0.2 μM instead of 0.5 μM). Desalted 
oligonucleotide primers were used, except for primers binding to coding regions, which were 
PAGE purified (Sigma-Aldrich). For PCR analysis of yeast colonies, genomic DNA was isolated 
as described by Lõoke et al. (2011). Commercial kits for DNA extraction and purification 
were used for small-scale DNA isolation (Sigma-Aldrich), PCR cleanup (Sigma-Aldrich), and 
gel extraction (Zymo Research, Irvine, CA, USA). Restriction analysis of constructed plasmids 
was performed using FastDigest restriction enzymes (Thermo Scientific). Gibson assembly 
of linear DNA fragments was performed using NEBuilder HiFi DNA Assembly Master Mix 
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(New England Biolabs, Ipswich, MA, USA) following the manufacturer’s recommendations, 
but using a reduced reaction volume of 5 µL. Transformation of chemically competent E. coli 
XL1-Blue was performed according to the manufacturer’s protocol. 

2.3 Plasmid construction 
Plasmids and oligonucleotide primers used in this study are listed in Table 1 and in 
Supplementary Table 1, respectively. Plasmid pUDR070 was constructed by Gibson assembly 
of two linear fragments, both obtained via PCR amplification of plasmid pROS13 using 
primers 7716-7593 (for the PDC5-gRNA_2μ_PDC6-gRNA insert) and 6005 (for the plasmid 
backbone), as previously described by Mans et al. (2015). Plasmid pUDR622 was constructed 
by Gibson assembly of two linear fragments, both obtained via PCR amplification of plasmid 
pROS12 using primer 16001 (for the ACS1-gRNA_2μ_ACS1-gRNA insert) and 6005 (for the 
plasmid backbone). Plasmid pUDR677 was constructed by Gibson assembly of two linear 
fragments, both obtained via PCR amplification of plasmid pROS12 using primer 16814 
(for the ACS2-gRNA_2μ_ACS2-gRNA insert) and 6005 (for the plasmid backbone). Plasmid 
pUDR704 was constructed by Gibson assembly of two linear fragments, both obtained via 
PCR amplification of plasmid pROS12 using primers 6178 and 7713 (for the PDC1-gRNA_2μ_
MTH1-gRNA insert) and 6005 (for the plasmid backbone).

Table 1: Plasmids used in this study.

Name Relevant characteristic Origin
pUD301 pTPI1-pdhA-tTEF1 (Kozak et al., 2014)
pUD302 pTDH3-pdhB-tCYC1 (Kozak et al., 2014)
pUD303 pADH1-aceF-tPGI1 (Kozak et al., 2014)
pUD304 pTEF1-lpd-tADH1 (Kozak et al., 2014)
pUD305 pPGK1-lplA-tPMA1 (Kozak et al., 2014)
pUD306 pPGI1-lplA2-tPYK1 (Kozak et al., 2014)
pROS12 hphNT1 gRNA-CAN1 gRNA-ADE2 (Mans et al., 2015)
pROS13 kanMX gRNA-CAN1 gRNA-ADE2 (Mans et al., 2015)
pUDR070 kanMX gRNA-PDC5 gRNA-PDC6 This work
pUDR047 hphNT1 gRNA-PDA1 (van Rossum et al., 2016a)
pUDR471 kanMX gRNA-SynPAM (2x) (Perli et al., 2020)
pUDR622 hphNT1 gRNA-ACS1 This work
pUDR677 hphNT1 gRNA-ACS2 This work
pUDR704 hphNT1 gRNA-PDC1 gRNA-MTH1 This work

2.4 Strain construction
S. cerevisiae strains were transformed with the LiAc/ssDNA method (Gietz and Woods, 
2002). The transformation mixture was plated on YP plates with either glucose (20 g L-1) or a 
mixture of glycerol and ethanol (1 % v/v each) as carbon source. Hygromycin B or G418 were 
added at a final concentration of 200 mg L-1. Gene deletions and integrations were performed 
as described previously (Mans et al., 2015). Expression cassettes for heterologous genes 



Complete redirection of pyruvate dissimilation in S. cerevisiae via a cytosolic pyruvate-dehydrogenase complex

57

2

were flanked by 60 bp short homology repeats (SHRs) for assembly and genomic integration 
(Kuijpers et al., 2013). 

Strain IMX808 was constructed by transforming the Cas9 expressing strain IMX585 with 
plasmid pUDR07 and two double stranded repair fragments, obtained by annealing 
oligonucleotides 7717 with 7718 and 7935 with 7936. Strain IMX1135 was constructed by 
transforming strain IMX808 with plasmid pUDR047 and a double stranded repair fragment 
obtained by annealing oligonucleotides 6157 and 6158. Strain IMK964 was constructed by 
transforming strain IMX585 with plasmid pUDR622 and a double stranded repair fragment 
obtained by annealing oligonucleotides 16587 and 16588.

Expression cassettes for chromosomal integration of the Enterococcus faecalis pyruvate 
dehydrogenase and lipoylation genes were prepared as follows. The cassette containing the 
Ef_pdhA ORF was amplified from plasmid pUD301 using primers 5654 and 9967; the cassette 
containing the Ef_pdhB ORF was amplified from plasmid pUD302 using primers 3277 and 
7338; the cassette containing the Ef_aceF ORF was amplified from plasmid pUD303 with 
primers 3284 and 9969; the cassette containing the Ef_lpd ORF was amplified from plasmid 
pUD304 using primers 5652 and 5653; the cassette containing the Ef_lplA ORF was amplified 
from plasmid pUD305 using primers 5663 and 5661 and the cassette containing the Ef_lplA2 
ORF was amplified from plasmid pUD306 using primers 3285 and 2686. Primers 9967 and 
9969 contain homology to sequences flanking PDC1 to enable integration of the cassette at 
this locus in S. cerevisiae IMX1191. For the integration at the ACS2 locus, these primers were 
substituted with primers 7426 and 7356, respectively. Strain IMX1135 was co-transformed 
with the expression cassettes designed to integrate in PDC1 and pUDR704, yielding strain 
IMX1191. In parallel, co-transformation strain of IMK964 with the ACS2 -targeting set of 
fragments and pUDR677 yielded strain IMX2361. 

Strain IMG011 was constructed by transforming strain IMX2361 with pUDR471, targeting 
an introduced synthetic target site in the ACS1 locus, together with a fragment PCR-
amplified from IMS660 using primers 16585 and 16586. Strains IMG012, IMG013, IMG014, 
IMG015 and IMG016 were constructed following the same approach, with repair fragments 
originating from strains IMS974, IMS978, IMS980, IMS982 and CEN.PK113-7D, respectively. 
After transformation, gRNA expression plasmids were removed by growing strains on non-
selective media. Throughout this paper, the cluster of expression cassettes for E. faecalis 
PDH complex subunits and lipoylation enzymes (pADH1-aceF-tPGI1 pPGI1-lplA2-tPYK1 
pPGK1-lplA-tPMA1 pTDH3-pdhB-tCYC1 pTEF1-lpd-tADH1 pTPI1-pdhA-tTEF1) is referred to 
as {PDHL} (Kozak et al., 2014b).
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Table 2 Saccharomyces cerevisiae strains used in this study. {PDHL} denotes a chromosomally integrated cluster of 
expression cassettes for E. faecalis genes encoding PDH complex subunits and lipoylation proteins: pADH1-aceF-
tPGI1 pPGI1-lplA2-tPYK1 pPGK1-lplA-tPMA1 pTDH3-pdhB-tCYC1 pTEF1-lpd-tADH1 pTPI1-pdhA-tTEF1.

 Parental strain Relevant genotype Origin
CEN.PK113-7D Prototrophic reference, MATa (Entian and Kötter, 

2007)
IMX585 CEN.PK113-7D MATa can1Δ::cas9-natNT2 (Mans et al., 2015)
IMX808 IMX585 MATa can1Δ::cas9-natNT2, pdc5Δ, pdc6Δ This study
IMX1135 IMX808 MATa can1Δ::cas9-natNT2, pdc5Δ, pdc6Δ, pda1Δ This study
IMX1191 IMX1135 MATa can1Δ::cas9-natNT2, pdc5Δ, pdc6Δ, pda1Δ, 

MTH1ΔT, pdc1Δ::{PDHL}
This study

IMK964 IMX585 MATa can1Δ::cas9-natNT2 acs1Δ::synPAM This study
IMX2361 IMK964 MATa can1Δ::cas9-natNT2 acs1Δ::synPAM, acs2Δ::{PDHL} This study
IMG011 IMX2361 MATa can1Δ::cas9-natNT2 ACS1C1753T, acs2Δ::{PDHL} This study
IMG012 IMX2361 MATa can1Δ::cas9-natNT2 ACS1G1090A, C1753T, acs2Δ::{PDHL} This study
IMG013 IMX2361 MATa can1Δ::cas9-natNT2 ACS1C1752A, C1753T, acs2Δ::{PDHL} This study
IMG014 IMX2361 MATa can1Δ::cas9-natNT2 ACS1G1747A, C1753T, acs2Δ::{PDHL} This study
IMG015 IMX2361 MATa can1Δ::cas9-natNT2 ACS1G692T, C1753T, acs2Δ::{PDHL} This study
IMG016 IMX2361 MATa can1Δ::cas9-natNT2 ACS1, acs2Δ::{PDHL} This study
IMS657 Single colony isolate from chemostat evolution 1 This study
IMS659 Single colony isolate from chemostat evolution 1 This study
IMS660 Single colony isolate from chemostat evolution 2 This study
IMS662 Single colony isolate from chemostat evolution 2 This study
IMS775 Population of chemostat evolution 1 evolved in shake 

flasks on l-lactate. Single colony isolate from evolution 
line 2

This study

IMS776 Population of chemostat evolution 1 evolved in shake 
flasks on l-lactate with carnitine addition. Single colony 
isolate from evolution line 1

This study

IMS778 Population of chemostat evolution 1 evolved in shake 
flasks on l-lactate with carnitine addition. Single colony 
isolate from evolution line 2

This study

IMS805 Population of chemostat evolution 1 evolved in shake 
flasks on l-lactate. Single colony isolate from evolution 
line 1

This study

IMS971 IMS660 IMS660 evolved in shake flasks on l-lactate. Single colony 
isolate from evolution line 1

This study

IMS974 IMS660 IMS660 evolved in shake flasks on l-lactate. Single colony 
isolate from evolution line 2

This study

IMS976 IMS660 IMS660 evolved in shake flasks on l-lactate. Single colony 
isolate from evolution line 3

This study

IMS978 IMS662 IMS662 evolved in shake flasks on l-lactate. Single colony 
isolate from evolution line 1

This study

IMS980 IMS662 IMS662 evolved in shake flasks on l-lactate. Single colony 
isolate from evolution line 2

This study

IMS982 IMS662 IMS662 evolved in shake flasks on l-lactate. Single colony 
isolate from evolution line 2

This study
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2.5 Media and cultivation
Shake-flask cultures of S. cerevisiae strains were grown at 30 °C in 500 mL flasks containing 
100 mL synthetic medium (Verduyn et al., 1992) with either 20 g L-1 glucose, 7.2 g L-1 lactic 
acid or a mixture of ethanol and glycerol (1 g L-1 each) as the carbon source. Cultures were 
grown in an Innova incubator shaker (New Brunswick Scientific, Edison, NJ, USA) set at 200 
rpm. Alternatively, strains were grown at 30 °C in a Growth-Profiler system (EnzyScreen, 
The Netherlands) equipped with 24-well plates with a working volume of the wells of 1 mL, 
set at 250 rpm. Media were supplemented with lipoic acid at a concentration of 100 μg L-1. 
With the exception of l-lactate containing media, the initial pH was set at 6.0. When using 
l-lactate as a carbon source, the initial pH was set at 4.0 to limit the effects of alkalization 
during growth. The pH of solid media was set at 6 for all carbon sources.

Carbon-limited chemostat cultivation was performed at 30 °C in 2 L laboratory bioreactors 
(Applikon, Delft, The Netherlands) with a working volume of 1 L. SM was supplemented 
with a mixture of 6 g L-1 l-lactic acid (67 mM) and 1.15 g L-1 ethanol (25 mM), yielding a 
total carbon concentration of 250 mM. Media were additionally supplemented with 0.2 
g L-1 Pluronic PE6100 antifoam (BASF) and lipoic acid. The latter compound was added as 
a 50 g L-1 solution in ethanol to a concentration of 500 μg L-1. Each chemostat culture was 
preceded by a batch cultivation phase on the same medium. When a rapid decrease of CO2 
production indicated carbon source exhaustion in the batch culture, chemostat cultivation 
was initiated at a dilution rate of 0.05 h-1. Culture pH was maintained at 5.0 by automatic 
addition of 2 M KOH. Bioreactors were sparged with 500 mL min-1 air and stirred at 800 rpm 
to ensure fully aerobic conditions (dissolved oxygen concentration > 80% of air saturation). 
Laboratory evolution was performed by serial transfer in shake flasks containing 100 mL SM 
with l-lactate as sole carbon source (pH 4). To limit culture alkalinization due to l-lactate 
consumption, they were buffered with 25 mM MES (2-(N-morpholino)ethanesulfonic acid).  
When indicated, L-carnitine was supplemented to a concentration of 0.2 mM. After cultures 
had reached stationary phase, a 1 mL aliquot of culture was transferred to a new flask. After 
15 transfers, corresponding to approximately 100 generations, the evolution was stopped 
and single colony isolates were taken.

2.6 Analytical methods
Optical density of cultures at 660 nm was measured with a Libra S11 spectrophotometer 
(Biochrom, Cambridge, United Kingdom). Metabolite concentrations in culture supernatants 
and media were analyzed using an Agilent 1260 Infinity HPLC system equipped with an 
Aminex HPX-87H ion exchange column, operated at 60 °C with 5 mM H2SO4 as mobile phase 
at a flow rate of 0.600 mL min-1. 

2.7 Whole‑genome sequencing
S. cerevisiae IMX1191 and derived single colony isolates were grown at 30 °C in 500 mL SM 
containing ethanol and glycerol (1 % v/v each). Genomic DNA was isolated from stationary-
phase cultures using the Qiagen 100/G kit (Qiagen, Hilden, Germany) according to the 
manufacturer’s instructions. DNA concentrations were estimated with a Qubit® Fluorometer 
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2.0 (Thermo Fisher Scientific). Strains IMX1191, IMS657, IMS659, IMS660 and IMS662 were 
sequenced by Novogene Bioinformatics Technology Co., Ltd (Yuen Long, Hong Kong) on a 
HiSeq 2500 (Illumina, San Diego, CA, USA) with 150 bp paired-end reads using TruSeq PCR-
free library preparation (Illumina). S. cerevisiae strains IMS775, IMS776, IMS778, IMS805, 
IMS971, IMS974, IMS976, IMS978, IMS980 and IMS982 were sequenced in-house on a 
MiSeq sequencer (Illumina) with 300 bp paired-end reads using TruSeq PCR-free library 
preparation (Illumina). For all strains, reads were mapped onto the S. cerevisiae CEN.PK113-
7D reference genome (Salazar et al., 2017) using the Burrows–Wheeler Alignment tool 
(BWA) and further processed using SAMtools and Pilon for variant calling (Li and Durbin, 
2010; Li et al., 2009; Walker et al., 2014). 

3. RESULTS

3.1 Replacement of native pyruvate dissimilation by a cytosolic PDH complex eliminates 
growth of S. cerevisiae on glucose, pyruvate and ‑lactate.
To redirect the entire metabolic flux from pyruvate to acetyl-CoA in S. cerevisiae through a 
heterologously expressed cytosolic PDH complex (Figure 2), native genes required for this 
conversion were deleted.  Activity of the native, mitochondrial PDH complex was eliminated 
by deleting PDA1, which encodes its essential E1 subunit (Wenzel et al., 1992). In addition, all 
three structural genes encoding pyruvate decarboxylase isoenzymes (PDC1,5,6)  (Hohmann, 
1991; Hohmann and Cederberg, 1990) were disrupted. An internal deletion in MTH1 was 
also introduced, as it enables growth of pyruvate-decarboxylase negative strains on glucose 
(Oud et al., 2012). Combined with the integration of a set of expression cassettes encoding 
subunits of the Enterococcus faecalis PDH complex, as well as two E. faecalis lipoylation 
enzymes (pdhA, pdhB, aceF, lpd, lplA and lplA2, together referred to as {PDHL}), this yielded 
strain IMX1191.

S. cerevisiae IMX1191 grew well on ethanol, but did not grow on SM containing either 
glucose, pyruvate, L-lactate or glycerol as sole carbon sources. Except for ethanol, these 
substrates all require conversion of pyruvate to acetyl-CoA for their dissimilation. These 
results suggested that, in strain IMX1191, the cytosolic PDH complex could not support a 
sufficiently high rate of pyruvate dissimilation to sustain growth on glucose or 3-carbon 
substrates. Consistent with this hypothesis, l-lactate and ethanol were co-consumed in 
cultures of strain IMX1191 grown on SM supplemented with both l-lactic acid and ethanol 
(1 % v/v of each substrate; Supplementary Figure 4). 
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Figure 2 Simplified overview of central carbon metabolism in S. cerevisiae, highlighting the modifications introduced 
in strain IMX1191 (pda1Δ, pdc1Δ, pdc5Δ, pdc6Δ, {PDHL}) to completely re-route pyruvate dissimilation via cytosolic 
acetyl-CoA. Red crosses indicate deletions in PDC1,5,6 (Pdc) and PDA1 (Pda). The thick line labeled PDHL represents 
the conversion enabled the heterologously expressed, cytosolic pyruvate dehydrogenase complex. Abbreviations: 
Pdc, pyruvate decarboxylase; PDHL, heterologous pyruvate dehydrogenase; Ald, acetaldehyde dehydrogenase; Acs, 
acetyl-CoA synthetase; Cyb2, lactate dehydrogenase; Cit2, cytosolic citrate synthase; Aco, aconitase; Idp, isocitrate 
dehydrogenase; Pda, mitochondrial pyruvate dehydrogenase; OAA, oxaloacetate; CIT, citrate; I-CIT, isocitrate; α-KG, 
α-ketoglutarate; S-CoA, succinyl-CoA; SUC, succinate; FUM, fumarate; MAL, malate.
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3.2 Laboratory evolution in carbon‑limited chemostat cultures enables growth of IMX1191 
on l‑lactate as sole carbon source
To investigate the inability of strain IMX1191 to grow on l-lactate, whose dissimilation requires 
conversion of pyruvate to acetyl-CoA, we applied laboratory evolution in duplicate chemostat 
cultures (reactors L and R, Figure 3A). These cultures were grown at a dilution rate of 0.05 h-1 
on SM containing 25 mM ethanol and 67 mM l-lactate. Lactate rather than glucose was used 
in view of the reported overproduction of pyruvate by glucose-grown cultures of pyruvate-
decarboxylase-negative S. cerevisiae (van Maris et al., 2004). Concentrations of 25 mM 
ethanol and 67 mM l-lactate were chosen to provide a selective advantage to spontaneous 
mutants able to consume l-lactate with a reduced requirement for co-consumption of 
ethanol. Culture  performance was monitored via the CO2 concentration in the exhaust gas 
(Supplementary Figure 1) and by regular measurements of residual ethanol and L-lactate 
concentrations in the cultures (Supplementary Figure 2). Throughout the experiments, the 
residual ethanol concentration in the cultures remained below 0.2 mM. Concentrations of 
l-lactate and pyruvate progressively decreased and reached values below 1 mM after 1100 
h (corresponding to 79 generations). To further increase the selective pressure on l-lactate 
dissimilation via cytosolic PDH, concentrations of ethanol and l-lactate in the medium feed 
were then changed to 5 mM and 80 mM, respectively. After a further 250 h (corresponding 
to a total number of 97 generations), concentrations of ethanol, pyruvate and L -lactate 
were below detection limit and the cultures were terminated. The evolved populations only 
grew on SM plates with 80 mM l-lactate as sole carbon source when supplied with 100 μg L-1 
lipoic acid. This result indicated that growth of the evolved culture still depended on activity 
of the cytosolic PDH complex (Supplementary Figure 3). 

Single-cell isolates from both reactors were obtained by plating on SM with l-lactate as sole 
carbon source and supplemented with lipoic acid. This yielded strains IMS657 and IMS659 
from reactor L, and strains IMS660 and IMS662 from reactor R (Figure 3A). Strains IMS657 
and IMS659 exhibited a specific growth rate of 0.03 h-1 (Supplementary Figure 5) on SM with 
l-lactate as sole carbon source without a significant lag phase, whereas growth of strains 
IMS660 and IMS662 was only observed after prolonged (6 weeks) incubation. Addition 
of 0.2 mM l-carnitine, which enables import of cytosolic acetyl-CoA into S. cerevisiae 
mitochondria (Bieber, 1988; Hiltunen et al., 2003),  increased both the specific growth rate 
and the final optical density of strains IMS657 and IMS659, indicating a possible limitation 
in mitochondrial acetyl-CoA availability (Supplementary Figure 5). 
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Figure 3 Schematic overview of the strategy used for the evolution of S. cerevisiae strain IMX1191 (pda1Δ, pdc1Δ, 
pdc5Δ, pdc6Δ, {PDHL}) for (improved) growth in medium containing L-lactate and the mutant strains obtained. 
Panel A: chemostat evolution for improved affinity on lactic acid; the two reactors and the single colony isolates 
obtained at the end of the evolution from each reactor are shown. Highlighted strains have been characterized 
(see panels E and F). Panel B&C: evolution for higher specific growth rates in sequential batches in shake flasks 
containing medium with L-lactic acid as sole carbon source. The evolutions in panel B were performed in duplicate 
and 0.2 mM carnitine was added to one of the evolutions. For both evolutions in panel B, the inoculum consisted 
of the evolved population from reactor L. The evolutions in panel C were performed in triplicate and the inoculum 
were the single colony isolate strains IMS660 and IMS662. At the end of each of the evolution experiments, a 
single colony isolate was taken. Panel D: number of SNVs and indels found in the single colony isolates. Panel 
E&F: growth rates (E) and final optical densities (F) of the isolated strains. White bars represent cultures grown 
in synthetic media with L-lactic acid as sole carbon source, while black bars represent cultures grown in the same 
media supplemented with 0.2 mM carnitine. Asterisks indicate a significant difference between the two conditions 
(student t-test, p < 0.05). For each strain, the percentage increase in final optical density is indicated.
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3.3 Laboratory evolution for faster growth on L‑lactate
To select for higher fluxes through the cytosolic PDH, two parallel laboratory evolution 
approaches were chosen. In a first approach, to maximize genetic heterogeneity of the 
initial population, a sample of the complete evolved culture from bioreactor L was used 
as inoculum for four parallel serial transfer experiments in shake flask cultures grown on 
l-lactic acid. In view of its beneficial effects on growth of strains IMS657 and IMS659 on 
l-lactate, 0.2 mM of l-carnitine was included in two of the four experiments (Figure 3, panel 
B). In a second approach, single colony isolates IMS660 and IMS662 derived from bioreactor 
R were used to inoculate three serial transfer experiments each on L-lactate (Figure 3, panel 
C). The objective of this approach was to facilitate differentiation between mutations that 
occurred during chemostat selection and serial transfer in subsequent genome sequencing 
experiments. After 15 transfers (approximately 100 generations), the serial transfer 
experiments were terminated and single colony isolates obtained by plating on SM with the 
same supplements used in the shake flasks. 

Surprisingly, even after prolonged incubation, none of the evolved isolates grew when 
frozen stocks were used to inoculate shake flasks on SM with l-lactate as sole carbon source 
(pH 4). After plating on solid SM-lactate and transfer to liquid medium, 7 out of 14 strains 
grew after 14 days. Biomass of these strains (IMS657, IMS659, IMS776, IMS805, IMS971, 
IMS978 and IMS980) was used to determine specific growth rates SM with l-lactate as sole 
carbon source, both with and without addition of l-carnitine (Figure 3 E&F). Specific growth 
rates of the strains ranged from 0.03 h-1 to 0.10 h-1 (Figure 3, panel E). Specific growth rates 
of  evolved strains IMS657 and IMS659 (both  0.03 h-1) were below the dilution rate of the 
chemostat in which their ancestors had evolved (0.05 h-1). This result may reflect different 
cultivation conditions in the chemostats and the serial transfer experiments (e.g. presence or 
absence of pH control and substrate concentration). Addition of l-carnitine had a significant 
impact on the final optical density for all strains except IMS657 and IMS659, with increases 
in final optical density of up to 64% (Figure 3, panel F). 

3.4 Whole‑genome sequencing reveals emergence of mutator phenotypes. 
To identify the genetic basis of the evolved phenotypes, the genomes of the obtained single 
colony isolates were sequenced. No large structural variations (chromosomal duplications/
rearrangements) were found, but multiple single-nucleotide variations (SNVs), deletions and 
insertions were identified in all isolates.  Analysis of the chemostat-derived strains indicated 
five-fold more mutations in strains IMS657 and IMS659 than in strains IMS660 and IMS662 
(Figure 3A and 3D). This large difference was tentatively attributed to a ‘mutator phenotype’ 
caused by a single-nucleotide deletion in MSH6, a gene involved in DNA mismatch repair 
(Marsischky et al., 1996), which was observed in the chemostat-evolved strains IMS657 and 
IMS659. Genome sequence analysis of the derived evolved strains IMS775, IMS776, IMS778 
and IMS805 revealed 67 to 100 non-synonymous SNVs in coding regions (Supplementary 
Table 2), a number far higher than other reports of laboratory evolution with a comparable 
number of generations (Ho et al., 2017; Papapetridis et al., 2018; Perli et al., 2020; Strucko 
et al., 2018; Verhoeven et al., 2018; Verhoeven et al., 2017). Of these strains, IMS775 and 
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IMS778 contained 90 to 100 SNVs and 20 to 25 indels. They also contained the indel in 
MSH6 that was present in the chemostat-evolved single-cell isolates IMS657 and IMS659. 
However, in IMS776 and IMS805, MSH6 remained intact, indicating that these isolates had 
evolved from a distinct subpopulation present in the chemostat culture from which IMS657 
and IMS695 had been obtained. Surprisingly, a high incidence of SNVs and indels was also 
identified in strain IMS971. This strain was evolved from strain IMS660, which was derived 
from the other bioreactor and did show a high number of mutations after chemostat 
evolution (Supplementary Table 2). 

3.5 Evolved strains contain mutations in genes encoding PDH complex subunits
To identify mutations responsible for the accelerated growth on l-lactate, we first focused 
on mutations in the genes encoding subunits of the E. faecalis PDH. All evolved strains 
carried non-synonymous SNVs in at least one of the genes encoding its two E1α and E1β 
subunits (pdhA and pdhB, respectively; Table 3). In addition, strains IMS776 and IMS805 
carried a mutation in lplA2, one of the two genes required for the lipoylation of the complex. 
The Protein Variation Effect Analyzer (PROVEAN) tool (Choi, 2012; Choi and Chan, 2015; Choi 
et al., 2012) flagged all substitutions on the subunit E1α (PdhA), as well as two substitutions 
found on E1β (V292F and P192L) as deleterious for protein function. 

Table 3 Mutations found in three (PdhA, PdhB, LplA2) of the subunits of the heterologous pyruvate dehydrogenase 
complex. Mutations highlighted in bold are predicted to affect protein function, as analysed by the Protein 
Variation Effect Analyzer (PROVEAN) tool. All strains were obtained from single, independent evolution lines, with 
the exceptions of the couples IMS657-IMS659 and IMS660-IMS662, which were isolated from two independent 
chemostat evolution lines. A graphic overview of the lineages of the strains can be found in Figure 3. 

Mutations (protein level)
Evolved strain Parental Evolution type PdhA PdhB LplA2
IMS657

IMX1191 Chemostat

V292F
IMS659 V292F
IMS660 G175S
IMS662 G175S
IMS775

Population from 
chemostat L Sequential batches

T268N V292F
IMS776 T174I V292F E325G
IMS778 T268N V292F
IMS805 T174I V292F E325G
IMS971

IMS660 Sequential batches
G175S P192L

IMS974 G175S
IMS976 G175S
IMS978

IMS662 Sequential batches
G175S E190Q

IMS980 G175S A188V
IMS982 G175S S293A
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3.6 ADH1 and ACS1 carry mutations in independent evolution lines 
Further analysis focused on genes that showed mutations in independently evolved strains. 
A SNV in ADH1, which caused a premature stop codon at amino acid 148 of Adh1, was 
found in all isolates derived from the chemostat evolution experiment. This SNV ultimately 
resulted in the loss of the NADH binding domain, thereby most likely causing the protein to 
be inactive. Genome sequencing of the evolved strains identified a common loss-of-function 
mutation in ADH1, which encodes a major isoenzyme of cytosolic NAD+-dependent alcohol 
dehydrogenase whose expression is upregulated under fermentative growth conditions 
(Denis et al., 1983). This mutation already occurred during the initial chemostat phase of the 
evolution experiments. Since the chemostat cultures were grown on mixtures of l-lactate 
and ethanol, the adh1 mutation may primarily have affected ethanol utilization. Since we 
could not find a plausible role of Adh1 in redirection of respiratory pyruvate metabolism in 
the evolved strains, we did not further explore its role. 

220-222 248-253 317-328 361-367 389-391 415-419 442-445 467-472 559-574 582-585 650-656

IMS982: R231L IMS974: G364S

Common: R585C
IMS978: H584Q
IMS980: G583S

Figure 4 Schematic overview of the amino-acid sequence of Acs1 and of mutations found in evolved S. cerevisiae 
strains. Colored areas indicate regions containing amino acids involved in the catalytic mechanism. Regions without 
relevant residues were cropped. Purple areas: CoA binding. Light blue areas: AMP (ATP) binding. Green area: acyl-
activating enzyme consensus sequence. Red flags indicate mutated sites. The strain name, and the associated 
mutation, is indicated. The substitution R585C, already present in the chemostat evolved strains IMS660 and 
IMS662, is shared by strains IMS971, IMS974, IMS976, IMS978, IMS980 and IMS982, which were obtained after 
further evolution in serial transfer experiments.

The chemostat-derived strains IMS660 and IMS662 showed a mutation in ACS1 (R585C), 
which encodes a high-affinity acetyl-CoA synthetase reported to be required for growth on 
non-fermentable carbon sources (De Virgilio et al., 1992; van den Berg et al., 1996) (Figure 2). 
The R585C mutation falls within the ATP binding site of the protein and was retained among 
all strains evolved from IMS660 and IMS660 in serial-transfer experiments (Figure 3C). Four of 
these further evolved strains contained additional mutations in ACS1. Strain IMS974 carried 
the additional mutation G364S, which falls between a residue involved in acetate binding 
(I366) and a residue involved in CoA binding (G361). In strains IMS978, IMS980 and IMS982, 
Acs1 carried the mutations H584Q, G583S and R231L, respectively. The residues at position 
583 and 584 are part of the active site involved in CoA binding and the residue at position 231 
is situated close to residues involved in the catalytic mechanism (Figure 4). The high incidence 
of mutations in ACS1 suggested an important role of Acs1 activity in redirection of pyruvate 
dissimilation through a cytosolic PDH. 
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3.7 Mutations in ACS1 cause loss of function
To investigate functionality of the evolved ACS1 alleles, we introduced them in strain IMK964 
(acs1Δ::synPAM) tested the ability of the resulting strains to grow on acetate, for which Acs1 
was previously described to be essential (De Virgilio et al., 1992). However, in contrast with 
results presented in these earlier studies, even an acs1Δ strain that was used as negative 
control grew on acetate (Figure 5, strain IMK964). To circumvent this problem, we used 
strain IMX2361 in which both ACS1 and ACS2 were inactivated and the E. faecalis PDH 
complex and lipoylation enzymes were expressed. In this strain, growth on glucose is lipoic-
acid dependent, as acetyl-CoA cannot be synthesized via the PDH bypass due to absence of 
Acs1 and Acs2 (Kozak et al. 2014b). After introduction of the wild-type and evolved alleles 
of ACS1 in strain IMX2361, the resulting strains IMG011 to IMG016 were tested for growth 
on several carbon sources on solid media (Figure 5). Strain IMG016, expressing the native 
ACS1 allele, readily grew on acetate or ethanol as sole carbon source. In contrast, none of 
the strains expressing the evolved ACS1 alleles were able to do so. This result indicated that 
the Acs1 variants in the evolved strains had an insufficient in vivo activity to sustain growth 
on these C2-compounds.  

To test their ability to sustain the much lower anabolic cytosolic acetyl-CoA requirements, 
the same set of strains was grown on l-lactate, supplemented with either ethanol or acetate 
for cytosolic acetyl-CoA synthesis via Acs1. Using l-lactate as the sole carbon source, and in 
the absence of lipoic acid, strain IMK964 (acs1Δ ACS2) showed a severe growth defect, while 
strain IMX2361 (acs1Δ acs2Δ {PDHL} did not grow at all (Figure 5). This is in line with the 
notion that, of the two S. cerevisiae acetyl-CoA synthetases, Acs1 is the largest contributor 
to the formation of cytosolic acetyl-CoA during growth on non-fermentable carbon sources 
(van den Berg et al., 1996). The inability of IMX2361 to grow on this medium can be explained 
from its requirement for lipoic acid, to activate the heterologous PDH complex and thus to 
synthesize cytosolic acetyl-CoA. Among the set of congenic strains carrying the different 
ACS1 alleles, IMG016 (ACS1wt) grew well on l-lactate while, of the strains carrying evolved 
ACS1 alleles, only IMG011 (ACS1R585G) exhibited very slow growth on this carbon source 
(Figure 5). Supplementation of acetate or ethanol to SM-lactate plates fully restored growth 
of strain IMK964 (acs1Δ ACS2), while strains expressing the evolved ACS1 alleles remained 
unable to grow. This included strain IMG011, whose weak growth on SM-lactate, did not 
occur with, in addition to l-lactate, the medium was supplemented with either acetate or 
ethanol (Figure 5). This result may reflect an inhibitory effect of the latter substrates on 
l-lactate consumption. Strain IMG011 showed improved growth on SML when lipoic acid 
was supplied, suggesting that low activities of the Acs1R585G variant and the E. faecalis PDH 
complex acted synergistically.   
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Figure 5 Spot plate assay of different S. cerevisiae strains, in order to verify the functionality of different evolved 
ACS1 alleles. The genotype of each strain is indicated on the left-hand side of the figure. {PDHL} denotes a cluster 
of gene cassettes for the expression of a cytosolic pyruvate dehydrogenase and lipoylation machinery. Growth was 
tested on solid synthetic media (SM) with different carbon sources. Complex YPD media supplemented with lipoic 
acid was used as a positive control. SM acetate and SM ethanol plates were used to test the ability of the different 
alleles of ACS1 to carry a catabolic flux. SM lactate + acetate and SM lactate + ethanol plates were used to test 
the ability of the different alleles of ACS1 to carry an anabolic flux. The remaining plates were used as controls. All 
carbon sources were added at a final concentration of 10 g L-1 each, with the exception of glucose, which had a 
concentration of 20 g L-1 in the YPD plate. When indicated, lipoic acid was supplemented at a final concentration of 
100 µg L-1. SM plates were incubated for 5 days, while the YPD plate was incubated for 2 days.
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4. DISCUSSION

The present study demonstrates how a combination of targeted metabolic engineering 
and laboratory evolution enabled the complete redirection of pyruvate dissimilation in 
S. cerevisiae via a cytosolically expressed PDH complex. After eliminating native pathways 
for conversion of pyruvate to acetyl-CoA in a strain expression a cytosolic PDH complex, no 
growth was observed on three- and six-carbon substrates. A two-stage laboratory evolution 
strategy was successfully applied to first select for growth on l-lactate as sole carbon source 
and subsequently for faster growth. 

One of the goals of this study was to explore whether the in vivo flux through a cytosolically 
expressed PDH complex could be increased beyond the value of 0.41 mmol (g biomass)-1 h-1 
observed for an S. cerevisiae strain in which PDH complex only provided cytosolic acetyl-CoA 
for biosynthesis (Kozak et al., 2014a). The evolved strain strains grew on l-lactate at specific 
growth rates of up to 0.10 h-1. Based on a stoichiometric analysis of yeast metabolism in 
l-lactate-grown cultures (Cortassa et al., 1995) and a P/O ratio for NADH of 1 (Joseph-Horne 
et al., 2001), the estimated specific rate of oxidative lactate metabolism in these cultures 
was 1.15 mmol (g biomass)-1 h-1. This estimated flux through the cytosolic PDH complex is 
almost three-fold higher than calculated for the strain described by (Kozak et al., 2014b). 
We were unable find biomass-specific rates of cytosolic acetyl-CoA production in industrial 
strains in the literature. However, based on reported volumetric oxygen consumption rates, 
process stoichiometry (Meadows et al., 2016) and culture optical densities in high-cell-
density cultures (Knoll et al., 2007; Riesenberg and Guthke, 1999; Wang et al., 2007), we 
estimate that turn-over rates of cytosolic acetyl-CoA in an industrial farnesene-producing 
S. cerevisiae were two- to five-fold higher than observed in our study. However, as will be 
discussed below, genome sequence data from evolved strains indicated that specific growth 
rates of the evolved strains were not solely constrained by the capacity of the heterologous 
PDH complex.

Laboratory evolution experiments with other S. cerevisiae strains derived from the CEN.PK 
lineage and encompassing similar or even more generations of selective growth, typically 
yield 5 to 20 SNVs in coding sequences (Ho et al., 2017; Papapetridis et al., 2018; Perli et al., 
2020; Strucko et al., 2018; Verhoeven et al., 2018; Verhoeven et al., 2017), and partial or full 
chromosomal duplications are often present (Bracher et al., 2017; Perli et al., 2020). Indels 
in coding regions also occur, albeit at lower frequencies (Kozak et al., 2016). In the present 
study, already after approximately 70 generations of laboratory evolution in chemostat 
cultures, substantially higher number of SNVs were found in strains IMS657 and IMS659 
(Supplementary Table 2). We tentatively attributed this high incidence of mutations in these 
strains to a premature stop codon in MSH6, which encodes a component of the Msh2/Msh6 
DNA mismatch repair system (Marsischky et al., 1996). The resulting predicted truncation of 
Msh6 caused loss of its essential ATP binding domain (Antony et al., 2006; Hess et al., 2002; 
Hess et al., 2006; Mazur et al., 2006; Studamire et al., 1998). High numbers of mutations, 
which did not coincide with a mutation in MSH6, were also observed in strains IMS776 and 
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IMS805 after fifteen serial transfers on SM-lactate and in strain IMS971, which was derived 
from an independent bioreactor experiment (Supplementary Table 2). We were, however, 
unable to identify a plausible molecular basis for the inferred mutator phenotype of these 
strains from DNA sequence data. 

The occurrence of mutator phenotypes has been previously observed, and despite their 
inherent genetic instability, they often provide an advantage under selective conditions. 
For example, reports have shown that a strain able to mutate rapidly can quickly develop 
antibiotic resistance (Labat et al., 2005; Levy et al., 2004; Ren et al., 1999), or develop 
resistance mechanisms to phage infections (Morgan et al., 2010; Pal et al., 2007; Scott et al., 
2008). Occurrence of mutator phenotypes in laboratory evolution experiments can be taken 
as an indication that evolved phenotype require multiple simultaneous mutations, thereby 
outweighing  negative impacts of a high mutation load (Miller et al., 1999).  Consistent 
with such a trade-off between the selected phenotype and negative impacts of non-related 
mutations, evolved strains with inferred mutator phenotypes exhibited lower specific 
growth rates and final biomass concentrations than the non-mutators (Figure 3 panels E 
and F, and Supplementary Figure 5). Although the large number of mutations in the evolved 
strains complicated interpretation, several observations stood out.

All evolved strains harbored mutations in genes encoding subunits of the heterologous PDH 
complex. This result suggested that the higher specific growth rates of these strains could 
at least partly be attributed to a higher in vivo capacity of the PDH complex itself. Analysis 
of these evolved alleles with PROVEAN, an algorithm that assesses whether mutations 
affect conserved domains of a protein (Choi and Chan, 2015), indicated that the predicted 
amino-acid changes in the  E1α subunit of PDH complex all affected its activity. Of the 
amino acid changes in the E1β subunit,  only PdhBV292F and PdhBP192L, which occurred in the 
majority of the evolved strains, were predicted to affect enzyme activity, while a mutation 
in the lipoylation enzyme LplA2 was predicted to be neutral. Further functional analysis is 
required to assess how these mutations, both individually and combinatorially, affect the 
PDH complex kinetics, regulation and/or stability.

Evolved strains in which pyruvate dissimilation was redirected through the cytosolic PDH 
complex showed a variety of mutations in ACS1, which encodes the high affinity acetyl-
CoA synthetase of S. cerevisiae (Figure 4). Functional complementation studies showed that 
a mutation that occurred during chemostat-based evolution (Acs1R585G) already strongly 
decreased activity of Acs1 and was followed by additional mutations that led to a further 
loss of activity (Figure 5). Mutations in ACS1 were also observed (Kozak et al. 2016) when 
evolving S. cerevisiae strains in which ethanol metabolism was entirely rerouted through and 
acetylating acetaldehyde dehydrogenase (acetaldehyde + NAD+ + CoA → acetyl-CoA + NADH 
+ H+). We hypothesize that, in strains in which a mitochondrial PDH complex is not active 
in metabolism, a shortage of mitochondrial acetyl-CoA occurs. In addition, mitochondrial 
acetyl-CoA is an essential precursor for synthesis of lipoic acid, which is an essential cofactor 
of the mitochondrial 2-oxoglutarate dehydrogenase (OGDH) complex. Although lipoic acid 
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was included in growth media, the lipoylation system of mitochondrial enzymes cannot use 
free lipoate. Instead, it attaches an octanoyl group derived from mitochondrial fatty acid 
biosynthesis pathway to the OGDH complex, which is then modified to yield a lipoyl group 
(Schonauer et al., 2009).

This hypothesis that mitochondrial acetyl-CoA supply a key factor is consistent with the 
growth-promoting effect of carnitine on evolved strains (Figure 3, Panels E and F), since 
the carnitine shuttle can link cytosolic and mitochondrial acetyl-CoA pools in S. cerevisiae. 
The selection for (partial) loss-of-function mutations in ACS1 suggests that, after rerouting 
pyruvate dissimilation through a cytosolic PDH complex, Acs1 protein competes for cytosolic 
acetate with a carnitine-independent pathway for provision of mitochondrial acetyl-CoA. In 
such engineered strains, cytosolic acetate could either be provided by acetyl-CoA hydrolase 
(Ach1) or by protein de-acetylation. Despite Ach1 being annotated as a mitochondrial 
enzyme (Buu et al., 2003), available data are insufficient to conclude that this protein is 
absent from the yeast cytosol. Simultaneous activity of Ach1 in the cytosol and mitochondrial, 
combined with acetate transport across the mitochondrial membrane, may enable a net 
transfer of acetyl-CoA units across the mitochondrial membrane. Unfortunately, despite 
supplementation of growth media with carnitine, attempts to delete ACH1 in evolved strains 
in order to test this hypothesis were not successful. 

Our results illustrate the importance of metabolic compartmentation of biosynthetic 
reactions and intracellular transport mechanisms in the design of metabolic engineering 
strategies for rerouting primary metabolism in eukaryotes. In particular, the roles of 
mitochondrial acetyl-CoA in S. cerevisiae and its supply in engineered strains require further 
study. 
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Supplementary Figure 1 Exhaust CO2 concentration from a chemostat culture of IMX1191 (pda1Δ, pdc1Δ, pdc5Δ, 
pdc6Δ, {PDHL}). From the start of the culture until approximately timepoint 1200h, the medium reservoir contained 
25 mM ethanol and 67 mM lactic acid. Additionally, the growth medium contained 100 µg L-1 of the required 
cofactor lipoic acid. This cultivation method was used for enabling lactate consumption. The sharp drop in the off-
gas CO2 concentration at 1200h coincides with the change for a more stringent media, containing 5 mM ethanol 
and 80mM lactic acid. Y-axis: CO2 concentration (%). X-axis: time (h). A representative example of a duplicate 
experiment is shown.
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Supplementary Figure 2 Residual carbon source concentration over time in the broth of the chemostat setups 
used for the evolution of IMX1191 (pda1Δ, pdc1Δ, pdc5Δ, pdc6Δ, {PDHL}). “L” and “R” indicate the two different 
bioreactor setups. In all cases, the ethanol concentration was below detection limit.
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Supplementary Figure 3 Evolved populati on originated from IMX1191 (pda1Δ, pdc1Δ, pdc5Δ, pdc6Δ, {PDHL}) aft er 
chemostat evoluti on. Cells were taken from the bioreactor broth and plated on solid syntheti c media (SM) plates 
containing 80 mM lactate as sole carbon source, with (right) and without (left ) supplementati on of 100 µg L-1 lipoic 
acid, and incubated for 5 days. 

Supplementary Figure 4 Opti cal density (λ = 660 nm) and metabolite concentrati ons in aerobic batch cultures of 
S. cerevisiae IMX1191 (pda1Δ, pdc1Δ, pdc5Δ, pdc6Δ, {PDHL}) grown in syntheti c medium using a mixture of ethanol 
and lactate as carbon sources. The medium was supplemented with lipoic acid (100 µg L-1). The same growth profi le 
was observed when lipoic acid was omitt ed from the medium. A representati ve of a duplicate shake-fl ask batch 
culture is shown.
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Supplementary Figure 5 Growth profi les of single colony isolates IMS657 and IMS659 in SM medium containing 
80 mM lacti c acid as the sole carbon source, with and without carniti ne supplementati on (0.2 mM). The initi al pH 
of the media was set at 4. All fl asks were supplemented with lipoic acid (100 µg L-1). IMS657 and IMS659 are single 
colony isolates derived from an evoluti on started with IMX1191 (pda1Δ, pdc1Δ, pdc5Δ, pdc6Δ, {PDHL}).
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Supplementary Figure 6 Spot plate assay showing growth of several strains on different carbon sources. Plates 
(from top to bottom): synthetic medium with 20 g L-1 glucose as carbon source, supplemented with either 100 µg 
L-1 lipoic acid (top panel), 1 g L-1 ethanol (middle panel) or 1 g L-1 acetate (bottom panel). Numbers (1-9) on the 
top edge of each plate indicate the plated strain: 1. CEN.PK113-7D (prototrophic reference, MATa); 2. IMK964 
(acs1Δ); 3. IMX2361 (acs1Δ, acs2Δ, {PDHL}); 4. IMG011 (ACS1C1753T, acs2Δ, {PDHL}); 5. IMG012 (ACS1G1090A, C1753T, 
acs2Δ, {PDHL}); 6. IMG013 (ACS1C1752A, C1753T, acs2Δ, {PDHL}); 7. IMG014 (ACS1G1747A, C1753T, acs2Δ, {PDHL}); 8. IMG015 
(ACS1G692T, C1753T, acs2Δ, {PDHL}); 9. IMG016 (ACS1, acs2Δ, {PDHL}); The spots, from top to bottom, contained 
approximately 105, 104, 103, 102, 101 cells. Plates were incubated for 3 days at 30 °C.
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Supplementary Table 2 Type and number of mutations found in evolved single colony isolates. All strains were 
originally derived from IMX1191 (pda1Δ, pdc1Δ, pdc5Δ, pdc6Δ, {PDHL}). This strain was then evolved for lactic acid 
consumption in two separate chemostats. Strains IMS657-IMS659 were obtained from chemostat L, while IMS660-
IMS662 were obtained from chemostat R. Further evolution was then performed in sequential batches containing 
SM medium with lactic acid as the sole carbon source. The population of chemostat L was used to inoculate four 
independent flasks, which yielded IMS775, IMS776, IMS778 and IMS805, respectively. Strains IMS660 and IMS662 
were inoculated each in three different flasks, for a total of six independent evolution lines, from which strains 
IMS971, IMS974, IMS976, IMS978, IMS980 and IMS982 were isolated. For all sequential batches a total of 15 
transfers (approximately 100 generations) were performed. 

Strain Parental Non‑
synonymous 

SNVs

Synonymous 
SNVs

SNVs outside 
of coding 
regions

Indels Indels in 
coding 
regions

Indels 
causing a 

frameshift
IMS657 IMX1191 35 19 25 10 3 3
IMS659 IMX1191 39 14 34 10 3 3
IMS660 IMX1191 7 4 7 4 3 2
IMS662 IMX1191 7 3 8 3 2 1
IMS775 Population 

chemostat L
100 40 76 20 8 8

IMS776 Population 
chemostat L

67 43 76 487 73 70

IMS778 Population 
chemostat L

90 47 71 24 9 9

IMS805 Population 
chemostat L

67 57 81 576 88 85

IMS971 IMS660 48 23 46 301 37 33
IMS974 IMS660 11 12 21 4 2 1
IMS976 IMS660 13 12 26 4 2 1
IMS978 IMS662 9 11 26 3 2 1
IMS980 IMS662 9 8 21 2 1 0
IMS982 IMS662 7 8 21 5 3 2







Nicolò Baldia, James C. Dykstraa, Marijke A.H. Luttika, Martin Pabsta, Liang Wub, 
Kirsten R. Benjaminc, André Venteb, Jack T. Pronka, Robert Mansa*

a Department of Biotechnology, Delft University of Technology, van der Maasweg 9, 
2629 HZ Delft, The Netherlands

b DSM Biotechnology Center, Delft, The Netherlands
c Amyris Inc., Emeryville, California, USA

Essentially as published in Metabolic engineering
(https://doi.org/10.1016/j.ymben.2019.10.001)

Functional expression of a bacterial 
α-ketoglutarate dehydrogenase in the cytosol of 

Saccharomyces cerevisiae

3.



ABSTRACT

Efficient production of fuels and chemicals by metabolically engineered micro-organisms 
requires availability of precursor molecules for product pathways. In eukaryotic cell 
factories, heterologous product pathways are usually expressed in the cytosol, which 
may limit availability of precursors that are generated in other cellular compartments. In 
Saccharomyces cerevisiae, synthesis of the precursor molecule succinyl-Coenzyme A is 
confined to the mitochondrial matrix. To enable cytosolic synthesis of succinyl-CoA, we 
expressed the structural genes for all three subunits of the Escherichia coli α-ketoglutarate 
dehydrogenase (αKGDH) complex in S. cerevisiae. The E. coli lipoic-acid scavenging enzyme 
was co-expressed to enable cytosolic lipoylation of the αKGDH complex, which is required 
for its enzymatic activity. Size-exclusion chromatography and mass spectrometry indicated 
that the heterologously expressed αKGDH complex contained all subunits and that its size 
was the same as in E. coli. Functional expression of the heterologous complex was evident 
from increased αKGDH activity in the cytosolic fraction of yeast cell homogenates. In 
vivo cytosolic activity of the αKGDH complex was tested by constructing a reporter strain 
in which the essential metabolite 5-aminolevulinic acid could only be synthetized from 
cytosolic, and not mitochondrial, succinyl-CoA. To this end HEM1, which encodes the 
succinyl-CoA-converting mitochondrial enzyme 5-aminolevulinic acid (ALA) synthase, was 
deleted and a bacterial ALA synthase was expressed in the cytosol. In the resulting strain, 
complementation of ALA auxotrophy depended on activation of the αKGDH complex by 
lipoic acid addition. Functional expression of a bacterial αKGDH complex in yeast represents 
a vital step towards efficient yeast-based production of compounds such as 1,4-butanediol 
and 4-aminobutyrate, whose product pathways use succinyl-CoA as a precursor. 
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1. INTRODUCTION

Production of industrially relevant compounds with engineered microorganisms relies 
on introduction of heterologous product pathways as well as on changing the expression 
and/or sequences of native genes. Selection of a suitable production organism is based 
on several criteria, including native ability to synthesize the compound of interest, 
robustness to industrial conditions, ability to excrete the product and genetic accessibility. 
Saccharomyces cerevisiae is a popular microbial platform for production of low-molecular-
weight compounds. Recent advances in genome editing technology have helped to expand 
its product spectrum from simple products such as succinic acid (Jansen et al., 2017) to 
complex pharmaceutical molecules such as artemisinic acid (Ro et al., 2006) and opioids 
(Galanie et al., 2015). S. cerevisiae is used for industrial production of, among others, 
farnesene, resveratrol, artemisinic acid and artificial sweeteners (Ekas et al., 2019). In 
S. cerevisiae, heterologous product pathways are usually expressed in the cytosol. Since, as in 
other eukaryotes, metabolism in S. cerevisiae is highly compartmentalized, the intracellular 
localization of metabolic precursors is a key aspect in the design and construction of 
engineered strains (Avalos et al., 2013; van Rossum et al., 2016b). 

In S. cerevisiae, succinyl-CoA is synthesized in the mitochondria, where it is used as a 
substrate for 5-aminolevulinic acid synthase, which catalyses the first committed step in 
heme biosynthesis (Hoffman et al., 2003). Succinyl-CoA is an important precursor molecule 
in microbial biotechnology, as it can be reduced to succinate semialdehyde and subsequently 
to 4-hydroxybutyrate (4HB), which can be further converted to 4-aminobutyrate (GABA) 
or 1,4-butanediol (1,4-BDO) (Yim et al., 2011). GABA is used in the pharmaceutical and 
nutraceutical industry (Abdou et al., 2006), while 4HB and 1,4-BDO have applications as 
solvents or as components in polymers for medical applications (Martin and Williams, 2003; 
Saito et al., 1996) and compostable bioplastics (Chen et al., 2015). Microbial production of 
4HB and 1,4-BDO currently uses Escherichia coli as a host, and titers of approximately 85 mM 
(4HB) and 200 mM (1,4-BDO) have been reported in microaerobic fed-batch fermentations 
(Yim et al., 2011). Neither the production of 4HB nor the production of 1,4-BDO via reduction 
of succinyl-CoA to succinate semialdehyde have hitherto been reported in S. cerevisiae. 
Exploration of yeast-based production of these commercially relevant compounds could 
benefit from the availability of a pathway that generates succinyl-CoA in the yeast cytosol.  

Succinyl-CoA is produced by oxidative decarboxylation of α-ketoglutarate, mediated by 
the α-ketoglutarate dehydrogenase (αKGDH) complex. In eukaryotes, the αKGDH complex 
is present in the mitochondria, where it participates in the tricarboxylic acid cycle. The 
S. cerevisiae αKGDH complex is composed of three catalytic subunits: α-ketoglutarate 
dehydrogenase (E1, EC 1.2.4.2), dihydrolipoyl transsuccinylase (E2, EC 2.3.1.61) and 
dihydrolipoyl dehydrogenase (E3, EC 1.8.1.4) (Dickinson et al., 1986; Repetto and Tzagoloff, 
1989; Repetto and Tzagoloff, 1990). The structural subunit E4 was identified more recently 
in S. cerevisiae (Heublein et al., 2014) and has a role in recruiting the E3 subunit to the E1-E2 
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core. In S. cerevisiae, E1, E2 and E4 are specific for the αKGDH complex, whereas E3 is shared 
with the pyruvate dehydrogenase complex (Pettit and Reed, 1967). 

Thiamine pyrophosphate (TPP) and lipoic acid are essential cofactors for activity of the 
αKGDH complex. TPP is involved in the decarboxylation reaction whereas lipoic acid is 
covalently bound to E2 and shuttles the substrate through the different catalytic domains 
(Bunik, 2003; Graham and Perham, 1990). Functional expression of an αKGDH complex in 
the yeast cytosol will therefore require availability of both TPP and lipoic acid in this cellular 
compartment. TPP is present in the yeast cytosol, where it acts as cofactor for transketolase 
and pyruvate decarboxylase (Hohmann and Meacock, 1998). Lipoic acid is, however, only 
present in yeast mitochondria, where it is synthetized from octanoyl-acyl-carrier-protein 
(octanoyl-ACP), an intermediate of fatty acid biosynthesis (Schonauer et al., 2009). Therefore, 
functional expression of an αKGDH complex in the yeast cytosol is expected to require the 
additional introduction of cytosolic enzymes required for its lipoylation (Kozak et al., 2014).

Lipoic acid biosynthesis and attachment are best understood in E. coli, which harbors a 
de novo biosynthetic pathway and a scavenging pathway (Spalding and Prigge, 2010). The 
de novo synthesis pathway uses octanoyl-ACP as substrate and involves two dedicated 
enzymes: lipoyl(octanoyl)-ACP:protein transferase (LipB) and lipoyl synthase (LipA), of which 
the yeast homologs (Lip5 and Lip2, respectively) are located in the mitochondria. The E. coli 
scavenging pathway depends on a lipoate-protein ligase (LplA), which activates lipoate 
to lipoyl-AMP and attaches it to the target protein (Morris et al., 1995). The scavenging 
pathway is absent in S. cerevisiae, even though LIP3, a homolog of E. coli lplA, is required for 
de novo mitochondrial synthesis of lipoic acid (Schonauer et al., 2009).

The goal of the present study was explore the functional expression of a heterologous 
αKGDH complex in the cytosol of S. cerevisiae. To this end, structural genes encoding 
subunits of the E. coli αKGDH complex and the lipoic acid scavenging gene lplA were 
expressed in S. cerevisiae. Functional expression was tested by assaying αKGDH activity in 
mitochondrial and cytosolic fractions of cell extracts. Size-exclusion chromatography and 
mass-spectrometry were used to investigate assembly of the complex and its lipoylation 
status. Finally, to explore in vivo functionality, a 5-aminolevulinic acid (ALA) auxotrophic 
strain was constructed whose growth in the absence of ALA depended on cytosolic activity  
of the heterologously expressed αKGDH complex.   
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2. MATERIALS AND METHODS

2.1 Strains and maintenance
The S. cerevisiae strains used in this study (Table 2) share the CEN.PK113-7D genetic 
background (Entian and Kötter, 2007). Stock cultures of S. cerevisiae were grown aerobically 
in 500 mL shake flasks containing 100 mL synthetic medium (SM) (Verduyn et al., 1992)  
or YP medium (10 g L-1 Bacto yeast extract, 20 g L-1 Bacto peptone, 20 g L-1 D-glucose). 
When needed, cultures were supplied with dl-lipoic acid (Sigma-Aldrich, St. Louis, USA) to 
a final concentration of 100 μg L-1 or with 5-aminolevulinic acid (Sigma-Aldrich) to a final 
concentration of 50 mg L-1. Stock cultures of E. coli XL1-Blue Subcloning Grade Competent 
Cells (Agilent Genomics, Santa Clara, USA) were grown in LB medium (5 g L-1 Bacto yeast 
extract, 10 g L-1 Bacto tryptone, 10 g L-1 NaCl) supplemented with 100 mg L-1 ampicillin. 
Media were autoclaved at 121°C for 20 min. Media supplements and antibiotics were filter 
sterilized and added to the media prior to use. For yeast strain storage, glycerol was added 
to grown cultures to a final concentration of 30% v/v and 1 mL aliquots were stored at -80°C.

2.2 Molecular biology techniques
Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific, Waltham, USA) was used 
for PCR amplification for cloning purposes. The manufacturer’s protocol was followed 
except for the use of a low primer concentration (0.2 μM instead of 0.5 μM). Diagnostic PCR 
was performed with DreamTaq PCR Master Mix (2X) (Thermo Fisher Scientific). Desalted 
(DST) oligonucleotide primers were used, except for primers binding to coding regions, 
which were PAGE purified (Sigma Aldrich). For yeast colony PCR, genomic DNA was isolated 
as described by Lõoke et al. (2011). Commercial kits for DNA extraction and purification 
were used for small-scale DNA isolation (Sigma Aldrich), PCR cleanup (Sigma Aldrich), and 
gel extraction (Zymo Research, Irvine, USA). Restriction analysis of constructed plasmids 
was performed using FastDigest restriction enzymes (Thermo Scientific). Gibson assembly of 
linear DNA fragments was performed using NEBuilder HiFi DNA Assembly Master Mix (New 
England Biolabs) in a total reaction volume of 5 µL. Transformation of chemically competent 
E. coli XL1-Blue was performed according to the manufacturer’s protocol. 

2.3 Plasmid construction 
The plasmids and oligonucleotide primers used in this study are listed in Table 1 and in 
Supplementary Table 1, respectively. Protein sequences of E. coli αKGDH subunits E1 (Ec_sucA,  
accession number P0AFG3), E2 (Ec_sucB, P0AFG6) and E3 (Ec_lpd, accession number 
P0A9P0), lipoate protein ligase LplA (Ec_lplA, P32099), and of Rhodobacter sphaeroides 
5-aminolevulinic acid synthase (Rs_hemA, Q04512), were used to order codon-optimized 
sequences from GeneArt (Regensburg, Germany). Codon usage was optimized with the 
GeneArt algorithm (Raab et al., 2010). Genes Ec_sucA and Ec_sucB were ordered as linear 
DNA fragments (GeneStrings, GeneArt), other genes were ordered in plasmids. 

Plasmid pUD614 was constructed by Gibson assembly of the Ec_sucA ORF amplified from 
ordered linear DNA fragments using primers 10540 and 10541 and a vector backbone 
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amplified from plasmid pUD301, using primers 6486 and 10562. Plasmid pUD616 was 
constructed by Gibson assembly of the Ec_sucB ORF amplified from the ordered linear 
DNA fragments using primers 10542 and 10543 and a vector backbone amplified from 
plasmid pUD302 using primers 3628 and 6494. Plasmid pUD618 was constructed by Gibson 
assembly of the Ec_lplA ORF amplified from pUD622 using primers 10544 and 10545 and a 
vector backbone amplified from plasmid pUD303 using primers 4671 and 6221. The Ec_lpd 
ORF was amplified from plasmid pUD191 using primers 11303 and 11304. The obtained 
PCR product was used as template for amplification with primers 11219 and 10561. Plasmid 
pUD625 was then constructed by Gibson assembly of the Ec_lpd ORF, obtained as specified 
above, and a vector backbone amplified from plasmid pUD304 using primers 3903 and 3904. 
Plasmid pUD623 was constructed via Gibson assembly of the Rs_hemA ORF amplified from 
pUD482 using primers 10560 and 10561 and a vector backbone amplified from plasmid 
pUDE482 using primers 3904 and 10563.

Plasmid pUDR263 was constructed by Gibson assembly of a double-stranded DNA fragment, 
obtained by annealing the complementary single-stranded oligonucleotides 10534 and 
10535, and a vector backbone amplified from plasmid pMEL11 using primers 6005 and 
6006. Plasmid pUDR573 was constructed by Gibson assembly of two linear fragments, both 
obtained via PCR amplification of plasmid pMEL11 using primer couples 5792-5980 and 
5979-7374.

Table 1: Plasmids used in this study.

Name Relevant characteristic Origin
pMEL11 2 μm ori, amdSYM, pSNR52-gRNA.CAN1.Y-tSUP4 (Mans et al., 2015)
pUDR119 amdSYM 2µm gRNA-SGA1 (van Rossum et al., 2016a)
pUDR263 amdSYM 2µm gRNA-HEM1 This work
pUDR573 amdSYM 2µm gRNA-X-2 This work
pUD191 pMA-pTPI1-Ec_lpd-tTEF1 GeneArt, Germany
pUD482 pMA-Rs_hemA GeneArt, Germany
pUD622 pMA-Ec_lplA GeneArt, Germany
pUD301 pTPI1-pdhA-tTEF1 (Kozak et al., 2014)
pUD302 pTDH3-pdhB-tCYC1 (Kozak et al., 2014)
pUD303 pADH1-aceF-tPGI1 (Kozak et al., 2014)
pUD304 pTEF1-lpd-tADH1 (Kozak et al., 2014)
pUDE482 pTEF1-Venus-tENO2 (Gorter de Vries et al., 2018)
pUD614 pTPI1-Ec_sucA-tTEF1 This work
pUD616 pTDH3-Ec_sucB-tCYC1 This work
pUD618 pADH1-lplA-tPGI1 This work
pUD623 pTEF1-Rs_hemA-tENO2 This work
pUD625 pTEF1-lpd-tADH1 This work
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2.4 Strain construction
S. cerevisiae strains were transformed with the LiAc/ssDNA method (Gietz and Woods, 
2002). The transformation mixture was plated on modified SM plates, in which (NH4)2SO4 
was replaced by 0.6 g L-1 acetamide and 6.6 g L-1 K2SO4  (SM-Ac). Single colonies were 
obtained by re-streaking three times on identical plates. Counter-selection for plasmid loss 
was performed on SM plates containing 2.3 g L-1 fluoroacetamide (SM-Fac) (Solis-Escalante 
et al., 2013). Gene deletions and integrations were performed as previously described (Mans 
et al., 2015). Expression cassettes were flanked by 60 bp short homology repeats (SHRs) to 
allow assembly of the αKGDH cluster in the X-2 intergenic locus (Mikkelsen et al., 2012), 
and of the Rs_hemA cassette in the SGA1 locus by means of homologous recombination 
(Kuijpers et al., 2013). 

Strain IMX1190 was constructed by transforming the Cas9 expressing strain IMX585 with 
plasmid pUD263 and a double stranded repair oligonucleotide obtained by annealing 
oligonucleotides 10536 and 10537. Strain IMX1230 was constructed by transforming strain 
IMX1190 with plasmid pUDR119 and a repair fragment obtained by PCR amplification of 
the Rs_hemA expression cassette from plasmid pUDE482 using primers 10710 and 10711. 

Gene expression cassettes for integration of αKGDH genes were prepared as follows: the 
cassette containing the Ec_sucA ORF was amplified from plasmid pUD614 using primers 
5654 and 8646; the cassette containing the Ec_sucB ORF was amplified from plasmid pUD616 
using primers 3277 and 11186; the cassette containing the Ec_lpd ORF was amplified from 
plasmid pUD625 with primers 5652 and 5653; the cassette containing the Ec_lplA ORF was 
amplified from pUD618 using primers 3284 and 8645. The obtained fragments were co-
transformed with pUDR573 into IMX1230, yielding strain IMX1401. After transformation, 
gRNA expression plasmids were removed by counter-selection as described above. 

Table 2 Saccharomyces cerevisiae strains used in this study

Strain name Relevant genotype a Origin
CEN.PK113-7D Prototrophic reference, MATa (Entian and Kötter, 2007)
IMX585 MATa can1Δ::cas9-natNT2 (Mans et al., 2015)
IMX1190 MATa can1Δ::cas9-natNT2 hem1Δ This study
IMX1230 MATa can1Δ::cas9-natNT2 hem1Δ; sga1Δ::Rs_hemA This study
IMX1401 MATa can1Δ::cas9-natNT2 hem1Δ; sga1Δ::Rs_hemA; 

X2::{αKGDH}
This study

a {αKGDH}: chromosomally integrated E. coli α-ketoglutarate dehydrogenase cluster, pTPI1-Ec_sucA-tTEF1 pTDH3-
Ec_sucB-tCYC1 pTEF1-lpd-tADH1 pADH1-lplA-tPGI1.

2.5 Media and cultivation
Shake-flask cultures were grown at 30°C in 500 mL flasks containing 100 mL synthetic 
medium (Verduyn et al., 1992) with 20 g L-1 glucose (SMD) in an Innova incubator shaker 
(New Brunswick Scientific, Edison, NJ, USA) set at 200 rpm. When required, media were 
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supplemented with lipoic acid at a concentration of 100 μg L-1, or with 5-aminolevulinic acid 
at a concentration of 50 mg L-1. Glucose-limited chemostat cultivation was performed at 
30°C in 2 L laboratory bioreactors (Applikon, Delft, The Netherlands) with a working volume 
of 1 L. For continuous cultures, synthetic medium was supplemented with 7.5 g L-1 glucose 
(SMD) and 0.2 g L-1 Pluronic PE6100 antifoam (BASF). For cultures supplemented with lipoic 
acid, a lipoic acid solution (50 g L-1) in ethanol was prepared and added to the medium to 
a final concentration of 500 μg L-1. Continuous cultivation was preceded by a batch culture 
grown under the same conditions. When a rapid decrease in the CO2 production indicated 
glucose depletion in the batch culture, continuous cultivation was initiated at a dilution rate 
of 0.10 h-1. Culture pH was maintained at 5.0 by automatic addition of 2 M KOH. Bioreactors 
were sparged with 500 mL min-1 air and stirred at 800 rpm to ensure fully aerobic conditions. 

Sequential batch cultivation was carried out in bioreactors as indicated above, with 
the exception of the glucose concentration in the medium, which was increased to 20 g 
L-1. Biomass was first grown in a bioreactor on synthetic medium supplemented with 
5-aminolevulinic acid. Subsequently the biomass was harvested, washed twice to remove 
residual 5-aminolevulinic acid, and used to inoculate new reactors, containing SMD with or 
without lipoic acid supplementation. 

2.6 Analytical methods
Culture optical density at 660 nm was measured with a Libra S11 spectrophotometer 
(Biochrom, Cambridge, United Kingdom). Metabolite concentrations in culture supernatants 
and media were analyzed using an Agilent 1260 Infinity HPLC system equipped with an 
Aminex HPX-87H ion exchange column, operated at 60°C with 5 mM H2SO4 as mobile phase 
at a flow rate of 0.600 mL min-1. 

2.7 Separation of mitochondrial and cytosolic fractions
Separation of mitochondrial and cytosolic fractions of cell homogenates was performed 
as described previously (Luttik et al., 1998) with minor modifications. Zymolyase from 
Arthobacter luteus (20,000 U g-1, AMS Biotechnology Ltd., Abingdon, United Kingdom) 
was used. Biomass from CEN.PK113-7D and IMX1401 was harvested from glucose-
limited chemostat cultures supplemented with 500 μg L-1 of lipoic acid. αKGDH activity 
was measured in the complete homogenate, as well as in the cytosolic and mitochondrial 
fractions. Protein concentrations of homogenates and fractions were determined using the 
Quick Start Bradford Protein Assay (Bio-Rad Laboratories Inc., Hercules, CA, USA) according 
to the supplier’s manual, with bovine serum albumin (essentially fatty acid free, Sigma-
Aldrich) as a standard.

2.8 αKGDH enzymatic activity measurements
α-Ketoglutarate dehydrogenase complex activity was tested in complete cell homogenates 
as well as in cytosolic and mitochondrial fractions. Prior to enzyme-activity assays, samples 
were dialyzed for 2 h at 4°C  using a 0.5 mL Slide-A-Lyzer dialysis cassette with a 10000 
molecular-weight cut-off (Thermo Fisher Scientific). The samples were dialyzed in 100 mM 
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potassium phosphate buffer (pH 7.5) at 500 x sample volume. Activity of the αKGDH complex 
was measured at 30°C in a Hitachi model U-3010 spectrophotometer (Sysmex, Norderstedt, 
Germany) by monitoring reduction of NAD+ at 340 nm in a 1 mL reaction mixture containing 
100 mM phosphate buffer (pH 8.0), 1 mM MgCl2, 0.2 mM thiamine pyrophosphate, 2.5 mM 
NAD+, 5 mM α-ketoglutaric acid (disodium salt, dehydrate), 2 mM L-cysteine hydrochloride, 
0.05% (v/v) Triton X-100, and 20 to 100 µL of cell extract. The reaction was started by addition 
of 0.15 mM Coenzyme A (trilithium salt). All reagents were purchased from Sigma Aldrich.

2.9 Purification of the αKGDH complex by size‑exclusion chromatography
Separation of mitochondrial and cytosolic fractions was performed as described above. 
Cytosolic fractions were centrifuged (4°C, 10 min at 47000 x g) and the supernatant 
was transferred to an Amicon Ultra-15 centrifugal unit (10 kDa cutoff; EMD Millipore 
Corporation, Billerica, MA) for protein concentration. In this step, the sorbitol-containing 
buffer (0.65 M sorbitol, 25 mM potassium phosphate buffer (pH 7.5), 1 mM EDTA, and 1 mM 
MgCl2) used for cellular fractionation was replaced with chromatography buffer containing 
100 mM potassium phosphate buffer (pH 7.0), 0.01% sodium azide, 5% glycerol, 0.1 mM 
ribosylthymine phosphate, and 0.1 mM dithiothreitol. The final volume was 10 mL. A 5 mL 
aliquot of the sample was applied to a HiPrep 16/60 Sephacryl S-500 HR size-exclusion 
chromatography column (GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom) 
mounted on a Bio-Rad chromatography system. Elution with chromatography buffer 
was performed at a flow rate of 0.5 mL min-1. Elution of proteins was followed using the 
embedded spectrophotometer set at 280 nm. Fractions of 2 mL each were collected and 
used to measure αKGDH activity. Protein concentrations of the fractions were determined 
with the Quick Start Bradford protein assay. Fractions obtained from the chromatographic 
column were stored at -80°C.

2.10 Proteomic analysis
For the proteomic analysis of the size-exclusion chromatography fractions, sample 
preparation and HPLC-tandem mass spectrometry (MS/MS) were performed as described 
previously (Kozak et al., 2014; Lu et al., 2007). To analyze the post-translational modifications 
of the E2 subunit of the αKGDH, strain IMX1401 was grown on SMD supplemented with lipoic 
acid and 2.5 mg (wet weight) of biomass were harvested and quickly chilled on ice. Protein 
extraction was performed as previously described (Tong, 2011) with minor modifications. 
Prior to protein precipitation with trichloroacetic acid (Sigma Aldrich), cells were vortexed in 
1.5 mL Eppendorf tubes containing 0.50 g glass beads (450-600 µm; Sigma Aldrich). Three 
bursts of 30 s were performed and between bursts the sample was chilled on ice for at least 
30 s. After washing the sample with acetone, it was dried and resuspended in 50 µL of a 
6 M urea, 200 mM ammonium bicarbonate (ABC) solution. The protein concentration was 
determined using a Nanodrop 2000 (Thermo Scientific) and normalized to 1 µg mL-1 in the 
same solution. An aliquot of 50 µg of protein was further processed by adding 15 µL of a 
10 mM dithiothreitol solution in 200 mM ABC. After incubation for 1 h at 37°C,  30 µL of a 
20 mM iodoacetamide (Sigma Aldrich) solution in 200 mM ABC was added and the sample 
was incubated in the dark for 30 min at room temperature. The protein solution was then 
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diluted with ABC in order to reach a final urea concentration of 0.9 M. To digest the protein, 
3 µL of the proteolytic enzyme GluC (Promega) was added to 150 µL of protein solution and 
digestion was performed overnight at 37°C.  

The digested peptides were desalted using an Oasis HLB 96 well plate (Waters, Milford, USA) 
according to manufacturer protocol. The purified peptide eluate was further dried using 
a SpeedVac vacuum concentrator. The speed-vac dried peptide fraction was resuspended 
in an aqueous solution of 3% (v/v) acetonitrile and 0.1% (v/v) formic acid under careful 
vortexing. An aliquot corresponding to approximately 250 ng of protein digest was analyzed 
using a one-dimensional shot-gun proteomics approach as described by (Köcher et al., 
2012) with minor modifications. Briefly, 1 µL of sample was analyzed using a nano-liquid-
chromatography system consisting of an ESAY nano LC 1200, equipped with an Acclaim 
PepMap RSLC RP C18 separation column (50 µm x 150 mm, 2 µm, 100 Å), and an QE plus 
Orbitrap mass spectrometer (Thermo Scientific). The flow rate was maintained at 300 nL 
min-1 over a linear gradient from 5% to 30% solvent B (in solvent A) over 90 min, and finally to 
75% B over 25 min. Solvent A consisted of an aqueous solution containing 0.1% (v/v) formic 
acid, while solvent B consisted of 80% (v/v) acetonitrile in water and 0.1% (v/v) formic acid. 
The Orbitrap was operated in data depended acquisition mode acquiring peptide signals 
from 400-1250 m/z at 70K resolution, where the top 10 signals were isolated at a window 
of 2.0 m/z and fragmented using a NCE of 28. The AGC target was set to 5·104, at a max IT 
of 150 ms and 17.5K resolution. In addition, Parallel Reaction Monitoring (PRM) was used to 
screen for the expected masses of both the unmodified and the lipoylated TDKVVLE peptide. 
For this fragmentation spectra were continuously acquired at 17.5K resolution, 2·105 AGC 
target, max 100 msec IT, an isolation window of 2.0 Da and 28 NCE. To confirm complete 
lipoylation, a synthetic, unmodified peptide standard of sequence TDKVVLE was purchased 
from Genscript  (Nanjing, China). A quantity of approximately 500 pg of peptide standard was 
injected in the LC-MS/MS system to determine retention time (Supplementary Figure 4) and 
fragmentation profile. Database search and data processing. Raw data were analyzed using 
PEAKS Studio 8.5 (Bioinformatics Solutions Inc, Waterloo, Canada) allowing 20 ppm parent 
ion and 0.02 Da fragment mass error tolerance. Search conditions included considering 
2 missed cleavages, carbamidomethylation as fixed and K linked lipoyl (+188.03 Da), or 
carbamidomethylated lipoyl (+304.09 Da) groups as variable modifications. Data were 
analyzed against the S. cerevisiae protein database (Uniprot, June 2018, Tax ID 4932) 
where the protein sequence of dihydrolipoyllysine-residue succinyltransferase component 
of 2-oxoglutarate dehydrogenase complex (sucB, E. coli, P0AFG6) was added manually. 
Database search included the GPM crap contaminant database (https://www.thegpm.org/
crap/) and a decoy fusion for determining false discovery rates. Peptide spectrum matches 
were filtered against 1% false discovery rate (FDR) and protein identifications with 2 or more 
unique peptides were considered as significant hit. Data from PRM were analysed manually 
for expected peptide hits.
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3. RESULTS

3.1 Expression of E. coli α‑ketoglutarate dehydrogenase genes in S. cerevisiae leads to 
increased cytosolic αKGDH activity.
To introduce a functional α-ketoglutarate dehydrogenase complex (αKGDH) in the yeast 
cytosol, its three subunits need to be functionally expressed and assembled in this cellular 
compartment. Mitochondrial targeting of the subunits of the S. cerevisiae αKGDH complex 
is mediated by N-terminal amino-acid sequences (Dudek et al., 2013). Since prokaryotic 
enzymes are not expected to harbour sequences that target them to yeast mitochondria, 
the E. coli genes encoding the three αKGDH subunits (Ec_ sucA,  Ec_sucB and Ec_lpd) were 
selected for expression in S. cerevisiae. Activity of the αKGDH complex is dependent on 
lipoylation of the E2 subunit (Schonauer et al., 2009). Since the S. cerevisiae lipoylation 
system is confined to the mitochondrial matrix and therefore cannot lipoylate cytosolic 
proteins (Kozak et al., 2014), the E. coli gene encoding lipoate-protein ligase (Ec_lplA; 
P32099) was also expressed. All four genes were expressed from constitutive promoters as 
a single {αKGDH} cluster. To enable characterization of in vivo cytosolic αKGDH activity, the 
native mitochondrial 5-aminolevulinic acid (ALA) synthase gene HEM1 was deleted and a 
cytosolic bacterial ALA synthase from Rhodobacter sphaeroides was integrated, resulting in 
S. cerevisiae strain IMX1401. 

sga1Δ::Rs_hemA; X2::{αKGDH}) and of the reference strain CEN.PK113-
7D were harvested from steady-state aerobic, glucose-limited chemostat
cultures supplemented with lipoic acid. Cell homogenates of these
cultures were separated into cytosolic and mitochondrial fractions. For
each fraction, αKGDH enzymatic activity was measured and the specific
activity was calculated based on the protein content of the assayed
fraction. αKGDH activity in homogenates of the reference strain
S. cerevisiae CEN.PK113-7D was 0.005 ± 0.002 μmol (mg protein)−1

min−1. An over 10-fold higher activity (0.056 ± 0.015 μmol (mg
protein)−1 min−1), representing the combined activities of the native
and heterologously expressed αKGDH complexes, was observed in the
homogenate of strain IMX1401 (Fig. 1).

The activity of αKGDH in mitochondrial fractions of the homo-
genates of strains IMX1401 and CEN.PK113-7D showed a much smaller
difference (0.122 ± 0.004 and 0.059 ± 0.034 μmol (mg protein)−1

min−1, respectively; Fig. 1). As anticipated based on the mitochondrial
localization of the native S. cerevisiae αKGDH complex, only very low
αKGDH activities were observed in cytosolic fractions of the reference
strain CEN.PK113-7D (0.002 ± 0.001 μmol (mg protein)−1 min−1). In
contrast, activity in cytosolic fractions of strain IMX1401 was close to
that of the total homogenates (0.054 ± 0.011 μmol (mg protein)−1

min−1). These results indicated that S. cerevisiae IMX1401 functionally
expressed E. coli αKGDH in its cytosol.

sga1Δ

Fig. 2

et al., 1972

(

Fig. 1. α-Ketoglutarate dehydrogenase activity in complete homogenate, cy-
tosolic and mitochondrial fractions of the reference strain S. cerevisiae
CEN.PK113-7D (black bars) and strain IMX1401 (cytosolic αKGDH, lplA; white
bars). The specific activity was calculated based on the protein content of the
respective fraction. Yeast strains were pre-grown in aerobic, glucose-limited
cultures supplemented with lipoic acid. Average and standard error were ob-
tained from duplicate fractionation experiments for each strain.

194

Figure 1 α-Ketoglutarate dehydrogenase activity in complete homogenate, cytosolic and mitochondrial fractions 
of the reference strain S. cerevisiae CEN.PK113-7D (black bars) and strain IMX1401 (cytosolic αKGDH, lplA; white 
bars). The specific activity was calculated based on the protein content of the respective fraction. Yeast strains were 
pre-grown in aerobic, glucose-limited cultures supplemented with lipoic acid. Average and standard error were 
obtained from duplicate fractionation experiments for each strain.

To investigate subcellular localization and activity of the heterologously expressed E. coli 
αKGDH, cells of strain IMX1401 (hem1Δ; sga1Δ::Rs_hemA; X2::{αKGDH}) and of the 
reference strain CEN.PK113-7D were harvested from steady-state aerobic, glucose-limited 
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chemostat cultures supplemented with lipoic acid. Cell homogenates of these cultures were 
separated into cytosolic and mitochondrial fractions. For each fraction, αKGDH enzymatic 
activity was measured and the specific activity was calculated based on the protein content 
of the assayed fraction. αKGDH activity in homogenates of the reference strain S. cerevisiae 
CEN.PK113-7D was 0.005 ± 0.002 μmol (mg protein)-1 min-1. An over 10-fold higher activity 
(0.056 ± 0.015 μmol (mg protein)-1 min-1),  representing the combined activities of the native 
and heterologously expressed αKGDH complexes, was observed in the homogenate of strain 
IMX1401 (Figure 1).

The activity of αKGDH in mitochondrial fractions of the homogenates of strains IMX1401 
and CEN.PK113-7D showed a much smaller difference (0.122 ± 0.004 and 0.059 ± 0.034 
μmol (mg protein)-1 min-1, respectively; Figure 1). As anticipated based on the mitochondrial 
localization of the native S. cerevisiae αKGDH complex, only very low αKGDH activities were 
observed in cytosolic fractions of the reference strain CEN.PK113-7D (0.002 ± 0.001 μmol 
mg (protein)-1 min-1). In contrast, activity in cytosolic fractions of strain IMX1401 was close 
to that of the total homogenates (0.054 ± 0.011 μmol (mg protein)-1 min-1). These results 
indicated that S. cerevisiae IMX1401 functionally expressed E. coli αKGDH in its cytosol.

3.2 Size‑exclusion chromatography and mass spectrometry reveal fully assembled and 
lipoylated αKGDH subunits in the yeast cytosol
Proteins in the cytosolic fraction of S. cerevisiae IMX1401 (hem1Δ; sga1Δ::Rs_hemA; 
X2::{αKGDH}) were separated by size-exclusion chromatography. αKGDH activity was first 
detected after 0.12 column volume changes (29 fractions of 2 mL, column volume of 482.5 
mL, Figure 2). Peak αKGDH activity was observed in fraction 32, and no activity was found 
beyond fraction 37. Fractions 29-31 and 32-34 were pooled (pools 1 and 2, respectively) 
and subjected to mass spectrometry to determine which native S. cerevisiae proteins co-
eluted in the fractions with peak αKGDH activity and, thereby, to estimate the size of the 
heterologously expressed αKGDH complex. Peptides originating from each of the three 
structural E. coli αKGDH subunits were detected in pools 1 and 2, indicating that all three 
subunits were incorporated in the active complex. The main native S. cerevisiae proteins 
identified in the same fractions were ribosomal proteins (pool 1 and 2) and proteins of the 
proteasome (pool 2) (Supplementary Materials). These results indicate that the heterologous 
αKGDH complex is larger than the proteasome (2.4 MDa, as reported by Leggett et al. (2002) 
and at least as large as the ribosome (3.3 MDa, as reported by Ben-Shem et al. 2010) .
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3.2. Size-exclusion chromatography and mass spectrometry reveal fully
assembled and lipoylated αKGDH subunits in the yeast cytosol

Proteins in the cytosolic fraction of S. cerevisiae IMX1401 (hem1Δ;
sga1Δ::Rs_hemA; X2::{αKGDH}) were separated by size-exclusion chro-
matography. αKGDH activity was first detected after 0.12 column vo-
lume changes (29 fractions of 2mL, column volume of 482.5mL,
Fig. 2). Peak αKGDH activity was observed in fraction 32, and no ac-
tivity was found beyond fraction 37. Fractions 29–31 and 32–34 were
pooled (pools 1 and 2, respectively) and subjected to mass spectrometry
to determine which native S. cerevisiae proteins co-eluted in the frac-
tions with peak αKGDH activity and, thereby, to estimate the size of the
heterologously expressed αKGDH complex. Peptides originating from
each of the three structural E. coli αKGDH subunits were detected in
pools 1 and 2, indicating that all three subunits were incorporated in
the active complex. The main native S. cerevisiae proteins identified in
the same fractions were ribosomal proteins (pool 1 and 2) and proteins
of the proteasome (pool 2) (Supplementary Materials). These results
indicate that the heterologous αKGDH complex is larger than the pro-
teasome (2.4MDa, as reported by Leggett et al. 2002) and at least as
large as the ribosome (3.3MDa, as reported by Ben-Shem et al., 2010).

To investigate the attachment of the lipoyl residue on the E2 subunit
of the heterologously expressed αKGDH complex, proteins were ex-
tracted from an early exponential phase culture of strain IMX1401
grown aerobically on SMD supplemented with lipoic acid. Peptides
generated by digestion with GluC, a proteolytic enzyme that cleaves at
the C-terminus of either aspartic or glutamic acid residues (Drapeau
et al., 1972), were analyzed by LC-MS/MS. Digestion yielded a peptide
with the sequence TDKVVLE, which corresponded with the lipoylation
target sequence of the E. coli E2 subunit. Mass and fragmentation pro-

Fig. 2. α-Ketoglutarate dehydrogenase activity (white bars) and protein con-
tent (black bars) of the cytosolic fraction of a cell homogenate of S. cerevisiae
IMX1401 (hem1Δ, sga1Δ::hemA, X2::{αKGDH}) in fractions obtained by size-
exclusion chromatography. Averages and standard errors were obtained from
duplicate measurements performed for the same sample.
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Figure 2 α-Ketoglutarate dehydrogenase activity (white bars) and protein content (black bars) of the cytosolic 
fraction of a cell homogenate of S. cerevisiae IMX1401 (hem1Δ, X2::hemA, sga1Δ::{αKGDH}) in fractions obtained 
by size-exclusion chromatography. Averages and standard errors were obtained from duplicate measurements 
performed for the same sample.

To investigate the attachment of the lipoyl residue on E2 subunit of the heterologously 
expressed αKGDH complex, proteins were extracted from an early exponential phase culture 
of strain IMX1401 grown aerobically on SMD supplemented with lipoic acid. Peptides 
generated by digestion with GluC, a proteolytic enzyme that cleaves at the C-terminus of 
either aspartic or glutamic acid residues (Drapeau et al., 1972), were analysed by LC-MS/MS.  
Digestion yielded a peptide with the sequence TDKVVLE, which corresponded with the 
lipoylation target sequence of the E. coli E2 subunit. Mass and fragmentation profiles were 
coherent with a peptide of sequence TDKVVLE having a lipoic acid group attached at the 
target lysine (K) (Supplementary Figure 3, panel B and C), while no unmodified peptide was 
found (Supplementary Figure 3, panel A). The analytical capability to detect the unmodified 
peptide was confirmed by spiking a fully unmodified, synthetic peptide into the yeast lysate 
digest (Supplementary Figure 4). The synthetic peptide was readily detected, confirming 
that all lysine residues on the heterologously expressed E. coli E2 subunit were indeed 
correctly lipoylated. 

3.3 5‑aminolevulinic acid auxotrophy of a hem1Δ strain is complemented by cytosolic 
expression of E. coli α‑ketoglutarate dehydrogenase and Rhodobacter sphaeroides 
aminolevulinic acid synthase. 
To test whether expression of E. coli αKGDH supports in vivo synthesis of succinyl-CoA in the 
yeast cytosol, its activity was connected to that of a cytosolically expressed heterologous 
enzyme that uses succinyl-CoA as a substrate. In S. cerevisiae, the heme precursor 
5-aminolevulinic acid (ALA) is formed from succinyl-CoA and glycine in a condensation 
reaction catalyzed by the mitochondrial pyridoxal-5’-phosphate-dependent ALA-synthase 
Hem1 (Gollub et al., 1977; Moretti et al., 1993; Volland and Felix, 1984) (Figure 3). Deletion 
of HEM1 renders S. cerevisiae auxotrophic for ALA, which can be taken up from the medium 
by the GABA permease Uga4 (Garcia et al., 1997). 



Chapter 3

100

α-KG

suc-coA

lipoyl-ACP

ACP

ALA ALA

α-KG

suc-coA

lipoate

lplA

Heme

{αKGDH}

hemAHEM1

Mitochondria Cytosol

Figure 3 Biosynthesis of 5-aminolevulinic acid (ALA) in Saccharomyces cerevisiae. Solid lines represent the native 
pathway for ALA biosynthesis. Dashed lines indicate a heterologous ALA synthesis pathway, which is dependent 
on cytosolic αKGDH activity and able to complement deletion of hem1. αKG: α-ketoglutarate; suc-CoA: succinyl-
CoA; suc: succinate; ALA: 5-aminolevulinic acid; ACP: acyl carrier protein; {αKGDHm}: native α-ketoglutarate 
dehydrogenase enzyme complex;{αKGDH}: heterologous α-ketoglutarate dehydrogenase complex

Deletion of HEM1 in the Cas9-expressing S. cerevisiae reference strain IMX585 (Mans et 
al., 2015) yielded strain IMX1190. The specific growth rate of this hem1Δ strain on SMD 
supplemented with 50 mg L-1 aminolevulinic acid was only slightly lower than that of the 
reference strain IMX585 (0.36 ± 0.00 h-1 versus 0.38 ± 0.00 h-1). Upon transfer to SMD 
without ALA supplementation, the hem1Δ strain continued to grow for approximately 5 
further generations until growth arrest. This residual growth was attributed to carry-over 
of ALA or derived metabolites with the inoculum. Consistent with this notion, no growth 
was observed over a period of 200 h after transfer of biomass from this culture to a second 
culture on SMD without ALA. This observation confirmed the ALA auxotrophy of strain 
IMX1190 (Supplementary Figure 1).

Integration of a heterologous, bacterial ALA synthase gene (Rs_hemA) from Rhodobacter 
sphaeroides in the genome of IMX1190 yielded strain IMX1230 (hem1Δ, Rs_hemA). Strain 
IMX1230 showed the same growth arrest upon ALA depletion as strain IMX1190 (Figure 4). 
The observation that expression of Rs_hemA alone did not restore growth of a hem1Δ strain 
was attributed to the absence of succinyl-CoA, a substrate of the encoded ALA synthase, in 
the yeast cytosol.

Strain IMX1401 contained a deletion of the native mitochondrial ALA synthase gene HEM1 
and overexpression of a cytosolic bacterial ALA synthase. Therefore, ALA biosynthesis in 
IMX1401 was dependent on the cytosolic availability of the substrate succinyl-CoA. To 
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investigate if in vivo cytosolic αKGDH activity could indeed support sufficient succinyl-CoA 
production to enable growth without ALA supplementation, strains IMX1401 (hem1Δ, 
Rs_hemA, {αKGDH}) and IMX1230 (hem1Δ, Rs_hemA) were grown in sequential bioreactor 
batch cultures (Figure 5 and Supplementary Figure 2, respectively). The first bioreactor 
batch culture was grown on SMD supplemented with ALA to allow for biomass formation. 
Upon glucose depletion, biomass was harvested, washed three times with sterile water to 
remove external ALA and used to inoculate duplicate bioreactor cultures on SMD with and 
without lipoic acid. 

; Moretti
renders

).
reference

. Solid lines

Fig. 4. Growth of S. cerevisiae IMX1230 (hem1Δ, sga1Δ::Rs_hemA), lacking the
native 5-aminolevulinic acid synthase (Hem1) and expressing a heterologous
ALA synthase from Rhodobacter sphaeroides (HemA). Cells were pre-grown in
SMD supplemented with ALA, harvested, washed three times and inoculated in
SMD either in the presence (solid line) or in the absence (dotted line) of 5-
aminolevulinic acid (ALA). Data are represented as average and standard error
of measurements on duplicate growth experiments.
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Figure 4 Growth of S. cerevisiae IMX1230 (hem1Δ, sga1Δ::Rs_hemA), lacking the native 5-aminolevulinic acid 
synthase (Hem1) and expressing a heterologous ALA synthase from Rhodobacter sphaeroides (HemA). Cells were 
pre-grown in SMD supplemented with ALA, harvested, washed three times and inoculated in SMD either in the 
presence (solid line) or in the absence (dotted line) of 5-aminolevulinic acid (ALA). Data are represented as average 
and standard error of measurements on duplicate growth experiments.

When strain IMX1401 (hem1Δ, Rs_hemA, {αKGDH}) was transferred to SMD without ALA 
and lipoic acid, no growth was observed over 40 h (Figure 5, Panel B). In contrast, during 
four sequential batches of strain IMX1401 on SMD without ALA but with lipoic acid (Figure 
5, panel A), its specific growth rate (0.37 ± 0.00 h-1, estimated from CO2 production profiles) 
was almost identical to that of ALA-supplemented cultures (0.38 h-1). The requirement of 
externally added lipoic acid for complementation of the ALA auxotrophy in strain IMX1401 
(hem1Δ, αKGDH, Rs_hemA), combined with the inability of IMX1230 (hem1Δ, Rs_hemA) to 
grow in the presence of lipoic acid demonstrated in vivo αKGDH activity in the yeast cytosol, 
coupled to a heterologously expressed succinyl-CoA requiring enzyme.
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native 5-aminolevulinic acid synthase (Hem1) and expressing a heterologous
ALA synthase from Rhodobacter sphaeroides (HemA). Cells were pre-grown in
SMD supplemented with ALA, harvested, washed three times and inoculated in
SMD either in the presence (solid line) or in the absence (dotted line) of 5-
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of measurements on duplicate growth experiments.

Fig. 5. Sequential bioreactor batch cultures of strain IMX1401 (hem1Δ,
sga1Δ::Rs_hemA, X2::{αKGDH}). Growth was monitored by the CO2 concentra-
tion in the exhaust gas of the cultures. Blue lines indicate CO2 profiles of an
initial batch culture on SMD supplemented with 50mg L−1 5–aminolevulinic
acid (ALA). Biomass grown in this culture was used as inoculum for subsequent
bioreactor experiments without ALA supplementation. Panel A: cultivation on
SMD supplemented with 100 μg L−1 lipoic acid (red and green lines); Panel B:
cultivation on SMD without supplementation (light green and orange lines).
Except for the ALA-supplemented culture, duplicate cultures were run for each
experimental condition. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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Figure 5 Sequential bioreactor batch cultures of strain IMX1401 (hem1Δ, Rs_hemA, {αKGDH}). Growth was 
monitored by the CO2 concentration in the exhaust gas of the cultures. Blue lines indicate CO2 profiles of an initial 
batch culture on SMD supplemented with 50 mg L-1 5–aminolevulinic acid (ALA). Biomass grown in this culture 
was used as inoculum for subsequent bioreactor experiments without ALA supplementation. Panel A: cultivation 
on SMD supplemented with 100 µg L-1 lipoic acid (red and green lines); Panel B: cultivation on SMD without 
supplementation (light green and orange lines). Except for the ALA-supplemented culture, duplicate cultures were 
run for each experimental condition.  

4. DISCUSSION

This study demonstrates the expression, assembly and in vivo activity of a bacterial 
α-ketoglutarate dehydrogenase complex in the cytosol of S. cerevisiae.  

To test in vivo activity of the heterologous αKGDH complex, we used a strain in which 
synthesis of 5-aminolevulinic acid, the first committed precursor for heme biosynthesis, 
depended on cytosolic succinyl-CoA. Heme is required for functionality of the respiratory 
chain, the biosynthesis of sterols and as a cofactor for methionine biosynthesis. Since, 
especially during fermentative growth, only minute amounts of heme are required for 
these roles (Hanna et al., 2016), the tester strain was expected to be very sensitive to 
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traces of cytosolic succinyl-CoA. The inability of strain IMX1230 (hem1Δ; sga1Δ::Rs_hemA) 
to grow without 5-aminolevulinic acid supplementation therefore confirmed that native 
supply cannot support efficient production of compounds that require cytosolic succinyl-
CoA as a precursor. Although presence of cytosolic succinyl-CoA has not been described in 
S. cerevisiae, this compound has been proposed as succinyl donor for protein succinylation, 
which would require its availability outside of the mitochondria (Weinert et al., 2013; Zhang 
et al., 2010). The yeast strains described in this study provide an interesting platform for 
studies into the source of succinyl moieties for protein succinylation in S. cerevisiae.

Size-exclusion chromatography (Figure 2) combined with mass spectrometry showed that 
the heterologously expressed αKGDH co-eluted with S. cerevisiae proteasome and ribosome 
subunits (Supplementary Materials). The S. cerevisiae proteasome and ribosome have 
reported masses of 2.4 MDa and 3.3 MDa, respectively (Leggett et al., 2002; Ben-Shem 
et al., 2010). Our results are therefore in good agreement with the expected size of a fully 
assembled E. coli αKGDH complex, which has been described as 2.5-2.8 MDa according to 
Angelides and Hammes (1979) or 4.2 MDa based on the subunit stoichiometry described by 
Izard et al. (1999). 

Expression of the E. coli αKGDH in the yeast cytosol provides a cytosolic source of succinyl-
CoA, and thereby offers new possibilities for design and construction of yeast cell factories 
for industrially relevant compounds such as γ-aminobutyric acid, γ-hydroxybutyric acid, 
5-aminolevulinic acid and 1,4-butanediol. Complementation of the ALA auxotrophy of an 
especially designed tester strain provides a proof of principle for succinyl-CoA synthesis in 
the yeast cytosol. The specific cytosolic αKGDH activity of the engineered strain IMX1401 
was 0.056 ± 0.015 μmol (mg protein)-1 min-1, while the activity of this enzyme in E. coli has 
been reported at 0.03 ± 0.00 μmol (mg protein)-1 min-1 (Li et al., 2006; Veit et al., 2007). 
Although the αKGDH activities between the native host and the engineered strain are 
comparable, further research is needed to assess and if necessary improve in vivo capacity 
of the heterologously expressed αKGDH complex to enable efficient production of succinyl-
CoA derived chemicals. Furthermore, while dependency on lipoate supplementation 
was useful for checking in vivo activity of the heterologously expressed αKGDH complex, 
industrial application can benefit from a published metabolic engineering strategy for lipoic 
acid synthesis in the cytosol of S. cerevisiae (Lian and Zhao, 2016).

Previously, ATP-independent production of cytosolic acetyl-CoA, which is crucial for yeast-
based production of a wide range of industrially relevant compounds (de Kok et al., 2012; 
van Rossum et al., 2016b), has been achieved by cytosolic expression of bacterial pyruvate 
dehydrogenase complexes, whose size is similar to that of E. coli αKGDH (Kozak et al., 2014; 
Lian and Zhao, 2016). This concept was then used to couple acetyl-CoA synthesis via such a 
heterologously expressed pyruvate dehydrogenase complex to production of the polyketide 
tri-acetic acid lactone (Cardenas and Da Silva, 2016). Functional expression of a heterologous 
cytosolic αKGDH complex could thus represent the first step towards efficient production of 
succinyl-CoA derived products in yeast.
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Supplementary Figure 1 (S1): growth profile in shake flask cultivation of IMX1190 (hem1Δ). Cells were pre-grown 

in SMD supplemented with 50 µg mL-1 5-aminolevulinic acid (not shown), washed and inoculated in SMD without 

supplementation. Growth for 5 to 10 generation occurred between timepoints 70h and 172h. At this latter time point, the 

cells were washed and inoculated in a new flasks containing SMD without supplementation. No growth was observed for 

200 hours. To check the viability of the cells, one of the cultures was spiked with aminolevulinic acid (arrow) at a final 

concentration of 50 µg mL-1. Growth observed after aminolevulinic acid addition indicated that cells were still viable. 
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Supplementary Figure 1 (S1): growth profile in shake flask cultivation of IMX1190 (hem1Δ). Cells were pre-grown 
in SMD supplemented with 50 µg mL-1 5-aminolevulinic acid (not shown), washed and inoculated in SMD without 
supplementation. Growth for 5 to 10 generation occurred between timepoints 70h and 172h. At this latter time 
point, the cells were washed and inoculated in a new flasks containing SMD without supplementation. No growth 
was observed for 200 hours. To check the viability of the cells, one of the cultures was spiked with aminolevulinic 
acid (arrow) at a final concentration of 50 µg mL-1. Growth observed after aminolevulinic acid addition indicated 
that cells were still viable.
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Supplementary Figure 2 (S2): growth profiles of IMX1230 in an SBR setup. The strain was inoculated in a single 

bioreactor with SMD 2% supplemented with 5-aminolevulinic acid (blue line in both graphs). Upon glucose depletion, the 

biomass was harvested and washed three times with sterile water. Subsequently it was used to inoculate four different 

bioreactors: two supplemented with lipoic acid (graph A, green and orange line) and two without supplementation (graph B, 

green and orange line). Growth was determined via readout of the CO2 concentration in the offgas. 

Supplementary Figure 2 (S2): growth profi les of IMX1230 in an SBR setup. The strain was inoculated in a single 
bioreactor with SMD 2% supplemented with 5-aminolevulinic acid (blue line in both graphs). Upon glucose 
depleti on, the biomass was harvested and washed three ti mes with sterile water. Subsequently it was used to 
inoculate four diff erent bioreactors: two supplemented with lipoic acid (graph A, green and orange line) and 
two without supplementati on (graph B, green and orange line). Growth was determined via readout of the CO2
concentrati on in the off gas. 



Func� onal expression of a bacterial α-ketoglutarate dehydrogenase in the cytosol of S. cerevisiae

111

3

167

Supplementary Figure 3 (S3) Determination of the post translational mofidications on the subunit E2 of the E. coli 

α-ketoglutarate dehydrogenase complex following proteolytic digestion with GluC.

Supplementary Figure 3 (S3) Determinati on of the post translati onal mofi dicati ons on the subunit E2 of the E. coli 
α-ketoglutarate dehydrogenase complex following proteolyti c digesti on with GluC.
Panel A: Extracted ion chromatograms showing a strong signal for the lipoylated target pepti de TDKVVLE. No signal 
was observed for the unmodifi ed variant (lower trace). A syntheti c, unmodifi ed pepti de was used as a standard to 
determine retenti on ti me of unmodifi ed variant.
Panel B. HCD fragmentati on spectrum of the lipoylated pepti de TDKVVLE. Both, y and b series of ions indicate K as 
lipoylati on site (+304Da). 
Panel C. The dithiolane group of lipoic acid undergoes reducti on and alkylati on during sample preparati on of the 
protein extract. This provides a fi nal mass additi on of 304.09 Da over the nati ve pepti de.
Abbreviati ons: DTT: Dithiothreitol; IAA: Iodoacetamide; HCD: High Energy collision Dissociati on.
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4.
Evolutionary engineering for lactic acid uptake 

reveals key amino acid residues involved in 
substrate specificity of Saccharomyces cerevisiae 

carboxylic acid transporters



ABSTRACT

Lactic acid is one of the most commonly produced organic acids, with uses in medicine, 
polymer chemistry and the food industry. Although the pathways connecting this organic 
acid to the central carbon metabolism are well known, its export from microbial cells remains 
elusive. In Saccharomyces cerevisiae, adaptive laboratory evolution of a strain lacking JEN1, 
known to mediate lactic acid uptake, previously led to the identification of a gene involved 
in acetate transport (ADY2), which was also able to transport lactate. In this study, selection 
for growth on lactic acid of a strain lacking both these transporters lead to the identification 
of two genes, ATO2 and ATO3, involved in lactate import. In a jen1Δ, ady2Δ, ato2Δ and ato3Δ 
strain background, the overexpression of JEN1 and ADY2 allowed growth on lactic acid, as 
previously reported. For ATO2 and ATO3, growth under these conditions was observed only 
when the mutated alleles of these genes were overexpressed. The mutations in ADY2, ATO2 
and ATO3 that allow for efficient transport of lactic acid often occur in one of three amino 
acid residues that comprise the hydrophobic constriction of the anion channel. We propose 
that an increased size of the constriction present in these transporters may allow facilitated 
diffusion of lactic acid. 
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1. INTRODUCTION

Carboxylic acids are widely applied as platform molecules in the chemical, pharmaceutical, 
food and beverage industries. Some organic acids, like succinic and lactic acid, are currently 
produced on industrial scale using biotechnological processes (Abdel-Rahman et al., 2013; 
Jansen et al., 2017; Verwaal et al., 2007). Advantages of bioprocesses are their potential 
sustainability compared to their petrochemical counterparts and, in the case of chiral 
compounds, their ability to selectively produce one of the enantiomers. The latter is of 
importance for the production of biodegradable polymers, which requires the precursors 
to be optically pure (Borodina and Nielsen, 2014). One of these optically active molecules 
is lactic acid, which is used as a preservative in the dairy industry and as precursor for 
bioplastic formation. The demand for lactic acid was 1.220.000 tons in 2016 and is expected 
to further increase by 16.2% by 2025 (Singhvi et al., 2018). At present, lactic acid is mostly 
produced by prokaryotic hosts (reviewed by Es et al. (2018) and McKinlay et al. (2007)), 
with titers reaching upwards of 182 g L-1 in fed-batch cultures (Subramanian et al., 2015). 
The limited tolerance of these hosts to low pH implicates that neutralizing agents must 
be added during microbial fermentation under industrial conditions. Subsequent retrieval 
of the undissociated acid requires acidification of the broth, with concomitant production 
of gypsum, resulting in additional costs in downstream processing (Lopez-Garzon and 
Straathof, 2014). 

Despite exhibiting the highest growth rate at pH 5.0-5.5 (Verduyn et al., 1990), the yeast 
Saccharomyces cerevisiae is known for its tolerance to low pH, and could therefore be an 
interesting production host for carboxylic acids (Abbott et al., 2009; Carmelo et al., 1996; 
Della-Bianca and Gombert, 2013). Early attempts to engineer this organisms for industrial 
production of lactic acid have been successful (Dequin and Barre, 1994; Porro et al., 1995) 
and, more recently, fed-batch cultures of engineered S. cerevisiae strains reached titers of 
82 g L-1 and 142 g L-1 for the D and L isomer, respectively (Baek et al., 2017; Song et al., 2016). 
Despite our ability to engineer the production several organic acids in S. cerevisiae, little is 
known about their transport across the yeast membrane (Abbott et al., 2009; Borodina, 
2019). Transport of carboxylic acids forms an important optimization target for metabolic 
engineering, to stimulate product export (increasing productivity and titers) and to increase 
tolerance to weak organic acid stress (Abbott et al., 2009; Casal et al., 2008). Although 
diffusion of undissociated lactic acid across yeast cell membranes has been described 
(Gabba et al., 2020), it is unlikely to be the main mechanism for lactic acid export under 
physiological conditions (Cassio et al., 1987; Mans et al., 2017; van Maris et al., 2004). 
Therefore, further investigation of the genes involved in lactic acid export in yeast remains 
important to enable the design and construction of future industrial cell factories.

Two genes encoding transporters for monocarboxylic acids have been identified in 
S. cerevisiae: JEN1 and ADY2. Jen1 is a member of the Major Facilitator Superfamily (MFS) 
which enables uptake of lactic, acetic and pyruvic acid, while Ady2 has been described to 
function predominantly as an acetate transporter (Akita et al., 2000; Casal et al., 1999; Paiva 
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et al., 2004). While deletion of both genes abolished growth on lactic acid as the sole carbon 
source, export of lactic acid in an engineered S. cerevisiae strain remained unaffected by 
combined deletion of JEN1 and ADY2 (Kok et al., 2012; Pacheco et al., 2012). The difficulty 
of identifying the export system(s) for lactic acid was further illustrated by a recent study, in 
which the combined deletion of 25 (putative) transporter-encoding genes in a single yeast 
strain did not affect the rate of lactic acid export (Mans et al., 2017). 

A powerful strategy to identify genes involved in a specific physiological function is the use 
of adaptive laboratory evolution. Application of a selective pressure is used to enrich for 
mutants with the phenotype of interest, which can subsequently be analysed by whole 
genome sequencing to identify mutated genes related to the evolved phenotype (Mans 
et al., 2018). Whereas the use of this strategy to select for mutants with altered lactic acid 
export remains a challenge, adaptive evolution can be directly applied to select for improved 
lactic acid uptake. This concept was demonstrated in a previous study, in which laboratory 
evolution of a jen1Δ strain in culture medium with lactic acid as sole carbon source led to 
the identification of mutated ADY2 alleles that had an increased uptake capacity for lactic 
acid (de Kok et al., 2012). 

In this study, we use adaptive laboratory evolution to identify additional transporters, which 
upon mutation can efficienty catalyze lactic acid uptake in S. cerevisiae. Subsequently, 
we overexpress the complete suite of native and evolved lactic acid transporters and 
characterize the ability of the resulting strains to grow on a variety of organic acids. Finally, 
we identify specific amino acid residues in a conserved motive of the evolved transporters 
which play a key role in determining their ability to transport lactic acid.
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2. MATERIALS AND METHODS

2.1 Strains and maintenance
The S. cerevisiae strains used in this study (Table 2) share the CEN.PK113-7D or the  
CEN.PK2-1C genetic backgrounds (Entian and Kötter, 2007). Stock cultures of S. cerevisiae 
were grown aerobically in 500 mL round-bottom shake flasks containing 100 mL synthetic 
medium (SM) (Verduyn et al., 1992) or YP medium (10 g L-1 Bacto yeast extract, 20 g L-1 Bacto 
peptone) supplemented with 20 g L-1 glucose. When needed, auxotrophic requirements 
were complemented via addition of 150 mg L-1 uracil, 100 mg L-1 histidine, 500 mg L-1 leucine 
and/or 75 mg L-1 tryptophan (Pronk, 2002). For plate cultivation, 2% (w/v) agar was added 
to the medium prior to heat sterilization. Stock cultures of E. coli XL1-Blue Subcloning Grade 
Competent Cells (Agilent, Santa Clara, CA, USA) that were used for plasmid propagation 
were grown in LB medium (5 g L-1 Bacto yeast extract, 10 g L-1 Bacto tryptone, 10 g L-1 NaCl) 
supplemented with 100 mg L-1 ampicillin. Media were autoclaved at 121°C for 20 min and 
supplements and antibiotics were filter sterilized and added to the media prior to use. Frozen 
culture stocks were prepared by addition of sterile glycerol (to a final concentration of 30% 
v/v) to exponentially growing shake flask cultures of S. cerevisiae or overnight cultures of 
E. coli and 1 mL aliquots were stored at -80°C.

2.2 Molecular biology techniques
Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific, Waltham, MA, USA) was 
used for PCR amplification for cloning purposes. Diagnostic PCRs were performed using 
DreamTaq PCR Master Mix (2X) (Thermo Fisher Scientific). In both cases, the manufacturer’s 
protocol was followed, with the exception of the use of lower primer concentrations (0.2 
μM each). Desalted (DST) oligonucleotide primers were used, except for primers binding to 
coding regions, which were PAGE purified. Primers were purchased from Sigma Aldrich (Saint 
Louis, MO, USA), with the exception of primers 17453 and 17453, which were purchased 
from Ella Biotech (Planegg, Germany). For diagnostic PCR, yeast genomic DNA was isolated 
as described by Lõoke et al. (2011). Commercial kits for DNA extraction and purification 
were used for small-scale DNA isolation (Sigma Aldrich), PCR cleanup (Sigma Aldrich), and 
gel extraction (Zymo Research, Irvine, CA, USA). Restriction analysis of constructed plasmids 
was performed using FastDigest restriction enzymes (Thermo Scientific). Gibson assembly 
of linear DNA fragments was performed using NEBuilder HiFi DNA Assembly Master Mix 
(New England Biolabs, Ipswich, MA, USA) in a total reaction volume of 5 µL. Transformation 
of chemically competent E. coli XL1-Blue (Agilent) was performed according to the 
manufacturer’s protocol. 

2.3 Plasmid construction 
The plasmids and oligonucleotide primers used in this study are listed in Table 1 and 
Supplementary Table 1, respectively. All plasmids were constructed by Gibson assembly of 
two linear fragments. With the exception of the fragments used for the construction of 
plasmid pUDR420, all fragments were PCR-amplified from either a template plasmid or from 
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genomic DNA. A detailed description of the parts used to make each plasmid can be found 
in Supplementary Table 2.

Plasmid pUDR405 was constructed by Gibson assembly of two linear fragments, both 
obtained via PCR amplification of plasmid pROS13 using primers 8664 and 6262 (for the 
JEN1-gRNA_2μ_ADY2-gRNA insert) and 6005 (for the plasmid backbone), as previously 
described by Mans et al. (2015). Plasmid pUDR420 was constructed by Gibson assembly of a 
double-stranded DNA fragment, obtained by annealing the complementary single-stranded 
oligonucleotides 8691 and 13552, and a vector backbone amplified from plasmid pMEL13 
using primers 6005 and 6006. For construction of pUDE813, the linear p426-TEF plasmid 
backbone was amplified from plasmid p426-TEF using primers 5921 and 10547 and the 
ATO3 open reading frame (ORF) was amplified from yeast strain CEN.PK113-7D genomic 
DNA using primers 13513 and 13514. Subsequently, Gibson assembly of the linear p426-TEF 
plasmid backbone and the ATO3 insert yielded pUDE813. pUDE814, pUDE1001, pUDE1002, 
pUDE1003, pUDE1004, pUDE1021 and pUDE1022 were constructed similar to pUDE813, 
using primers 5921 and 10547 to amplify the linear p427-TEF plasmid backbone. The 
inserts were amplified from genomic DNA of strain CEN.PK113-7D (for wildtype genes) or 
from genomic DNA of the corresponding evolved strain (for mutated genes) using primers 
13513 and 13514 (pUDE814), 17170 and 17171 (pUDE1001), 17168 and 17169 (pUDE1002, 
pUDE1003 and pUDE1004) or 17452 and 17453 (pUDE1021 and pUDE1022). For construction 
of pUDC319, plasmid p426-TEF was amplified using primers 2949 and 17741 and the 
CEN6 origin of replication was amplified from pUDC156 using primers 17742 and 17743. 
Subsequently, Gibson assembly of the linear p426-TEF plasmid fragment and the CEN6 
fragment yielded pUDC319. pUDC320, pUDC321, pUDC322, pUDC323, pUDC324, pUDC325, 
pUDC326 and pUDC327 were constructed in a similar way using the same primers, but the 
linear plasmid fragment was amplified from pUDE813, pUDE814, pUDE1001, pUDE1002, 
pUDE1003, pUDE1004, pUDE1021 and pUDE1022, respectively. 

Table 1: Plasmids used in this study.

Name Relevant characteristic Origin
pROS13 2μm ampR kanMX gRNA-CAN1 gRNA-ADE2 (Mans et al., 2015)
pMEL13 2μm ampR kanMX gRNA-CAN1 (Mans et al., 2015)
pUDR405 2μm ampR kanMX gRNA-JEN1 gRNA-ADY2 This study
pUDR420 2μm ampR kanMX gRNA-ATO3 This study
p426-TEF 2μm URA3 pTEF1-tCYC1 (Mumberg et al., 1995)
pUDE813 2μm URA3 pTEF1-ATO3-tCYC1 This study
pUDE814 2μm URA3 pTEF1-ATO3T284C-tCYC1 This study
pUDE1001 2μm URA3 pTEF1-JEN1-tCYC1 This study
pUDE1002 2μm URA3 pTEF1-ADY2-tCYC1 This study
pUDE1003 2μm URA3 pTEF1- ADY2C755G -tCYC1 This study
pUDE1004 2μm URA3 pTEF1- ADY2C655G-tCYC1 This study
pUDE1021 2μm URA3 pTEF1-ATO2-tCYC1 This study
pUDE1022 2μm URA3 pTEF1-ATO2T653C-tCYC1 This study
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Name Relevant characteristic Origin
pUDC156 CEN6 URA3 pTEF-CAS9-tCYC1 (Marques et al., 2017)
pUDC319 CEN6 URA3 pTEF-tCYC1 This study
pUDC320 CEN6 URA3 pTEF1-ATO3-tCYC1 This study
pUDC321 CEN6 URA3 pTEF1-ATO3T284C-tCYC1 This study
pUDC322 CEN6 URA3 pTEF1-JEN1-tCYC1 This study
pUDC323 CEN6 URA3 pTEF1-ADY2-tCYC1 This study
pUDC324 CEN6 URA3 pTEF1- ADY2C755G -tCYC1 This study
pUDC325 CEN6 URA3 pTEF1- ADY2C655G-tCYC1 This study
pUDC326 CEN6 URA3 pTEF1-ATO2-tCYC1 This study
pUDC327 CEN6 URA3 pTEF1-ATO2T653C-tCYC1 This study

2.4 Strain construction
S. cerevisiae strains were transformed with the LiAc/ssDNA method (Gietz and Woods, 
2002). For transformations with a dominant marker, the transformation mixture was plated 
on YP plates, containing glucose (20 g L-1) as carbon source, and supplemented with 200 
mg L-1 G418 (Invitrogen, Carlsbad, CA, USA). Gene deletions were performed as previously 
described (Mans et al., 2015). For transformation of plasmids harboring an auxotrophic 
marker, transformed cells were plated on SM medium with glucose (20 g L-1) as a carbon 
source and when needed, appropriate auxotrophic requirements were supplemented. 

The tryptophan auxotrophy of IMX1000 was the result of a single point mutation in the 
TRP1 gene (trp1-289) (Botstein et al., 1979) and was spontaneously reverted by plating 
the strain on SM medium supplemented with uracil, histidine and leucine, and picking a 
tryptophan prototrophic colony, yielding strain IMX2486. Strain IMX2487 was constructed 
by transforming IMX2486 with a linear fragment, obtained by PCR amplification of the LEU2 
gene from CEN.PK113-7D, using primers 1742 and 1743. Strain IMX2488 was constructed 
by transforming IMX2487 with a linear fragment, obtained by PCR amplification of the HIS3 
gene from CEN.PK113-7D, using primers 1738 and 3755. Strain IMK875 was constructed by 
transforming the Cas9-expressing strain IMX585 with plasmid pUDR405 and two double 
stranded repair oligonucleotides obtained by annealing oligonucleotides 8597 to 8598 
and 8665 to 8666. Strain IMK876 was constructed by transforming the Cas9-expressing 
strain IMX581 with plasmid pUDR405 and two double stranded repair oligonucleotides 
obtained by annealing oligonucleotides 8597 to 8598 and 8665 to 8666. Strains IMK882 
and IMK883 were obtained by transforming strains IMK875 and IMK876, respectively, with 
plasmid pUDR420 and a double stranded repair oligonucleotide obtained by annealing 
oligonucleotides 14120 and 14121. Plasmids p426-TEF, pUDE813, pUDE814, pUDE1001, 
pUDE1002, pUDE1003, pUDE1004, pUDE1021, pUDE1022, pUDC319, pUDC320, pUDC321, 
pUDC322, pUDC323, pUDC324, pUDC325, pUDC326 and pUDC327 were transformed in 
strain IMX2488, yielding IME581, IME582, IME583, IME584, IME585, IME586, IME587, 
IME588, IME589, IMC164, IMC165, IMC166, IMC167, IMC168, IMC169, IMC170, IMC171 
and IMC172, respectively. Single colony isolates from evolution cultures (‘IMS’-strains) were 
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obtained by plating the evolved culture on solid medium and restreaking a grown colony to 
a fresh plate three consecutive times. 

Table 2 Saccharomyces cerevisiae strains used in this study

Strain name Relevant genotype a Origin
CEN.PK113-7D Prototrophic reference, MATa (Entian and Kötter, 2007)
IMX581 MATa ura3-52 can1Δ::cas9-natNT2 (Mans et al., 2015)
IMX585 MATa can1Δ::cas9-natNT2 (Mans et al., 2015)
IMK341 MATa ura3Δ::loxP ady2Δ::loxP-hphNT1-loxP jen1Δ::loxP (Kok et al., 2012)
IMW004 MATa URA3 ADY2C755G jen1Δ::loxP-KanMX4-loxP (Kok et al., 2012)
IMW005 MATa URA3 ADY2C655G jen1Δ::loxP-KanMX4-loxP (Kok et al., 2012)
IMX1000 MATa ura3-52 trp1-289 leu2-3112 his3Δ can1Δ::cas9-

natNT2 mch1Δ mch2Δ mch5Δ aqy1Δ itr1Δ pdr12Δ 
mch3Δ mch4Δ yil166cΔ hxt1Δ jen1Δ ady2Δ aqr1Δ thi73Δ 
fps1Δ aqy2Δ yll053cΔ ato2Δ ato3Δ aqy3Δ tpo2Δ yro2Δ 
azr1Δ yhl008cΔ tpo3Δ

(Mans et al., 2017)

IMK875 MATa can1Δ::cas9-natNT2 jen1Δ ady2Δ This study
IMK876 MATa can1Δ::cas9-natNT2 ura3-52 jen1Δ ady2Δ This study
IMK882 MATa can1Δ::cas9-natNT2 jen1Δ ady2Δ ato3Δ This study
IMK883 MATa can1Δ::cas9-natNT2 ura3-52 jen1Δ ady2Δ ato3Δ This study
IMS807 IMK341 evolved for growth on lactate, evolution line A This study
IMS808 IMK341 evolved for growth on lactate, evolution line A This study
IMS809 IMK341 evolved for growth on lactate, evolution line A This study
IMS810 IMK341 evolved for growth on lactate, evolution line B This study
IMS811 IMK341 evolved for growth on lactate, evolution line B This study
IMS1122 IMK882 evolved for growth on lactate This study
IMS1123 IMK882 evolved for growth on lactate This study
IMS1130 IMK882 evolved for growth on lactate This study
IMX2486 IMX1000 ura3-52 TRP1, leu2-3112, his3Δ This study
IMX2487 IMX1000 ura3-52 TRP1, LEU2, his3Δ This study
IMX2488 IMX1000 ura3-52 TRP1, LEU2, HIS3 This study
IME581 IMX2488 p426-TEF (2μm) This study
IME582 IMX2488 pUDE813 (2μm ATO3) This study
IME583 IMX2488 pUDE814 (2μm ATO3T284C) This study
IME584 IMX2488 pUDE1001 (2μm JEN1) This study
IME585 IMX2488 pUDE1002 (2μm ADY2) This study
IME586 IMX2488 pUDE1003 (2μm ADY2C755G) This study
IME587 IMX2488 pUDE1004 (2μm ADY2C655G) This study
IME588 IMX2488 pUDE1021 (2μm ATO2) This study
IME589 IMX2488 pUDE1022 (2μm ATO2T653C) This study
IMC164 IMX2488 pUDC319 (CEN6) This study
IMC165 IMX2488 pUDC320 (CEN6 ATO3) This study
IMC166 IMX2488 pUDC321 (CEN6 ATO3T284C) This study
IMC167 IMX2488 pUDC322 (CEN6 JEN1) This study
IMC168 IMX2488 pUDC323 (CEN6 ADY2) This study
IMC169 IMX2488 pUDC324 (CEN6 ADY2C755G) This study
IMC170 IMX2488 pUDC325 (CEN6 ADY2C655G) This study
IMC171 IMX2488 pUDC326 (CEN6 ATO2) This study
IMC172 IMX2488 pUDC327 (CEN6 ATO2T653C) This study
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2.5 Media and cultivation
Evolution experiments were performed in 500 mL shake-flask cultures containing 100 mL 
synthetic medium (Verduyn et al., 1992) with 84 mM lactic acid as sole carbon source. The 
pH of the medium was set at 5.0 and the cultures were incubated at 30°C in an Innova 
incubator shaker (New Brunswick Scientific, Edison, NJ, USA) set at 200 rpm. Auxotrophic 
requirements were supplemented as needed. 

Strains were characterized in SM supplemented with different carbon sources. To achieve an 
initial carbon concentration of 250 mM, the culture media contained either 42 mM glucose, 
83 mM lactic acid, 125 mM acetic acid or 83 mM pyruvic acid. The characterization was 
performed in a Growth-Profiler system (EnzyScreen, Heemstede, The Netherlands) equipped 
with 96-well plates in a culture volume of 250 μL, set at 250 rpm and 30°C. The measurement 
interval was set at 30 minutes. Raw green values were corrected for well-to-well variation 
using measurements of a 96-well plate containing a culture with an externally determined 
optical density of 3.75 in all wells. Optical densities were calculated by converting green 
values (corrected for well-to-well variation) using a calibration curve that was determined 
by fitting a third-degree polynomial through 22 measurements of cultures with known 
OD values between 0.1 and 20. Growth rates were calculated using the calculated optical 
densities of at least 15 points in the exponential phase. Exponential growth was assumed 
when an exponential curve could be fitted with an R2 of at least 0.985. 

2.6 Analytical methods
Culture optical density at 660 nm was measured with a Libra S11 spectrophotometer 
(Biochrom, Cambridge, United Kingdom). In order to measure within the linear range of 
the instrument (OD between 0.1 and 0.3), cultures were diluted in an appropriate amount 
of demineralized water. Metabolite concentrations in culture supernatants and media were 
analyzed using an Agilent 1260 Infinity HPLC system equipped with a Bio-rad Aminex HPX-
87H ion exchange column, operated at 60°C with 5 mM H2SO4 as mobile phase at a flow rate 
of 0.600 mL min-1. 

2.7 DNA extraction and whole genome sequencing
Strain IMK341 and the evolved single colony isolates (IMS-strains) were grown in 500 mL 
shake flasks containing 100 mL YP medium supplemented with glucose (20 g L-1) as a carbon 
source. The cultures were incubated at 30°C until the strains reached stationary phase and 
genomic DNA was isolated using the Qiagen 100/G kit (Qiagen, Hilden, Germany) according 
to the manufacturer’s instructions and quantified using a Qubit® Fluorometer 2.0 (Thermo 
Fisher Scientific). The isolated DNA was sequenced in-house on a MiSeq (Illumina, San 
Diego, CA, USA) with 300 bp paired-end reads using TruSeq PCR-free library preparation 
(Illumina). For all the strains, the reads were mapped onto the S. cerevisiae CEN.PK113-7D 
genome (Salazar et al., 2017) using the Burrows–Wheeler Alignment tool (BWA) and further 
processed using SAMtools and Pilon for variant calling (Li and Durbin, 2010; Li et al., 2009; 
Walker et al., 2014). 



Chapter 4

126

2.8 3D modelling and molecular docking of Ato1, Ato2 and Ato3
The three-dimensional modelling analysis was performed for the protein sequences of 
Ato1, Ato1L219V, Ato1A252G, Ato2, Ato2L218S, Ato3 and Ato3F95S. The amino acid sequences were 
retrieved from the Saccharomyces Genome Database (Cherry et al., 2012). To determine 
the predicted transporter 3D structures, the amino acid sequences were threaded through 
the PDB library using LOMETS (Local Meta-Threading-Server) (Zheng et al., 2019). LOMETS 
was used to generate a 3D model using high-scoring target-to-template alignments from 11 
locally installed threading programs (FFAS-3D, HHpred, Neff-MUSTER, MUSTER, CEthreader, 
HHsearch, PPAS, PRC, PROSPECTOR2, SP3 and Sparks-X). The Citrobacter koseri succinate 
acetate permease (CkSatP, PDB 5YS3) was the top ranked template threading identified in 
LOMETS for Ato1, Ato2 and Ato3 (Qui et al. 2018). 

3. RESULTS

3.1 Laboratory evolution on lactic acid leads to point mutations in Ato2 or Ato3.
In an attempt to identify additional transporters able to catalyze uptake of lactic acid transport 
after gaining point mutations, we incubated strains IMK341 and IMX1000 in duplicate shake 
flasks cultures containing synthetic medium with lactic acid as the sole carbon source. In 
IMK341 the known carboxylic acid transporters JEN1 and ADY2 are knocked out (jen1Δ, 
ady2Δ), whereas IMX1000 contains a further 23 deletions in putative lactic acid transporter-
encoding genes (Mans et al., 2017). After 9 weeks, growth was observed in both cultures of 
IMK341 whereas no growth was observed after 12 weeks of incubation of IMX1000. Whole-
genome sequencing of evolved IMK341 (jen1Δ, ady2Δ) cell lines, isolated after transfer 
to fresh medium, revealed three to seven non-synonymous SNPs in each mutant and no 
chromosomal duplications or rearrangements (Table 3). Strikingly, all evolved isolates 
shared an identical mutation in ATO3 (ATO3T284C), which encodes a protein described to be 
involved in ammonium transport (Palková et al., 2002). To investigate the role of ATO3 in 
lactic acid uptake, we overexpressed both the native and evolved ATO3 in IMK883 (jen1Δ, 
ady2Δ, ato3Δ) and tested the strains for growth on SM lactic acid plates. After 5 days, only 
the reference strain CEN.PK113-7D and the strain carrying the ATO3T284C allele were able to 
grow (Supplementary Figure 1), indicating that the T284C mutation in ATO3 was responsible 
for the evolved phenotype. We then combined the deletion of JEN1, ADY2 and ATO3 in strain 
IMK882 (jen1Δ, ady2Δ, ato3Δ) and repeated the evolution. After 5 and 12 days, growth was 
observed in two of the cultures from which strains IMS1122 and IMS1123 were isolated 
after transfer to a flask with fresh medium. In both single colony isolates, five SNPs were 
present (Table 3), including a common mutation in ATO2, (ATO2T653C), which has also been 
described as an ammonium transporter together with ATO3 and ADY2  (Palková et al., 2002). 
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Table 3 Amino acid changes identified by whole-genome sequencing of single colony isolates evolved for growth in 
medium containing lactic acid as sole carbon source. Isolates IMS807 to IMS811 are derived from IMK341 (jen1∆, 
ady2∆) and IMS1122 and IMS1123 are derived from IMK882 (jen1∆, ady2∆, ato3∆)). IMS807, IM808 and IMS809 
are isolates from evolution line #1 and IMS810 and IMS811 are isolates from evolution line #2. The mutation 
Sip5*490Q

 indicates the loss of the stop codon.

IMK341 evolution #1 IMK341 evolution #2 IMK822 
evolution #1

IMK822 
evolution #2

IMS807 IMS808 IMS809 IMS810 IMS811 IMS1122 IMS1123
Ato3F95S Ato3F95S Ato3F95S Ato3F95S Ato3F95S Ato2L218S Ato2L218S

Mms2Y58C Mms2Y58C Mms2Y58C Sip5*490Q Sip5*490Q Lrg1H979N Whi2E119*

Pih1D147Y Pih1D147Y Pih1D147Y Ssn2M1280R Lip5R4L Ykr051wY285H Ykr051wY285H

Uba1L952F Drn1P213L Jjj1H356Q Jjj1H356Q

Stv1L275F Trm10A49V Trm10A49V

Whi2E187*

Vba4P198L

3.2 Overexpression of mutated transporters enables rapid growth in liquid medium with 
lactic acid as sole carbon source.
Strikingly, the evolved transporters able to catalyze uptake of lactic acid (ATO2 and ATO3 in 
this study, and ADY2 in work by de Kok et al., 2012) represent all members of the Acetate 
Uptake Transporter Family (TCDB 2.A.96). To characterize impact of the mutations on the 
ability of the mutated transport proteins to catalyze uptake of organic acids, we individually 
overexpressed JEN1, ADY2, ATO2 and ATO3 and their mutated alleles via centromeric vectors 
in IMX2488, a strain background in which 25 (putative) organic acid transporters were 
deleted (Table 2). Whereas no viable cultures could be obtained with strains overexpressing 
wildtype ATO2 in liquid medium with 42 mM glucose as carbon source, all other IMX2488-
derived transporter expressing strains had similar growth rates compared to the empty 
vector control (IMC164), indicating no major physiological adaptations of the overexpression 
of the transporters when grown on glucose (Figure 1, top left panel). Overexpression of the 
transporter variants from multicopy vectors resulted in a growth rate reduction of up to 
66% compared to the empty vector reference when grown on glucose and were therefore 
not tested further (Supplementary Figure 2). In accordance with previous research, strains 
overexpressing ADY2, ADY2C755G and ADY2C655G showed a maximum specific growth rate of 
0.02 ± 0.01 h-1, 0.08 ± 0.01 h-1 and 0.10 ± 0.01 h-1 when grown in medium containing 83 mM 
lactic acid as carbon source, respectively (de Kok et al., 2012). Surprisingly, strains expressing 
the evolved ATO2T653C and ATO3T284C alleles outperformed all the other tested strains, with a 
maximum specific growth rate of 0.11 ± 0.01 h-1 and 0.15 ± 0.01 h-1, respectively (Figure 1, 
top right panel and Supplementary Figure 5). These represent the highest reported growth 
rates reported for S. cerevisiae on this carbon source and indicate that the mutations in Ato2 
are responsible for the evolved phenotypes observed in IMS1122 and IMS1123 (Table 3). 
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Figure 1 Growth rates on different carbon sources of S. cerevisiae reference strain CEN.PK113-7D and the 
25-transporter deletion strain IMX2488 expressing an empty vector or a vector carrying the indicated organic acid 
transporter. Bars and error bars represent the average and standard deviation of three independent experiments. 
SMD: synthetic medium with 42 mM glucose. SML: synthetic medium with 83 mM lactic acid. SMA: synthetic 
medium with 125 mM acetic acid. SMP: synthetic medium with 83 mM pyruvic acid. Empty: empty plasmid. ADY2*: 
ADY2C755G allele. ADY2**: ADY2C655G allele. ATO2*: ATO2T653C allele. ATO3*: ATO3T284C allele. For some experiments, a 
linear increase in optical density was observed, which impeded the determination of an exponential growth rate 
(indicated by L.G.). N.D.: not determined.

3.3 Mutations in ATO2 and ATO3 change the uptake capacity of acetate and pyruvate
After demonstrating that the point mutations increased the catalytic activity of Ato2, Ato3 
and Ady2 for lactic acid transport, we also investigated their ability to transport acetic and 
pyruvic acid (Figure 1, bottom panels and Supplementary Figures 6 and 7). In liquid medium 
at pH 5.0 with 125 mM acetic acid (pKa of 4.75), no growth was observed for any of the strains 
with the 25-deletion background, likely caused by acetic acid toxicity due to the absence 
of essential acetic acid exporters (Supplementary Figure 3). However, at pH 6.0 different 
growth characteristics were observed in strains expressing ADY2 and ATO3 compared to their 
evolved counterparts. Whereas expression of native ADY2 resulted in slow non-exponential 
growth, expression of ADY2C755G or ADY2C655G improved growth performance. The opposite 
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behavior was observed in strains expressing ATO3 (exponential growth) and the evolved 
ATO3T284C variant (slow non-exponential growth). In medium containing 83 mM pyruvic acid, 
no exponential growth was observed for any of the strains expressing Ato2, Ato3 or Ady2 
variants. However, slow, non-exponential growth was observed for strains expressing any 
variant of ADY2 or ATO2T653C which could indicate a minor change in affinity for this substrate 
caused by the point mutations. 

3.4 Protein modelling reveals mutations in the central hydrophobic constriction site as 
important factor in determining substrate specificity
In order to establish a link between the mutated amino acid residues and the molecular 
mechanism of the studied transporters, the putative protein structures of Ady2, Ato2 
and Ato3, and of their mutated alleles, were modelled in silico. To this end, the amino 
acid sequences of Ady2, Ato2 and Ato3 were aligned against the crystal structure of the 
Citrobacter koseri acetate anion channel SatP (PDB 5YS3), which obtained the best score for 
protein structure prediction. This alignment showed that the Leu219Val mutation in Ady2, 
the Leu218Ser mutation in Ato2 and the Phe95Ser mutation in Ato3 are amongst three 
amino acid residues that were previously identified to be essential for the formation of the 
central narrowest hydrophobic constriction of the anion pathway in C. koseri SatP (Qiu et 
al., 2018) (Figure 2 and Figure 3). Specifically, these changes result in the substitution of the 
amino acid side group with a smaller (and in the case of Ato2 and Ato3 a more hydrophilic) 
alternative (Ato3 is shown in Figure 3 and the models for Ady2 and Ato2 can be found in 
Supplementary Figure 8-9). Based on these models, we estimated the distance between 
these three hydrophobic residues and found an increased distance in the ADY2C655G, ATO3T284C 
and ATO2T653C encoded mutants compared to their corresponding wildtype protein, leading 
to a larger aperture in the middle of the channel (Figure 3). We hypothesize that this 
increased size of the hydrophobic constriction may allow larger substrates to pass through, 
thus increasing substrate specificity and transport capacity.

To investigate if the mutations affected the presence and affinity of binding sites for acetate, 
lactate and pyruvate, docking of ligands in the protein structures was simulated using 
AutoDock Vina (Supplementary Figure 10, Supplementary Table 3). In all proteins, both 
wildtype and mutated, four binding sites were identified for acetate, which is in accordance 
with what has previously been reported for the homolog CkSatP (Qiu et al., 2018). Of these 
four binding sites, two, which are located closest to the hydrophobic constriction, also 
consistently bind lactate and pyruvate. Strikingly, mutations in Ady2, Ato2 and Ato3 led to 
an increased lactate affinity of at least one of these two sites closest to the hydrophobic 
constriction, which might have contributed to the increased lactate transport capacity. On 
the other hand, no clear correlation was found between the physiology observed for strains 
overexpressing the different protein variants when grown on acetate and pyruvate and the 
corresponding binding affinities of these two ligands. 
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tr|A8ALU5|A8ALU5_CITK8      -----------------------------------MGNTKLANPAPLGLMGFGMTTILLN 25
sp|P25613|ADY2_YEAST        GDNNEYIYIGRQKFLKSDLYQAFGG--TLNPGLAPAPVHKFANPAPLGLSAFALTTFVLS 106
sp|P32907|ATO2_YEAST        GKNNEYIYIGRQKFLRDDLFEAFGG--TLNPGLAPAPVHKFANPAPLGLSGFALTTFVLS 105
sp|Q12359|ATO3_YEAST        YSDRDFITLGSSTYRRRDLLNALDRGDGEEGNCAKYTPHQFANPVPLGLASFSLSCLVLS 103

::***.**** .*.:: ::*.

tr|A8ALU5|A8ALU5_CITK8      LHNAGF--FALDGIILAMGIFYGGIAQIFAGLLEYKKGNTFGLTAFTSYGSFWLTLVAIL 83
sp|P25613|ADY2_YEAST        MFNARAQGITVPNVVVGCAMFYGGLVQLIAGIWEIALENTFGGTALCSYGGFWLSFAAIY 166
sp|P32907|ATO2_YEAST        MFNARAQGITIPNVVVGCAMFYGGLVQLIAGIWEIALENTFGGTALCSFGGFWLSFGAIY 165
sp|Q12359|ATO3_YEAST        LINANVRGVTDGKWALSLFMFFGGAIELFAGLLCFVIGDTYAMTVFSSFGGFWICYGYGL 163

: **    .:     :.  :*:**  :::**:      :*:. *.: *:*.**:      
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sp|P32907|ATO2_YEAST        LSIANFTGEVGVTRAGGVLGVIVAFIAWYNAYAGIATRQNSYIMVHPFALPSNDKVFF 282
sp|Q12359|ATO3_YEAST        LCIGTFIDNNNLKMAGGYFGILSSCCGWYSLYCSVVSPSNSYLAFRAHTMPNAP---- 275

*.:. : ..  :  ..* :*:: .  . *     : . . .        :*       
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Figure 2 Multi ple sequence alignment of Citrobacter koseri  SatP and Saccharomyces cerevisiae Ady2, Ato2 and 
Ato3. The multi ple sequence alignment was built with ClustalOmega (htt ps://www.ebi.ac.uk/Tools/msa/clustalo/). 
Localizati on of the transmembrane segments (TMS) was done using PSI/TM-Coff ee (htt p://tcoff ee.crg.cat/apps/
tcoff ee/do:tmcoff ee). Blue rectangles indicate the residues of the narrowest constricti on site F98-Y155-L219 
(amino acid numbers referred to Ady2) (Qiu et al., 2018). Bold, underlined lett ers indicate the mutated residue.

Table 4 Average distances (in Å) between diff erent amino acids in the constricti on pore of Ady2, Ato2 Ato3 and 
mutated alleles, calculated using the corresponding protein model. Bold values in the table indicate distances 
which are at least 1 Å larger than the one calculated in the reference structure. 
Protein Amino acid residues Protein Amino acid residues Protein Amino acid residues 

219&98 98&155 155&219 218&97 97&154 154&218 215&95 95&152 152&215

Ady2 4,57 6,85 3,96 Ato2 4,16 5,74 4,37 Ato3 4,04 4,60 4,11
Ady2 
L219V

4,37 6,94 5,34 Ato2 
L218S

5,94 5,64 5,57 Ato3 
F95S

7,69 8,50 4,51

Ady2 
A252G 

4,49 6,74 3,89
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Figure 3: 3D models of the transporters Ato3 (dark blue) and Ato3 F95S (light blue). Left : side view of Ato3. Arrows 
indicate the hydrophobic constricti on site, consisti ng of F95, L215 and F152. Right, top view of either Ato3 (top) or 
Ato3F95S (bott om). The amino acids involved in the constricti on site are shown. Purple lines and values indicate 
distances (in Å) between diff erent anchor points of amino acids.
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4. DISCUSSION

In this study, we report the identification and characterization of a family of transporter genes 
which, upon mutation, are able to efficiently catalyze import of lactic acid in S. cerevisiae. 
As rational engineering to identify lactic acid transporters remains elusive (Borodina, 2019; 
Mans et al., 2017), we used adaptive laboratory evolution to select for mutants capable of 
consuming lactic acid, which led to the identification of mutations in ATO3 (ATO3T284C) and 
ATO2 (ATO2T653C). Together with ADY2, ATO2 and ATO3 were previously described to code 
for ammonium transporters (Ammonium Transport Outwards) based on two observations: 
the high expression of these genes during ammonia production by S. cerevisiae, and the 
presence of a motif associated with ammonium transport in these proteins (Palková et al., 
2002). However, the function of ADY2 was later reassessed by Rabitsch et al. (2001), who 
identified it as a gene required for correct spore formation, and thus renamed it as ADY2 
(Accumulation of DYads). In view of the observations in our study, where ADY2, ATO2 and 
ATO3 and their evolved variants catalyzed uptake of lactic and acetic acid, and the absence 
of mechanistic studies aimed at illustrating the phenomenon of ammonium export, we 
support the recent proposition by Alves et al. (2020) to rename these genes, present in 
S. cerevisiae and other yeasts, as “Acetate Transporter Ortholog”. 

When studying the effect of the transporter overexpression on strain physiology when 
grown on glucose (Figure 1; growth curves can be found in Supplementary Figure 4), IMC164 
(empty vector) exhibited a ~36% decreased growth rate (0.24 ± 0.00 h-1) compared to the 
reference laboratory strain CEN.PK113-7D (0.38 ± 0.02 h-1), which is in accordance to the 
previously described effect of the 25 deletions on the growth rate (Mans et al., 2017). As 
expected, no growth was observed for the strain carrying the empty vector, indicating that 
the 25-deletion strain is unable to import lactate and therefore a suitable background to 
test the transport capacity of the different transporters. When grown on acetic acid at pH 
6.0, IMC164 (empty plasmid) exhibited non-exponential linear growth (Supplementary 
Figure 6), suggesting acetic acid diffusion, or the presence of at least one gene involved in 
acetate transport in the IMX2488 background. The strains were also tested for their ability 
to grow on SM with pyruvate as the sole carbon source, where IMC164 (empty vector) did 
not exhibit growth, suggesting that all genes responsible for pyruvate uptake were amongst 
the 25 deleted genes.

It was reported by Kok et al. (2012) that the overexpression of ADY2, under the control of 
the strong glycolytic promoter TEF1, was sufficient to enable slow growth (μmax ~ 0.02 h-1) in 
medium containing lactic acid as sole carbon source. Despite a high amino acid sequence 
similarity with ADY2 (36% sequence identity), the overexpression of the native allele of 
ATO3 did not enable growth on lactic acid. Moreover, overexpression of the native ATO2, 
which displays an even higher sequence identity with ADY2, (77% at the protein level) was 
detrimental to cell growth on glucose, and thus could not be tested. These observations 
indicate the differences in substrate specificity and uptake capacity between ADY2, ATO2 
and ATO3, hinting at distinct physiological roles of each of these transporters. 
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While the native alleles of ATO3 and likely ATO2 were not able to sustain growth on lactic 
acid medium, their mutated versions (ATO2T653C and ATO3T284C) enabled high growth rates, 
with the highest growth rate determined at 0.15 ± 0.01 h-1 for the strain harboring ATO3T284C. 
This is, to the best of our knowledge, the highest reported growth rate of S. cerevisiae grown 
on lactic acid, and close to the growth rate observed by de Kok et al. (2012) of 0.14 h-1 
by a strain expressing ADY2C655G. This 3-fold increase in growth rate of the engineered 
strain compared to the reference strain CEN.PK113-7D indicates that, in non-engineered 
S. cerevisiae strains, growth on lactic acid is likely limited by its transport into the cell, and 
not the capacity to be further metabolized. Therefore, for future work that requires fast 
consumption of lactic acid, overexpression of ATO3T284C can be considered.

To infer the function of the newly identified mutations we performed an in-silico analysis. 
As the 3D structures of neither Ady2 (Ato1), Ato2 nor Ato3 have been determined, we used 
the known structure of a homologous transporter as a scaffold, on which a 3D model of 
Ady2, Ato2 and Ato3 was built. Because of the high degree of homology of our proteins of 
interest with Citrobacter koseri SucP, the crystal structure of this protein was used for the 
construction of said models. Out of the four identified mutations in the evolved transporters, 
three modified one of the three amino acids in the hydrophobic constriction of the protein, 
allowing for a larger aperture to be formed. This observation is in line with previous 
research, in which changes in these three hydrophobic residues have been associated with 
a change of substrate specificity in different homologs of SatP (Sá-Pessoa et al., 2013; Sun et 
al., 2018). Simulation of ligand docking in the predicted protein structures showed that the 
identified mutations led to an increased binding affinity of lactate in the core of the protein, 
whereas a similar consistent change in binding affinity for acetate and pyruvate was not 
observed. We postulate that an increased binding affinity upon mutation may contribute to 
increased transport capacity by facilitating passage of the ligand through the hydrophobic 
constriction, although the increased size of the hydrophobic constriction is probably the 
main contributor to the evolved phenotype. 

In this study, we show that laboratory evolution is a powerful tool for the identification 
genes involved in substrate transporter and resulted in the identification of Ato3F95S, which, 
to the best of our knowledge, enables the highest growth rate on lactic acid by S. cerevisiae 
reported thus far. In addition, the presented data on transporter sequence, structure 
and function identified important amino-acid residues that dictate substrate specificity 
of S. cerevisiae carboxylic acid transporters, which could potentially aid in future rational 
engineering and annotation of additional organic acid transport proteins. 
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Supplementary Figure 1: Growth of different strains on SM media with lactic acid as the sole carbon source. 
Bottom left quadrant: prototrophic strain CEN.PK113-7D. Bottom right quadrant: IMK883 (ura3-52, jen1Δ, ady2Δ, 
ato3Δ) carrying an empty p426-pTEF plasmid. Top right quadrant: IMK883 carrying pUDE813 (p426-pTEF-ATO3). 
Top left quadrant: IMK883 carrying pUDE814 (p426-pTEF- ATO3T284C). Cells were streaked from a single colony and 
the plate was incubated at 30 °C for 5 days.



Evolutionary engineering reveals amino acid substitutions in Ato2/3 that improve growth of S. cerevisiae on lactic acid

143

4

Supplementary Figure 2: Growth rates on SMD of S. cerevisiae reference strain CEN.PK113-7D and the 
25-transporter deletion strain IMX2488 expressing an empty multicopy vector or a multicopy vector containing 
the indicated organic acid transporter gene. Bars and error bars represent the average and standard deviation of 
three independent experiments. Empty: empty plasmid. ADY2*: ADY2C755G allele. ADY2**: ADY2C655G allele. ATO2*: 
ATO2T653C allele. ATO3*: ATO3T284C allele.

Supplementary Figure 3: Growth rates of S. cerevisiae reference strain CEN.PK113-7D and the 25-transporter 
deletion strain IMX2488 expressing an empty centromeric vector or a centromeric vectors containing the indicated 
organic acid transporter gene. Growth on SMA medium set at pH5. Bars and error bars represent the average and 
standard deviation of three independent experiments.Empty: empty plasmid. ADY2*: ADY2C755G allele. ADY2**: 
ADY2C655G allele. ATO2*: ATO2T653C allele. ATO3*: ATO3T284C allele.
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Supplementary Figure 4: Growth profiles in synthetic medium (pH 5.0) with glucose as the sole carbon source 
of CEN.PK113-7D and the 25-transporter deletion strain IMX2488 expressing an empty multicopy vector or a 
multicopy vector containing the indicated organic acid transporter gene. Empty: empty plasmid. ADY2*: ADY2C755G 
allele. ADY2**: ADY2C655G allele. ATO2*: ATO2T653C allele. ATO3*: ATO3T284C allele.
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Supplementary Figure 5: Growth profiles in synthetic medium (pH 5.0) with lactate as the sole carbon source 
of CEN.PK113-7D and the 25-transporter deletion strain IMX2488 expressing an empty multicopy vector or a 
multicopy vector containing the indicated organic acid transporter gene. Empty: empty plasmid. ADY2*: ADY2C755G 
allele. ADY2**: ADY2C655G allele. ATO2*: ATO2T653C allele. ATO3*: ATO3T284C allele.
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Supplementary Figure 6: Growth profiles in synthetic medium (pH 6.0) with acetate as the sole carbon source 
of CEN.PK113-7D and the 25-transporter deletion strain IMX2488 expressing an empty multicopy vector or a 
multicopy vector containing the indicated organic acid transporter gene. Empty: empty plasmid. ADY2*: ADY2C755G 
allele. ADY2**: ADY2C655G allele. ATO2*: ATO2T653C allele. ATO3*: ATO3T284C allele.
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Supplementary Figure 7: Growth profiles in synthetic medium (pH 5) with pyruvate as the sole carbon source 
of CEN.PK113-7D and the 25-transporter deletion strain IMX2488 expressing an empty multicopy vector or a 
multicopy vector containing the indicated organic acid transporter gene. Empty: empty plasmid. ADY2*: ADY2C755G 
allele. ADY2**: ADY2C655G allele. ATO2*: ATO2T653C allele. ATO3*: ATO3T284C allele.
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Supplementary Figur e 9: 3D model of Ato2 and diff erent alleles (as indicated in the blue boxes). Left , side view 
of Ato2. Arrows indicate the constricti on site. Right, top view of either Ato2 or diff erent alleles (as indicated). The 
amino acids involved in the constricti on site are shown. Purple lines and values indicate distances (in Å) between 
diff erent anchor points of diff erent amino acids.
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3D‑Protein 
templates

Average of binding affinities (kcal/mol) at different binding sites
Acetate

1 2 3 4
a b c a b c

Ady2 -2,1 -2,4 -2,3 -2,7 -3,1 -2,7  -  -
Ady2 A252G -2,3 -2,2 -2,1 -3,1 -3,1 -2,6 -2,7  -
Ady2 L219V -2,4  - - -3,0 -3,0 -2,5 -2,7  -
Ato2 -2,5 -2,6 - -3,1 -2,9 -2,8 -2,9 -3
Ato2 L218S -2,7  - - -2,7 -3,1 -3,3 -2,6 -2,5
Ato3 -2,3 -2,2 - -2,9 -3,0 -2,2  - -2,4
Ato3 F95S -2,6 -2,4 - -3,0 -2,9 -2,4 -2,4 -2,4

Lactate
1 2 3 4

a b c a b c d
Ady2  - -3,1 -3,0 -3,6 -4,3 -3,5 -3,1 -3,1  -
Ady2 A252G -2,9 -2,8 -2,7 -3,7 -4,4 -3,3 -3,4 - -2,1
Ady2 L219V -3,4 - - -3,9 -4,4 - -3,8 - -
Ato2 -3,2 -3,1 -3,2 -3,9 -3,8 - -2,9 - -
Ato2 L218S -3,5 - - -3,8 -4,2 -3,6 - -3,4 -
Ato3  - - - -3,4 -3,8 -3,1 - -3,2 -
Ato3 F95S -3,3 - - -4,2 -4,0 -3,2 -3,2 -3,2 -

Pyruvate 
1 2 3 4

a b c a b c
Ady2  - -3,1  - -3,7 -4,2 -3,2 -3,3 -
Ady2 A252G -3,0 - -2,7 -3,9 -4,3 -3,3 -3,3 -
Ady2 L219V -3,2 -  - -4,0 -4,2 - -3,5 -
Ato2 -3,3 -3,3 -3,1 -3,9 -4,1 - -3,6 -
Ato2 L218S -3,5 - - -3,9 -4,3 - - -3,3
Ato3 - - - -3,6 -4,0 -3,0 - -3,2
Ato3 F95S -3,4 - - -4,2 -3,9  - -3,4  -

Supplementary Table 3: Average of the binding affinity values [kcal/mol] calculated with PyRx software for the 
docking of ligand in the predicted structures of wildtype and mutated Ady2, Ato2 and Ato3.
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Supplementary Table 4: Residues identified by molecular docking analysis as being involved in the establishment 
of strong intramolecular interactions with the indicated ligand.

3D‑Protein
templates Acetate Lactate Pyruvate

Ady2
N89, N145,  S208, T222, H23O 
(IL), T262

N89, T102, S106, Q133, E140, 
N145, D182, S208, T222, 
G229, H230, T238

N145, S208, T222, H230, T238

Ady2 L219V Y176, T209, T222, H230, T238, 
N255

T102, N109, Y176, T209, T222, 
H230, N255

N109, Y166, Y176, T222, T209, 
H230,  N255

Ady2 A252G

N109, R111(IL), Q133, N145, 
Y176, T209, T222, H230 (IL), 
T238, N255, 

K86, T102, N109, R111(IL),  
Q133, N145, Y176, T209, 
T222, H230(IL), T238, N255, 
G259, T262

Y176, R111(IL), T209, T238, 
T222, H230,  N255, T262

Ato2
Q132, N229, K176(IL), Y175, 
T237, T221, S207

T101, Q132, N144, S207, 
T221, N229, T237, N254, 
T261, R262(IL)

H84, K85(IL), Q132, S207, 
T221, N229, T237, T261, N254

Ato2 L218S
K176, S180, T208, S218, T221, 
N229, T237

S105, Q132, D173, A174, 
K176, D177, S180, L182, T208, 
T221

D173, K176, S180, L182, T208, 
T221

Ato3 N106, Y173, T205, T218, 
M271

C99, N106, G162, Y173, T218, 
N230

N106, Y173, T218

Ato3 F95S S95, N106, T218,  K234, S258 S95, N106, C158, Y159, T218, 
D229, N231, K234, S244, S251

S95, N106, T218, K234, S258







Outlook

Currently, cost-competitive production of commodity chemicals by means of microbial 
biotechnology is possible for only a small number of compounds. Many potential products 
remain in the proof-of-concept phase because product titer, production rate and yield are 
too low to justify an investment in full-scale processes. In addition to balanced expression 
of enzymes that couple product formation to the central carbon metabolism of the 
microbial host, sufficient and efficient supply of precursors derived from central carbon 
metabolism is a key prerequisite for optimal product formation. The research presented 
in this thesis has led to new insights in modification of the central carbon metabolism of 
Saccharomyces cerevisiae to improve production of two of these precursors,  acetyl-CoA and 
succinyl-CoA, in the yeast cytosol. In addition, new information was obtained on the impact 
of mutator genotypes in laboratory evolution experiments and on the genetic plasticity of 
lactate transport in S. cerevisiae.  

 Chapter 2 investigates re-routing the entire dissimilatory carbon flux through acetyl-CoA via  
a cytosolically expressed bacterial pyruvate dehydrogenase, by a combination of metabolic 
engineering and prolonged adaptive laboratory evolution. Strains in which dissimilatory 
metabolism was re-routed through this novel pathway were obtained in evolved, lactate-
grown cultures. This result demonstrated that fluxes through this ATP-independent pathway 
for cytosolic acetyl-CoA synthesis in S. cerevisiae can be increased to levels relevant for 
product formation. However, before this concept can be flexibly applied in industrial strains 
that produce cytosolic-acetyl-CoA-dependent products, it is essential to elucidate the 
molecular basis for fast in vivo operation of the pyruvate dehydrogenase. Unfortunately, 
the molecular mechanism underlying the fast growth of the evolved strains remains elusive. 
This was to a large extent caused by the emergence, in multiple instances, of a mutator 
phenotype, which strongly increased by the number of mutations found in the genomes 
of cultures subjected to prolonged laboratory evolution, in some cases to over 500 per 
genome. 
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The emergence of a rare mutator phenotype in several independently evolved strains 
indicated that multiple, simultaneous mutations are likely to be needed for the establishment 
of an efficiently functioning pathway. Both from the viewpoint of industrial relevance and 
because the results described in Chapter 2 represent an intriguing metabolic and genomic 
puzzle, identification of the relevant mutations and their reverse engineering into industrial 
strains remains a highly relevant goal.  The use of high-throughput strain engineering 
systems and/or backcrossing of evolved strains to ‘dilute’ non-causal mutations can be 
relevant experimental strategies to achieve this objective.

Despite the challenge in the unraveling a possible mechanism solely based on genome 
sequence data, we hypothesized that faster growth of the evolved strains may be due to a 
partial location of Ach1 in the yeast cytosol. Cytosolic Ach1 might contribute to provision 
of small amounts of cytosolic acetate which, after mitochondrial import and subsequence 
transfer of CoA from succinyl-CoA by mitochondrial Ach1, could provide mitochondrial 
acetyl-CoA for essential biosynthetic reactions. Although Ach1 is generally described to be 
a mitochondrial enzyme, the data on Ach1 localization provided by (Buu et al., 2003) do 
not completely exclude its presence in the cytosol. Therefore, accurate localization studies 
should be performed in order to clearly establish the intracellular localization of Ach1 and its 
potential role of acetyl-CoA ‘shuttling’ between cytosol and mitochondria.

Although hardly a welcome result in the context of this thesis, the mutator genotypes found 
in Chapter 2 are of scientific interest in their own right. While in the majority of cases an 
increased mutation rate was attributed to loss-of-function mutations in MSH6, three strains 
eluded efforts to explain their high mutation frequency. Further analysis of these elusive 
mutator phenotypes may enable identification of novel DNA-repair or DNA-damaging 
mechanisms. While hampering the reverse engineering of industrially relevant traits, 
purposefully inducing a mutator phenotype could be used to aid or accelerate the selection 
of new metabolic features in adaptive laboratory evolution experiments, especially where 
previous attempts have not succeeded in selecting advantageous phenotypes. 

The results shown in Chapter 2 were aimed at reducing the ATP cost associated with 
acetyl-CoA biosynthesis via a pathway that had previously already been shown to sustain 
low rates in vivo rates of cytosolic acetyl-CoA production. In contrast, the research showed 
in Chapter 3 describes the first demonstration of the synthesis of cytosolic succinyl-CoA 
in S. cerevisiae. This result expanded the potential the product range for this already 
versatile microbial host. Our proof-of-principle results demonstrated formation of the small 
amounts of the heme precursor aminolevulinic acid. Further research can now explore 
additional metabolic engineering strategies for producing industrially relevant product 
levels, not only of aminolevulinic acid, but also of industrially relevant compounds such as 
1,4-butanediol, γ-aminobutyrate and γ-hydroxybutyric acid. Although not included in this 
thesis, preliminary research was performed into further engineering of the succinyl-CoA 
producing strains to synthesize of 4-hydroxybutyric acid. Although trace amounts of this 
compound were detected by mass spectrometry, concentrations were below quantification 
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limit (low µM range). Oxygen sensitivity of the introduced heterologous 4-hydroxybutyrate 
dehydrogenase may well explain this low attained product concentration. In future research, 
it may be attempted to circumvent this problem by growing engineered yeasts in an oxygen-
limited chemostat cultures. 

Related to the subject discussed in Chapter 3, succinyl-CoA metabolism in yeast still presents 
a metabolic conundrum: what is the source of the succinyl-CoA which, according to Weinert 
et al. (2013) is used for succinylation of yeast? A large body of experiments, which were not 
included in this thesis, were aimed at establishing the possible presence of a succinyl-CoA 
pool in the cytosol of non-engineered S. cerevisiae strains. Preliminary results do indeed 
strongly point in this direction, but refuting a commonly held assumption that succinyl-CoA 
is exclusively located in the mitochondria and identifying the source of cytosolic succinyl-
CoA in wild-type S. cerevisiae requires further research. If successful, it will be intriguing to 
investigate the condition-dependent effect of eliminating cytosolic succinyl-CoA production 
and, thereby, protein succinylation in yeasts and, perhaps, even in human cell lines. 

The research described in Chapter 4 gives insights into the genetic plasticity of lactate 
transport in S. cerevisiae, and illustrates how adaptive laboratory evolution experiments 
can shed light on novel or extended gene functions. In this study, we identified and 
characterized evolved alleles of the genes ATO2 and ATO3 as novel lactate transporters by 
means of whole-genome sequencing, reverse engineering and strain characterization. In 
an inspiring collaboration with researchers from the University of Minho, it was possible 
to infer how the observed mutations affected the three-dimensional structures of the 
Ato2 and Ato3 proteins to change their substrate specificities. This combination of genome 
resequencing and reverse engineering with structural analysis is a powerful approach for 
adaptive laboratory evolution strategies, which can even help predict additional, industrially 
relevant alleles that have not (yet) been observed in laboratory evolution experiments.

Despite having identified two new lactate transporters, Chapter 4 did not yet solve the 
longstanding question by which mechanism S. cerevisiae exports lactate. Further laboratory 
evolution experiments, perhaps with the induction of a mutator phenotype, may provide 
further clues on this riddle, which has eluded yeast researchers for almost 20 years. 
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