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Wat de wetenschap in eeuwen nog niet is gelukt, dat lukt de humor in een paar tellen.
Dus de waarheid zit in humor, niet in het serieuze.

— Herman Finkers

Maar wat is waar? Het oog ziet niet wat op het netvlies valt. Het oor hoort niet wat het
trommelvlies doet trillen. Het ziet en het hoort wat in het hart ligt. En fijnzinnigheid is altijd
waar. Kwetsbaarheid is ook altijd waar. Lelijkheid en lompheid zijn een dagelijkse
werkelijkheid, maar: een werkelijkheid. N66it de waarheid. De werkelijkheid verdwijnt, de
waarheid blijft.

— Herman Finkers
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SUMMARY

Industrial biotechnology uses microorganisms and enzymes to produce a wide range of
chemical compounds, predominantly from carbohydrate-containing agricultural feed-
Stocks. This approach has several potential advantages over established petrochemical
processes. Usage of fossil-based products releases carbon, increasing atmospheric green-
house gases. In contrast, industrial biotechnology holds the potential of a much shorter
carbon cycle and, consequently, a §trongly decreased negative impa¢t on climate and
environment. Moreover, the world reserve of fossil feedstocks is limited and unequally
distributed. Additionally, the mild conditions under which biotechnological processes
are generally performed (ambient temperature and pressure) offer further advantages.
Finally, microbial and enzyme-based catalysis offers access to an enormous range of
known and yet to be discovered molecules with potential applications in the pharma-
ceutical, food, chemical and fuels industries.

The current low price of fossil feedstocks makes it difficult for biotechnological pro-
cesses to be economically competitive with petrochemistry. Especially for high-volume
produéts, such as commodity chemicals and transport fuels, the costs of the carbohy-
drate feedstock have a huge impact on overall production costs. It is therefore crucial to
apply metabolic pathway engineering to improve the yield on substrate of native and
heterologous produéts in industrial microorganisms.

Saccharomyces cerevisiae (bakers’ yeast) is a highly popular industrial microorganism.
A fast-growing body of knowledge on yeast biology and rapid technology developments
in yeast molecular genetics, genomics and systems biology have enabled the successful
introduction of a large and rapidly growing number of produét pathways into S. cere-
visiae, thereby expanding its product range.

Acetyl-coenzyme A (acetyl-CoA) is an important metabolic precursor, which partici-
pates in a wide variety of pathways. The acetyl moiety of acetyl-CoA acts as a universal
C,-building block for the synthesis of produéts as diverse as isoprenoids (e.g., 3-carotene,
farnesene and artemisinic acid), flavonoids (e.g., naringenin); n-butanol; (poly)hydroxy-
butyrate and (derivatives of) fatty acids. In S. cerevisiae, the native cytosolic acetyl-CoA
synthesis reaction involves hydrolysis of an equivalent of two ATP to two ADP and two
inorganic phosphate molecules. As a result, acetyl-CoA dependent, heterologous product
pathways, which are usually expressed in the yeast cytosol, have suboptimal (theoreti-
cal) yields of product on substrate. Previous $tudies have already explored expression of
alternative pathways for acetyl-CoA production in the yeast cytosol. Chapter 1 reviews
the literature on expression of these alternative pathways in S. cerevisiae, with a focus
on reaction §toichiometry, redox-cofactor usage and free-energy conservation. A theo-
retical analysis showed that the choice of a cytosolic acetyl-CoA-production pathway
strongly influences the theoretical yield of product on sugar. Different configurations of
cytosolic acetyl-CoA production pathways were used to calculate theoretical yields of
the model compounds n-butanol, citrate, palmitic acid and farnesene on glucose. This
Stoichiometric analysis showed that the optimal pathway configuration for cytosolic
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acetyl-CoA synthesis is product dependent. Moreover, it demonstrated that, for some
products, it can be advantageous to combine multiple acetyl-CoA production pathways.

To optimise a metabolic process such as cytosolic acetyl-CoA synthesis in yeast, effi-
cient and easy-to-use genetic engineering tools are indispensable. A new, revolutionary
tool that has recently become available is the CRISPR/Cas9 system. This system consists
of a Cas9 nuclease and a so-called guideRNA (gRNA). The gRNA guides the nuclease
to a specific, complementary, sequence of DNA, where Cas9 then introduces a double-
$trand break. The gRNA-dependence of the Cas9 nuclease enables its selective target-
ing to virtually any locus on the genome. Chapter 2 explores and optimises the use of
CRISPR/Cas9 for genetic engineering of S. cerevisiae. Two methods were evaluated. The
first method did not require prior plasmid construction, while the second was based on a
set of newly constructed plasmids capable of expressing two different gRNAs, in order to
simultaneously target Cas9 to two different loci per plasmid. Using the latter approach,
it was shown that open reading frames at up to six different genomic loci could be effi-
ciently deleted in a single transformation step. The versatility of CRISPR/Cas9-based en-
gineering (‘genome editing’) in yeast was further shown by the simultaneous integration
of a multi-gene construct and a gene deletion and the introduction of single-nucleotide
mutations at two different loci. Sets of cas9-bearing $trains, standardised plasmids and a
web-based, target-sequence identifier and primer-design tool (Yea$triction), were made
available to the yea$t research community to facilitate fast, standardised and efficient
application of the CRISPR/Cas9 system in yeast. Genetic modification techniques, in-
cluding the CRISPR/Cas9 system, were intensively applied in the following chapters to
understand and engineer cytosolic acetyl-CoA production in S. cerevisiae (Chapters 3,
4 and 5).

In the cytosol of yeast, acetyl-CoA is produced via the concerted action of pyruvate
decarboxylase, acetaldehyde dehydrogenase and acetyl-CoA synthetase (ACS). This re-
action sequence is commonly known as the PDH (pyruvate dehydrogenase) bypass. The
final reaction in the PDH bypass, the activation of acetate to acetyl-CoA, is catalysed
by Acsl or Acs2 and has a high ATP expenditure, which severely limits the maximum
attainable yield of acetyl-CoA dependent produéts on substrate in S. cerevisiae. Chap-
ter 3 therefore explores the replacement of Acs1 and Acs2 by two ATP-independent
pathways for acetyl-CoA synthesis. After evaluating the expression of different heterol-
ogous genes encoding acetylating acetaldehyde dehydrogenases (A-ALD) and pyruvate-
formate lyases (PFL), acs1A acs2A S. cerevisiae $trains were constructed, in which either
A-ALD or PFL functionally replaced ACS. In A-ALD-dependent §trains, aerobic specific
growth rates of up to 0.27 h™ were observed, while anaerobic growth of PFL-dependent
S. cerevisiae at a specific growth rate of 0.20 h™* was §toichiometrically coupled to formate
production. In glucose-limited chemostat cultures, intracellular metabolite analysis did
not reveal major differences between A-ALD-dependent and reference strains. However,
biomass yields on glucose of A-ALD- and PFL-dependent §trains were lower than those
of the ACS-dependent reference $train. Transcriptome analysis suggested that these low
biomass yields were caused by acetaldehyde and formate toxicity in A-ALD- and PFL-
dependent $trains, respectively. Transcriptome analysis also indicated that a previously
proposed role of Acs2 in histone acetylation is probably linked to cytosolic acetyl-CoA
levels rather than to direct involvement of Acs2 in histone acetylation. While demon-
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Strating that the native cytosolic acetyl-CoA synthesis pathway can be fully replaced,
Chapter 3 also revealed targets that need to be addressed to achieve optimal in vivo
performance of the alternative reactions for supply of cytosolic acetyl-CoA.

Design and implementation of metabolic engineering $trategies to improve fluxes to-
wards precursors not only requires knowledge of flux distribution in wild-type $trains,
but also of compensatory ‘back-up’ pathways that become active when the mechanisms
that carry the majority of the flux in wild-type cells are inactivated by genetic modifi-
cation or by changing process conditions. Chapter 4 therefore investigates alternative
reactions at the interface of glycolysis and TCA cycle in S. cerevisiae. In addition to the
abovementioned cytosolic PDH bypass, glucose-grown cells of this yeast harbour sev-
eral other mechanisms to synthesise acetyl-CoA. Direct oxidative decarboxylation by
the mitochondrial pyruvate-dehydrogenase (PDH) complex yields acetyl-CoA in the mi-
tochondrial matrix. A second source of mitochondrial acetyl-CoA depends on activity of
the mitochondrial Ach1 protein, which can transfer the CoA group from succinyl-CoA to
acetate, forming acetyl-CoA and succinate. Alternatively, the PDH bypass may be con-
nected to the TCA cycle via an extramitochondrial citrate synthase, Cit2. This enzyme
catalyses the condensation of acetyl-CoA with oxaloacetate, forming citrate, which may
subsequently be transported into the mitochondria and further metabolised via the TCA
cycle. To assess the relative importance of different alternative reactions active at the in-
terface of glycolysis and TCA-cycle, $trains were constructed with single and combined
deletions of §tructural genes for key enzymes in these three routes. Shake-flask studies
showed that the PDH complex and Achl can each provide mitochondrial acetyl-CoA,
although the PDH complex seems more important than Achl in wild-type S. cerevisiae.
Cit2 was shown to have an important role in the synthesis of TCA-cycle intermediates
in the absence of a functional mitochondrial PDH complex. Combined inactivation of
the PDH complex and Achl had a severe effect on the physiology of the §trains, re-
sulting in a low specific growth rate (0.10 h™) in glucose synthetic medium, decreased
ability to respire and a high incidence of the complete loss of respiratory competence.
Together, these observations indicate a severe limitation in the availability of mitochon-
drial acetyl-CoA. The carnitine shuttle, whose activity in S. cerevisiae requires addition
of 1-carnitine to growth media, should in principle be able to transport acetyl moieties
from the cytosol to the mitochondria. Indeed, the growth rate of §trains lacking Ach1
and a functional PDH complex increased upon L-carnitine supplementation, albeit by
only 30%, presumable due to repression of the carnitine shuttle during growth on glu-
cose. Indeed, when the genes involved in the carnitine shuttle were constitutively over-
expressed in this strain background, L-carnitine supplementation led to near-wild-type
specific growth rates.

Mechanistically, the carnitine shuttle should also allow for export of acetyl moieties
from the mitochondria to the cytosol. However, previous §tudies strongly suggested that
such export does not occur in vivo in S. cerevisiae. To investigate the molecular mech-
anism that underlies this apparent unidirectionality, genes involved in the carnitine
shuttle were constitutively expressed in a strain in which cytosolic acetyl-CoA provi-
sion could be simply deactivated by changing the medium composition (Chapter 5).
Initially, no L-carnitine-dependent growth was observed, but after laboratory evolution,
two §trains were obtained that had both become dependent on the carnitine shuttle for
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their cytosolic acetyl-CoA demand, yielding specific growth rates on glucose of 0.10
and 0.14 h™!, respectively. Whole-genome sequencing of these evolved §trains revealed
several mutations in genes involved in the mitochondrial fatty-acid-synthesis pathway
(MCT1I), communication between nucleus and mitochondria (RTG2) and a proposed car-
nitine acetyltransferase (YAT2). Reverse engineering of these three mutations in the un-
evolved $train showed that all mutations contributed to the acquired phenotype. These
observations seem to indicate that elevated mitochondrial acetyl-CoA levels were nec-
essary to reverse the natural direction of the carnitine shuttle. Further analysis showed
that the mitochondrial PDH complex carried the majority of the flux to meet the acetyl-
CoA demands of the evolved L-carnitine-dependent strains, while Ach1 did not have a
significant contribution. Chapter 5 contributed to our understanding of the in vivo re-
versibility of the carnitine shuttle and, furthermore, indicates an alternative metabolic
engineering Strategy to achieve cost-effective, yeast-based production of industrially rel-
evant compounds that require cytosolic acetyl-CoA as a precursor.

This thesis illustrates how the advent of novel genetic engineering tools such as
CRISPR/Cas9 accelerates and simplifies metabolic engineering of S. cerevisiae and al-
lows for ever more complex interventions in the genome of this important industrial
microorganism. Combination of these techniques with quantitative physiological anal-
ysis enabled a critical evaluation of strategies for optimising provision of acetyl-CoA as a
precursor in yeast-based industrial processes. Moreover, it expanded our understanding
of acetyl-CoA metabolism and of the carnitine shuttle in S. cerevisiae.
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In de industriéle biotechnologie worden micro-organismen en enzymen gebruikt voor

de productie van een breed scala aan chemische verbindingen, voornamelijk uit suiker-
houdende agrarische grondstoffen. Deze benadering heeft een aantal potentiéle voor-
delen ten opzichte van gevestigde petrochemische processen. Bij gebruik van fossiele
producten komt koolstof vrij, hetgeen zorgt voor een toename van broeikasgassen in
de atmosfeer. In de industriéle biotechnologie zijn de koolstofcycli doorgaans veel kor-
ter, waardoor de negatieve invloed op klimaat en milieu beperkt wordt. Bovendien is de
mondiale voorraad van fossiele grondstoffen niet onuitputtelijk en geografisch ongelijk
verdeeld. De milde om$tandigheden (bijv. temperatuur en druk) waaronder biotechno-
logische productieprocessen over het algemeen worden uitgevoerd bieden extra voor-
delen. Tenslotte opent katalyse door middel van microben en enzymen de toegang tot
een enorme verscheidenheid aan bekende en nog te ontdekken (bio)moleculen met po-
tentiéle toepassingen in de farmaceutische -, voedingsmiddelen-, brandstoffen- en che-
mische industrie.

Voor producten met grote productievolumes, zoals bulkchemicalién en transport-
brandstoffen, hebben de kosten van de als substraat gebruikte suikers een enorme in-
vloed op de totale productiekosten. De huidige lage prijs van fossiele grondstoffen be-
moeilijkt de economische concurrentie van deze biotechnologische productieprocessen
met petrochemische processen. Het is daarom van cruciaal belang om “metabolic path-
way engineering” toe te passen op industriéle micro-organismen om de opbrengst
op suiker van zowel natuurlijke producten als van producten waarvan vorming door
genetische modificatie mogelijk is gemaakt te verbeteren.

Saccharomyces cerevisiae (bakkersgist) is een zeer populair industrieel micro-
organisme. De kennis over de biologie van deze gist neemt nog steeds in een rap tempo
toe, terwijl ook snelle technologische ontwikkelingen plaatsvinden op het gebied van
moleculaire genetica, genoomonderzoek en systeembiologie. Dit heeft geleid tot een
groot en nog steeds groeiend aantal in S. cerevisiae geintroduceerde stofwisselingsroutes
voor produétvorming, waardoor het productspectrum van deze gist §terk is uitgebreid.

Acetyl-coenzym A (acetyl-CoA) is een belangrijke metabole bouwsteen die deelneemt
aan een grote verscheidenheid van §tofwisselingsroutes. De acetylgroep van acetyl-CoA
fungeert als universele Cy-bouwsteen voor synthese van een grote verscheidenheid van
producten, waaronder isoprenoiden (bijv. B-caroteen, farneseen en artemisinine zuur),
flavonoiden (bijv. naringenine); n-butanol; (poly)hydroxybutyraat en (derivaten van)
vetzuren. In S. cerevisiae gaat activering van azijnzuur tot acetyl-CoA door het cytosoli-
sche enzym acetyl-CoA synthetase (ACS) gepaard met de hydrolyse van een equivalent
van twee ATP naar twee ADP en twee anorganische fosfaatmoleculen. Hierdoor hebben
heterologe productieroutes in gist die cytosolisch acetyl-CoA als bouwsteen gebruiken,
suboptimale (theoretisch) productopbrengsten. Verschillende eerdere studies hebben ge-
tracht om alternatieve routes voor de vorming van cytosolisch acetyl-CoA in gist te
introduceren. In Hoofdstuk 1 wordt de beschikbare literatuur over zulke alternatieve
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routes in S. cerevisiae besproken, met een focus op reactiestoichiometrie, redoxcofac-
torgebruik en vrije-energieconservering. Uit een theoretische analyse werd duidelijk dat
de gekozen route voor vorming van cytosolisch acetyl-CoA een sterke invloed heeft op
de theoretische opbrengst van product op substraat. Daarnaast werd de impact bere-
kend van verschillende productieroutes voor cytosolisch acetyl-CoA op de theoretisch
maximale opbrengst op glucose van vier modelverbindingen: n-butanol, citroenzuur,
palmitinezuur en farneseen. Deze §toichiometrische analyse toonde niet alleen aan dat de
optimale route voor cytosolisch acetyl-CoA synthese §terk productathankelijk is, maar
ook dat het voor sommige producten voordelig kan zijn om verschillende acetyl-CoA-
productieroutes te combineren.

Voor het optimaliseren van §tofwisselingsroutes zoals de vorming van cytosolisch
acetyl-CoA zijn efficiénte, makkelijk te gebruiken genetische technieken onontbeerlijk.
Een nieuw revolutionair gereedschap dat onlangs beschikbaar kwam is het CRISPR/Cas9
systeem. Dit systeem bestaat uit de Cas9-nuclease en een zogenaamd guideRNA (gRNA)
dat dit nuclease leidt naar een specifieke complementaire DNA-sequentie, waar het ver-
volgens een dubbelstrengsbreuk aanbrengt. Door deze gRNA-athankelijke specificiteit
kan Cas9 naar vrijwel elk locus in een genoom geleid worden. Hoofdstuk 2 beschrijft
onderzoek waarin de mogelijkheden van CRISPR/Cas9 voor genetische modificatie van
S. cerevisiae werden uitgezocht en dit systeem verder werd geoptimaliseerd. Hierbij wer-
den twee methoden getest. Voor de eerste methode was geen voorafgaande plasmidecon-
Structie nodig, terwijl voor de tweede methode een set plasmiden werd geconstrueerd die
het mogelijk maakte om per plasmide twee gRNAs tot expressie te brengen en daarmee
Cas9 naar twee verschillende loci te leiden. Met de laatstgenoemde methode bleek het
mogelijk om in één transformatiestap op zes verschillende plaatsen op het gistgenoom
genen te inactiveren. De veelzijdigheid van CRISPR/Cas9 voor “genome-editing” in gist
werd verder gedemonstreerd door gelijktijdige integratie van meerdere genen met een
gendeletie en het aanbrengen van enkele-nucleotide mutaties op twee verschillende
loci. Protocollen, stammen, plasmiden en een vrij-toegankelijk “web-based” CRISPR/-
Cas9 targetsequentie-zoekmachine en primer-ontwerpprogramma (Yeastriction), wer-
den ter beschikking gesteld voor andere gistonderzoekers voor snelle, gestandaardiseer-
de en efficiénte toepassing van CRISPR/Cas9. Genetische modificatietechnieken zoals
het CRISPR/Cas9 systeem werden intensief gebruikt in de andere hoofdstukken om het
acetyl-CoA metabolisme in S. cerevisiae te onderzoeken en aan te passen (Hoofdstuk 3,
4 en 5).

In het cytosol van wildtype bakkersgist wordt acetyl-CoA gevormd via een route
die bestaat uit de reacties gekatalyseerd door de enzymen pyruvaatdecarboxylase,
aceetaldehyde-dehydrogenase en acetyl-CoA-synthetase. Deze reactiesequentie $taat
ook wel bekend als PDH (pyruvaatdehydrogenase)-bypass. De laatéte reactie in de
PDH-bypass, de activering van azijnzuur naar acetyl-CoA, wordt gekatalyseerd door
Acs1 of Acs2 en kot veel ATP, waardoor de maximaal haalbare opbrengst van acetyl-
CoA-afhankelijke producten in S. cerevisiae ernstig wordt beperkt. In Hoofdstuk 3
werd daarom de ACS-reactie vervangen door twee ATP-onafhankelijke routes naar
cytosolisch acetyl-CoA. Na evaluatie van verschillende heterologe genen die voor
acetylerende aceetaldehyde-dehydrogenases (A-ALD) en pyruvaat-formiaat lyases (PFL)
coderen, werden acsIA acs2A S. cerevisiae Stammen gecons$trueerd waarin ACS func-
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tioneel werd vervangen door A-ALD of PFL. A-ALD-afhankelijke tammen gaven onder
aérobe condities specifieke groeisnelheden op glucose tot 0,27 h™*, terwijl anaérobe groei
van PFL-afhankelijke S. cerevisiae (met een specifieke groeisnelheid van 0,20 h™) $toi-
chiometrisch gekoppeld was aan de productie van mierenzuur. In glucose-gelimiteerde
chemostaatculturen waren na analyse van intracellulaire metabolieten geen grote ver-
schillen te zien tussen de A-ALD-afhankelijke stam en de referentiestam. De biomassaop-
brengsten van A-ALD- en PFL-afthankelijke stammen op glucose waren echter wel lager
dan die van de ACS-afhankelijke referentiestam. Uit transcriptoomanalyse bleek dat de
verminderde biomassaopbrengsten werden veroorzaakt door toxiciteit van aceetalde-
hyde en mierenzuur in, respectievelijk, A-ALD- en PFL-afhankelijke stammen. Ook bleek
dat een eerder voorgestelde rol van Acs2 in histoonacetylering vermoedelijk berustte op
de rol van dit enzym in de vorming van cytosolische acetyl-CoA en niet op een directe
betrokkenheid bij de acetylering van histonen. Deze studie liet voor de eerste keer zien
dat de natieve route voor vorming van cytosolisch acetyl-CoA in bakkersgist volledig
kan worden vervangen door heterologe routes. Daarbij werd echter ook duidelijk dat,
alvorens deze heterologe routes toegepast kunnen worden voor de synthese van acetyl-
CoA-athankelijke producten, nog specifieke uitdagingen te overwinnen zijn.

Ontwerp en implementatie van “metabolic engineering”-$trategieén om fluxen richt-
ing precursors te verbeteren verei$t niet alleen kennis van de fluxverdeling in wildtype
§tammen, maar ook van compenserende “back-up” routes die actief worden wanneer
mechanismen die het grootste deel van de flux in wildtype cellen dragen, worden geinac-
tiveerd door genetische modificatie of door veranderde procesomstandigheden. Hoofd-
stuk 4 beschrijft daarom onderzoek naar de verschillende reacties die op het grensvlak
van de glycolyse en de citroenzuurcyclus plaatsvinden. Naast de bovengenoemde cyto-
solische PDH-bypass beschikt glucose-gekweekte S. cerevisiae over verscheidene andere
mechanismen om acetyl-CoA te maken. Door directe oxidatieve decarboxylering van
pyrodruivenzuur via het mitochondriéle pyruvaat-dehydrogenase (PDH) complex wordt
acetyl-CoA gevormd in de mitochondriéle matrix. Een tweede bron van mitochondrieel
acetyl-CoA is athankelijk van de activiteit van het mitochondriéle eiwit Achl. Dit en-
zym kan de coenzym A-groep verplaatsen van succinyl-CoA naar azijnzuur, waardoor
acetyl-CoA en barnsteenzuur gevormd worden. Een ander mechanisme om de PDH-
bypass te koppelen aan de citroenzuurcyclus maakt gebruik van het extramitochon-
driéle citraatsynthase-isoenzym Cit2. Hierbij wordt citroenzuur gevormd uit de con-
densatie van acetyl-CoA met oxaalazijnzuur dat vervolgens naar de mitochondrién ge-
transporteerd wordt voor verdere omzetting in de citroenzuurcyclus. Om het relatieve
belang van de verschillende reacties die actief zijn op het grensvlak van de glycolyse
en de citroenzuurcyclus te onderzoeken werden giststammen geconstrueerd met enkele
en gecombineerde deleties van genen die coderen voor belangrijke enzymen in deze
drie routes. Experimenten in schudkolven toonden aan dat zowel Achl als het PDH-
complex belangrijk kunnen zijn voor de vorming van mitochondrieel acetyl-CoA waar-
bij, in wildtype gistcellen, het PDH-complex belangrijker bleek dan Ach1. In afwezigheid
van een functioneel mitochondrieel PDH-complex bleek Cit2 belangrijk te zijn voor de
synthese van citroenzuurcyclus-metabolieten. Gecombineerde inactivering van zowel
het PDH-complex als het Achl-enzym had een ernstige impaét op de fysiologie, hetgeen
tot uitdrukking kwam door lage specifieke groeisnelheden op glucose, een lagere adem-
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halingscapaciteit en een hoge incidentie van het volledig verlies van ademhalingscapaci-
teit. Deze waarnemingen wezen op een ernstige beperking van de beschikbaarheid van
mitochondrieel acetyl-CoA. De carnitine-shuttle, die in S. cerevisiae athankelijk is van
de toevoeging van L-carnitine aan kweekmedia, kan acetylgroepen uit het cytosol ver-
voeren naar de mitochondria. Toevoeging van L-carnitine aan kweekmedia bevorderde
inderdaad de groei van stammen waarin Achl en een functioneel PDH-complex ont-
braken. De toename in groeisnelheid bedroeg echter slechts 30%, vermoedelijk door glu-
coserepressie van de carnitine-shuttlegenen. Deze repressie kon worden vermeden door
constitutieve overexpressie van de betrokken genen. Dit leidde inderdaad, in dezelfde
Stamachtergrond, tot specifieke groeisnelheden die bijna gelijk waren aan die van wild-
type Stammen.

Mechanistisch gezien zou de carnitine-shuttle ook export van acetylgroepen uit de
mitochondrién naar het cytosol mogelijk moeten maken. Eerdere §tudies gaven echter
aan dat zo’n omgekeerd mechanisme niet plaatsvindt in groeiende gistcellen. Om de
moleculaire basis van deze schijnbare unidirectionaliteit van de carnitine-shuttle in
gist te onderzoeken, werden de betrokken genen constitutief tot expressie gebracht
in een Stam waarin de vorming van cytosolisch acetyl-CoA eenvoudig kon worden
voorkomen door verandering van de mediumsamenstelling (Hoofdstuk 5). Aanvanke-
lijk werd geen L-carnitine-athankelijke groei waargenomen, maar na evolutie in het la-
boratorium werden twee cultures verkregen waarin vorming van cytosolisch acetyl-CoA
afhankelijk was van de carnitine-shuttle. Deze geévolueerde stammen vertoonden spe-
cifieke groeisnelheden op glucose tot 0,14 h™'. Door de DNA-volgorden van de genomen
van deze geévolueerde stammen uit te lezen, werden onder meer mutaties gevonden in
genen die betrokken zijn bij de mitochondriéle vetzuursynthese (MCT1), de communi-
catieroute tussen de celkern en mitochondrién (RTG2) en een verondersteld carnitine-
acetyltransferase (YATZ2). Deze drie mutaties werden vervolgens teruggezet in de niet-
geévolueerde Stam. Uit analyse van de aldus gemaakte giststammen bleek dat alle mu-
taties belangrijk waren voor het verkregen fenotype. Deze waarnemingen duiden erop
dat verhoogde concentraties van acetyl-CoA in de mitochondrién noodzakelijk zijn om
de natuurlijke richting van de carnitineshuttle om te draaien. Verdere analyse toonde
aan dat in de geévolueerde L-carnitine-athankelijke stammen het leeuwendeel van de
benodigde flux naar mitochondrieel acetyl-CoA werd gedragen door het PDH-complex
en dat Achl hierin geen aanzienlijke rol speelde. Hoofdstuk 5 draagt niet alleen bij
aan ons begrip van de omkeerbaarheid van de carnitine-shuttle, maar biedt bovendien
een extra mogelijkheid om cytosolisch acetyl-CoA in gist te maken met een betere ATP
Stoichiometrie dan de PDH-bypass.

Dit proefschrift toont hoe de opkomst van nieuwe technieken voor genetische modi-
ficatie, zoals de inzet van CRISPR/Cas9, “metabolic engineering” van S. cerevisiae enorm
kan versnellen en vereenvoudigen. Zulke ontwikkelingen zijn essentieel om steeds com-
plexere ingrepen in het genoom van dit belangrijke industriéle micro-organisme te re-
aliseren. Door deze technieken te combineren met kwantitatieve, fysiologische analy-
se werd een kritische evaluatie mogelijk van diverse $trategieén voor acetyl-CoA vor-
ming in gist-gebaseerde industriéle processen. Daarnaast leverde dit onderzoek nieuwe
inzichten op in acetyl-CoA-metabolisme en het functioneren van de carnitine-shuttle in
S. cerevisiae.
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Abstract

Saccharomyces cerevisiae is an important industrial cell factory and an attractive
experimental model for evaluating novel metabolic engineering $trategies. Many
current and potential products of this yeast require acetyl coenzyme A (acetyl-CoA)
as a precursor and pathways towards these products are generally expressed in its
cytosol. The native S. cerevisiae pathway for production of cytosolic acetyl-CoA con-
sumes 2 ATP equivalents in the acetyl-CoA synthetase reaction. Catabolism of ad-
ditional sugar substrate, which may be required to generate this ATP, negatively
affets product yields. Here, we review alternative pathways that can be engineered
into yeast to optimize supply of cytosolic acetyl-CoA as a precursor for produ¢t for-
mation. Particular attention is paid to reaction §toichiometry, free-energy conserva-
tion and redox-cofactor balancing of alternative pathways for acetyl-CoA synthe-
sis from glucose. A theoretical analysis of maximally attainable yields on glucose
of four compounds (n-butanol, citric acid, palmitic acid and farnesene) showed a
$trong produt dependency of the optimal pathway configuration for acetyl-CoA
synthesis. Moreover, this analysis showed that combination of different acetyl-CoA
production pathways may be required to achieve optimal product yields. This review
underlines that an integral analysis of energy coupling and redox-cofactor balanc-
ing in precursor-supply and produét-formation pathways is crucial for the design of
efficient cell factories.
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1.1 INTRODUCTION

Over the past decades, the yeast Saccharomyces cerevisiae has become an important,
multi-purpose cell factory (219, 220). Its popularity is and continues to be §timulated by
a large body of knowledge on yeast physiology and by fast developments in yeast molec-
ular genetics, genomics and systems biology. A myriad of produét pathways introduced
into S. cerevisiae now enable the synthesis, from simple sugars, of products as diverse as
benzylisoquinoline alkaloids (57), C4-alcohols (6, 22, 299), flavonoids (165), isoprenoids
(10, 329), organic acids (204, 212, 240, 346) and fatty acids (46).

Acetyl coenzyme A (acetyl-CoA), an essential molecule in all known life forms (146),
is a key precursor for many compounds whose production by S. cerevisiae has been
made possible by metabolic engineering. Examples include n-butanol (169), (poly)hy-
droxybutyrate (158, 180), fatty acids and derived compounds (46), isoprenoids such as
B-carotene (329), farnesene (269) and artemisinic acid (232) and flavonoids such as narin-
genin (165). In native yeast metabolism, acetyl-CoA is required for synthesis of amino
acids (e.g. leucine, arginine, methionine and cysteine), fatty acids, §terols, glutathione,
N-acetylglucosamine and S-adenosyl-methionine (146, 230). Moreover, acetyl-CoA adts
as acetyl donor for protein acetylation (89, 238) and as an effector of enzymes (e.g. pyru-
vate carboxylase; (87, 264)).

In biotechnological processes for production of commodity chemicals from carbohy-
drates, costs of the feedstock may contribute up to 75% of the total costs (198). In such
cases, process economy dictates that product yields on substrate should approximate the
theoretical maxima defined by elemental conservation laws and thermodynamics (52).
To avoid excessive biomass formation, while still fulfilling energy requirements for cel-
lular maintenance, product formation should ideally lead to a low but positive net ATP
gain. Furthermore, processes should preferably be anaerobic, to maximize produét yields
and eliminate costs for oxygenation of large reactors. Even when thermodynamic- or bio-
chemical constraints demand oxygen consumption, product yields on oxygen should be
maximized, for example by eliminating ATP-requiring reactions in product formation.
In view of these generic optimization criteria, ATP $toichiometry, carbon conservation
and redox-cofactor balancing $§trongly affect process economy in microbial production
processes (163, 339).

The eukaryote S. cerevisiae uses dedicated mechanisms to meet acetyl-CoA require-
ments in its different subcellular compartments (170), of which the cytosolic and mi-

Abbrevations: A-ALD, acetylating acetaldehyde dehydrogenase; acetyl-CoA, acetyl coenzyme A; acetyl-P,
acetyl-phosphate; Achl, CoA-transferase; ACL, ATP-citrate lyase; ACS, acetyl-CoA synthetase; ADH, alcohol
dehydrogenase; ALD, acetaldehyde dehydrogenase; CAT, carnitine acetyltransferase; CIT, citrate synthase;
CoA, coenzyme A; E(rythrose-)4P, erythrose-4-phosphate; F1,6P, fructose-1,6-biphosphate; F6P, fructose-6-
phosphate; FDH, formate dehydrogenase; FeS, iron-sulfur; FPR, flavodoxin-NADP* reductase; fructose-6-P,
fructose-6-phosphate; G(lyceraldehyde-)3P, glyceraldehyde-3-phosphate; LSC, succinyl-CoA ligase; P, phos-
phate; P;, inorganic phosphate; PDC, pyruvate decarboxylase; PDH, pyruvate dehydrogenase; PDH bypass,
pyruvate dehydrogenase bypass; PFL, pyruvate-formate lyase; PFO, pyruvate-ferredoxin/flavodoxin oxidore-
ductase; PK, phosphoketolase; POX, pyruvate oxidase; PP;, pyrophosphate; PTA, phosphotransacetylase;
R(ibose-)5-P, ribose-5-phosphate; Ribulose-5-P, ribulose-5-phosphate; S7P, sedoheptulose-7-phoshate; TCA,
tricarboxylic acid; TPP, thiamine pyrophosphate; X(ylulose-)5P, xylulose-5-phosphate; y, degree of reduction;
Yp, degree of reduction of product; ys, degree of reduction of substrate; AGg®, the change in Gibbs free energy
at pH = 7 and an ionic §trength of 100 mM and 1 M concentrations of reactants;
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Table 1.1. Overall §toichiometry for formation from glucose of one mole of cytosolic acetyl-CoA for the native
yeast S. cerevisiae PDH bypass pathway and for various alternative routes based on heterologous enzyme
activities. Routes with the same overall §toichiometries are presented together.

Native yeast PDH bypass (via AMP-forming acetyl-CoA synthetase)
1/2 glucose + 2 NAD(P)* + ATP + CoA + H,O0 —— acetyl-CoA + 2 (NAD(P)H + H*) + CO, +
ADP + P

PDH bypass (via ADP-forming acetyl-CoA synthetase)
1/2 glucose + 2 NAD(P)* + CoA —— acetyl-CoA + 2 (NAD(P)H + H*) + CO,

Phosphoketolase and phosphotransacetylase
1/3 glucose + /3 ATP + CoA —— acetyl-CoA + 1/3 (ADP + P;) + %3 H,O

ATP-independent oxidative conversion from pyruvate to acetyl-CoA

(via A-ALD; PDH_y; PFL with FDH; or PDHy,;; with carnitine shuttle)

2 glucose + 2 NAD" + ADP + P; + CoOA —— acetyl-CoA + 2 (NADH + H*) + CO, + ATP +
H,0

Pyruvate oxidase
1/2 glucose + NAD™ + ADP + P; + CoA + 120, —— acetyl-CoA + NADH + H* + CO, + ATP
+2H,0

Citrate-oxaloacetate shuttle with ACL; or Ach1 with succinyl-CoA ligase and ACS
1/2 glucose + 2 NAD" + CoA —— acetyl-CoA + 2 (NADH + H*) + CO,

Abbreviations: acetyl-CoA, acetyl coenzyme A; A-ALD, acetylating acetaldehyde
dehydrogenase; Achl, coA-transferase; ACL, ATP-citrate lyase; ACS, acetyl-CoA synthethase;
ALD, acetaldehyde dehydrogenase; CoA, coenzyme A; FDH, formate dehydrogenase; PDHCyt,
cytosolic pyruvate dehydrogenase; PDH,;;, mitochondrial pyruvate dehydrogenase; PFL,
pyruvate-formate lyase.

tochondrial compartments are especially relevant for industrial produ¢t formation by
this yeast. Since the inner mitochondrial membrane is impermeable to acetyl-CoA, mi-
tochondrial acetyl-CoA cannot be directly exported to the cytosol (14, 81). This compart-
mentation of acetyl-CoA metabolism directly affects cellular energetics since, in terms
of ATP §toichiometry, the mitochondrial pyruvate-dehydrogenase (PDH) complex is su-
perior to the PDH bypass pathway for cytosolic acetyl-CoA synthesis (Table 1.1; (245)).
Diretly connecting a heterologous or synthetic product pathway to the mitochondrial
acetyl-CoA pool would therefore require targeting of pathway enzymes to the mitochon-
drial matrix. Moreover, extensive engineering would be required to enable efficient mi-
tochondrial transport of pathway intermediates, produéts and/or cofactors. So far, only
few Studies have explored functional expression of heterologous produ¢t pathways in
yeast mitochondria (6, 74). InStead, produét pathways are commonly expressed in the
yeast cytosol and, therefore, dependent on the cytosolic acetyl-CoA pool. Since the nu-
clear envelope is permeable for small molecules such as acetyl-CoA, the nucleosol, in
which important histone acetylation reactions occur, is implicitly included in the cy-
tosol throughout this review.

Recent publications have reviewed the roles of acetyl-CoA in yeast metabolism (170),
yea$t metabolic engineering (170, 186, 280) and yeast cellular regulation (89). The present
review focuses on aspects of metabolic engineering of acetyl-CoA metabolism in S. cere-
visiae that goes beyond the scope of these previous papers. In particular, we system-
atically evaluate ATP S$toichiometry, carbon conservation and redox-cofactor require-
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ments of different native and engineered cytosolic acetyl-CoA forming pathways and of
shuttle mechanisms that may be used to transport mitochondrial acetyl-moieties to the
yeast cytosol. To analyze the product dependency of optimum pathway configurations
for precursor supply, the reviewed cytosolic acetyl-CoA supplying pathways are quan-
titatively evaluated in terms of maximally attainable yields on substrate and oxygen of
four industrially relevant compounds: (i) n-butanol, (ii) citric acid, (iii) palmitic acid and
(iv) farnesene. Additionally, thermodynamic and kinetic aspects of the alternative path-
ways are discussed. Although we focus on acetyl-CoA as a precursor in S. cerevisiae, the
concepts discussed herein are also applicable to other precursors and microorganisms.

1.2 REACTION STOICHIOMETRIES OF PATHWAYS FOR CYTOSOLIC ACETYL-COA SUPPLY
1.2.1 Native pathway in glucose-grown S. cerevisiae: the PDH bypass

Prokaryotes generally produce acetyl-CoA from glucose via pathways that do not in-
volve a net hydrolysis of ATP. Instead, most eukaryotic pathways for cytosolic acetyl-
CoA synthesis have a higher ATP expenditure. In S. cerevisiae, the native pathway for
cytosolic acetyl-CoA synthesis from pyruvate consists of pyruvate decarboxylase (PDC;
EC 4.1.1.1), NAD*- or NADP*-dependent acetaldehyde dehydrogenase (ALD; EC 1.2.1.3
(NAD*-dependent), EC 1.2.1.4 (NADP*-dependent)) and the ATP-requiring reaction cat-
alyzed by acetyl-CoA synthetase (ACS; EC 6.2.1.1). These reactions are collectively re-
ferred to as the pyruvate-dehydrogenase bypass (PDH bypass; Figure 1.1A) (244). ACS
catalyzes activation of acetate with the concomitant hydrolysis of ATP to AMP and PP;:

acetate + ATP + CoA = acetyl-CoA + AMP + PP;. (1.1)

When activation of acetate by ACS is followed by the reactions catalyzed by pyrophos-
phatase (EC 3.6.1.1) and adenylate kinase (EC 2.7.4.3), the overall reaction sequence in-
volves the net hydrolysis of 2 ATP to 2 ADP and 2 P;. Involvement of pyrophosphatase
has a strong impact on the overall thermodynamics of acetate activation. Reaction 1.1 has
an estimated AGR" of -4.5 kJ-mol™ (79), which decreases to -20.3 kJ-mol™ (79) when the
pyrophosphatase reaction is included, thus enabling this essential biosynthetic reaction
to function in vivo at a wide range of concentrations of its substrates and products.
Stoichiometrically, formation of 1 acetyl-CoA from glucose through glycolysis and
PDH bypass requires 1 ATP and results in the net formation of 2 NADH or 1 NADH
and 1 NADPH (Table 1.1). ATP required for cytosolic acetyl-CoA synthesis has to be
generated by dissimilation of glucose through respiratory or fermentative dissimilation
of glucose. This ATP requirement for precursor supply can severely limit the maximum
attainable yields on glucose of cytosolic acetyl-CoA-derived products by S. cerevisiae.

1.2.2  Heterologous pathways for cytosolic acetyl-CoA supply

To decrease ATP coéts for cytosolic acetyl-CoA supply, alternative (heterologous) path-
ways that convert glucose into cytosolic acetyl-CoA can be considered for functional
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replacement of the PDH bypass. For example, one might consider replacing the native
S. cerevisiae ACS by a heterologous ADP-forming acetyl-CoA synthetase (EC 6.2.1.13),
which catalyzes the conversion of acetate and ATP to acetyl-CoA and ADP:

acetate + ATP + CoA = acetyl-CoA + ADP + P;. (1.2)

This apparently simple replacement would make formation of acetyl-CoA from glucose
an ATP-neutral process, while §till generating 2 moles of NAD(P)H per mole of acetyl-
CoA (Table 1.1). However, with an estimated AGR® of +3.6 kJ-mol™ (79), use of ADP-
forming ACS as an acetyl-CoA generating reaction poses §tri¢t requirements on the
concentrations of intracellular substrate and product concentrations. To our knowledge,
ADP-forming acetyl-CoA synthetases have not yet been functionally expressed in yeast.

In this section, six additional heterologous acetyl-CoA supplying routes are discussed
in terms of their ATP- and redox-cofactor $toichiometry and with respet to their func-
tional expression in S. cerevisiae. Five of these routes, relying on phosphoketolase/-
transacetylase, acetylating acetaldehyde dehydrogenase, pyruvate-formate lyase, pyru-
vate dehydrogenase and pyruvate oxidase (Figure 1.1A and B), have already been imple-
mented in S. cerevisiae. A sixth, based on pyruvate-ferredoxin/flavodoxin oxidoreductase,
has not yet been expressed in yeast.

1.2.2.1 Phosphoketolase and phosphotransacetylase

Phosphoketolase (PK; EC 4.1.2.9 and EC 4.1.2.22) and phosphotransacetylase (PTA; EC
2.3.1.8) are involved in the central carbon metabolism of heterofermentative lactic acid
bacteria and in some fungi (72, 145). PK enzymes can use either fructose-6-P, xylulose-5-
P or ribulose-5-P as substrates (111, 274) and differ with respet to their specificities for
these three substrates (39, 111, 274). PK converts these sugar phosphates and inorganic
phosphate into acetyl-P and either erythrose-4P or glyceraldehyde-3P:

fructose-6-P + P; = acetyl-P + erythrose—4-P + H,O, (1.3)
xylulose-5-P + P; = acetyl-P + glyceraldehyde-3-P + H,0, (1.4)
ribulose-5-P + P; = acetyl-P + glyceraldehyde-3-P + H,O. (1.5)

The acetyl-P formed in reactions 1.3-1.5, which are all exergonic under biochemical stan-
dard conditions (estimated AGR* = -49.9 to -63.2 kJ-mol™; (79)), can subsequently be
converted to acetyl-CoA by the reversible PTA reaction ((294); estimated AGR” = -9.8
kJ-mol™ in the acetyl-CoA forming direction; (79)):

acetyl-P + CoA = acetyl-CoA +P;. (1.6)

Schramm and Racker (275) postulated that concerted action of PK, enzymes of the
non-oxidative part of the pentose-phosphate pathway, glycolysis and the gluconeogenic
enzyme, fructose-1,6-bisphosphatase (FBPase; EC 3.1.3.11), could catalyze conversion of
1 mole of fructose-6-P, without carbon loss, into 3 moles of acetyl-P (Figure 1.1B), ac-
cording to the following net reaction:

fructose-6-P + 2 P; = 3 acetyl-P + 2 H,0. (1.7)
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Reaction 1.7 is §trongly exergonic (estimated AGR* = -302.2 kJ-mol™*; (79)), suggesting
that it should operate when the required enzymes are simultaneously present. Indeed,
Schramm et al. (274) observed a yield of acetate on fructose-6-P in cell extracts of Ace-
tobacter xylinum that was consistent with the operation of this so-called fructose-6-P
shunt. Over half a century later, conversion of fructose-6-P to acetyl-P without carbon
loss was ‘rediscovered’ (18), this time in a reconstituted in vitro enzyme system. Subse-
quent expression of Bifidobacterium adolescentis PK and overexpression of FBPase in an
engineered E. coli §train enabled anaerobic conversion of xylose to acetate at a molar
yield of 2.2 mol-mol ™. This §toichiometry is close to 2.5 mol-mol™, the prediéted yield
for in vivo operation of the fructose-6-P shunt (18).

In theory, it should be possible to implement a full fructose-6-P shunt in S. cerevisiae
(Figure 1.1B) by expression of heterologous PK and PTA enzymes and bypassing the
glucose repression of the yeast FBPI gene and glucose inactivation of the encoded FB-
Pase (90, 91). Provided that futile cycling as a result of the simultaneous presence of
phosphofructokinase and FBPase (218) can be avoided, this §trategy should enable for-
mation of 1 mole of acetyl-CoA at the cost of only one-third of a mole of ATP, without
involvement of redox cofactors (Table 1.1). The same stoichiometry for conversion of
sugar to acetyl-CoA can be achieved in a cycle similar to the one shown in Figure 1.1B,
but with xylulose-5-P as the sole substrate for PK. When subsequent formation of a
produét from acetyl-CoA does not yield ATP, respiratory dissimilation of acetyl-CoA
via the TCA-cycle or simultaneous operation of an alternative, ATP-yielding pathway
for cytosolic acetyl-CoA synthesis will be required. Similarly, when produc¢t formation
from acetyl-CoA requires NAD(P)H, electrons will have to be made available elsewhere
in metabolism. PK can also be combined with acetate kinase (AK; EC 2.7.2.1; acetyl-P +
ADP = acetate + ATP). The thus formed acetate can be used by ACS, yielding acetyl-CoA,
albeit at a decreased ATP efficacy compared to PK/PTA.

While PK activity has been reported in wild-type $trains of S. cerevisiae (72, 291, 312),
activities in cell extracts are low and the responsible gene has not been identified. Sev-
eral Studies have explored expression of heterologous PK and PTA or AK genes in S.
cerevisiae. In a $tudy on pentose fermentation, PK from Bifidobacterium lactis and PTA
from Bacillus subtilis were successfully expressed in S. cerevisiae, as confirmed by en-
zyme assays (291). Later studies combined expression of a heterologous PK with either
expression of an AK from Aspergillus nidulans or of a PTA from B. subtilis in order to
improve production of fatty-acid ethyl esters and polyhydroxybutyrate by S. cerevisiae
(139, 158). However, during growth on glucose, the flux through the PK pathway in these
modified S. cerevisiae $§trains appeared to be low (139, 158). In patent literature, imple-
mentation of a PK/PTA pathway in yeast has been reported, combining the PK from
Leuconostoc mesenteroides and PTA from Clostridium kluyveri with a route towards the
isoprenoid farnesene, whose synthesis requires 9 mol-mol™ of acetyl-CoA (94, 110).

1.2.2.2  Acetylating acetaldehyde dehydrogenase

Acetylating acetaldehyde dehydrogenase (A-ALD; EC 1.2.1.10) is involved in the C,
metabolism of prokaryotes and catalyzes the following reversible reaction:

acetaldehyde + NAD" + CoA = acetyl-CoA + NADH + H". (1.8)
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Under biochemical standard conditions, the estimated AGR* of this reversible reac-
tion is -17 kJ-mol™" in the acetyl-CoA forming direction (79). In contrast to NAD(P)*-
dependent ALD and ACS (Figure 1.1A; Table 1.1), which together catalyze the conversion
of acetaldehyde to acetyl-CoA in the native PDH bypass, Reaction 1.8 does not require
ATP. Conversion of glucose to acetyl-CoA via glycolysis, PDC and A-ALD yields 1 mole
of ATP and 2 moles of NAD(P)H per mole of acetyl-CoA (Figure 1.1A; Table 1.1). Thus,
A-ALD provides metabolic engineers with an ATP-yielding option for the synthesis of
cytosolic acetyl-CoA from glucose. Furthermore, in contrast to the PK/PTA pathway, this
route also yields NADH.

Kozak et al. (166) demonstrated functional expression of five prokaryotic A-ALDs,
originating from E. coli (mhpF and EutE), Pseudomonas sp. (dmpF), Staphylococcus aureus
(adhE) and Listeria innocua (lin1129), in S. cerevisiae. Expression of A-ALD was shown
to functionally complement inactivation of the native PDH bypass pathway for cytoso-
lic acetyl-CoA synthesis (166), although biomass yields of the engineered $trains were
lower than expected (see below). The potential benefit of A-ALD on cellular energetics
is even larger when ethanol is considered as (co-)substrate (168). Ethanol metabolism by
S. cerevisiae is initiated by its conversion to cytosolic acetyl-CoA through the concerted
activity of alcohol dehydrogenase, ALD and ACS. In a theoretical analysis, Kozak et al.
(168) showed that replacing this native route by an engineered A-ALD-dependent route
could potentially increase the biomass yield on ethanol by up to 40%. If this §trategy
can be functionally implemented, these ATP savings could make ethanol a much more
attractive (co-)substrate for industrial production of acetyl-CoA derived molecules.

1.2.2.3  Pyruvate-formate lyase

Another reaction that yields acetyl-CoA from pyruvate is catalyzed by pyruvate-formate
lyase (PFL; EC 2.3.1.54; (40)):

pyruvate + CoA = acetyl-CoA + formate. (1.9)

Reaction 1.9 has an estimated AGg* of -21.2 kJ-mol™ (79) and plays a key role in
fermentation pathways in a large number of anaerobic microorganisms (54, 295). The
redox-cofactor §toichiometry of the formation of acetyl-CoA from glucose through PFL
depends on the subsequent metabolic fate of formate. To obtain the highest possible
electron efficacy and to avoid weak-organic-acid uncoupling by formate (95, 231), the
formate produced by PFL has to be oxidized to CO,, a reaction catalyzed by formate
dehydrogenase (FDH; EC 1.2.1.2):

formate + NAD* = CO, + NADH + H*. (1.10)

Formation of acetyl-CoA from glucose through the combined action of PFL and NAD*-
dependent FDH vyields 1 ATP and 2 NADH per acetyl-CoA, which is identical to the
net $toichiometry of the A-ALD route described above (Figure 1.1A; Table 1.1). Theo-
retically, application of PFL with or without FDH or together with a formate-hydrogen
lyase (EC 1.1.99.33; (270)), creates flexibility in metabolic engineering $trategies that in-
clude these enzymes. Furthermore, protein engineering has yielded FDH enzymes that
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use NADP" inétead of NAD™ as a cofactor (120, 277). The latter option is of particular
interest when produét formation pathways downstream of acetyl-CoA use NADPH as
the electron donor, as is for instance the case in fatty-acid synthesis. However, the bio-
chemistry of PFL and, as will be discussed later, FDH represent significant challenges.

Catalytic activity of PFL depends on a radical residue, which is introduced by abstrac-
tion of a hydrogen atom from its active site by a specific PFL-activating enzyme (PFL-AE;
EC 1.97.1.4). Activation of PFL by PFL-AE involves the flavoprotein flavodoxin (155). In E.
coli, flavodoxin is encoded by fldA and its reduction depends on the flavodoxin-NADP*
reductase, encoded by fpr (210). Its radical residue makes PFL highly sensitive to molec-
ular oxygen, which causes irreversible cleavage of PFL in two inactive fragments (155).
Moreover, also the essential [4Fe-4S] cluster in the active site of PFL-AE is oxygen labile
(173).

PFL and PFL-AE from E. coli were first expressed in S. cerevisiae by Waks and Silver
(331), who demonstrated formate accumulation during anaerobic growth of the result-
ing yea$t §trains. PFL was subsequently shown to functionally replace the native PDH
bypass as the sole pathway for cytosolic acetyl-CoA synthesis in anaerobic S. cerevisiae
cultures (166). Expression of PFL and PFL-AE from either E. coli or Lactobacillus plan-
tarum supported anaerobic specific growth rates of an Acs” $train of up to 73% of that of
the Acs™ reference $train. It is presently unclear which S. cerevisiae proteins functionally
replace bacterial flavodoxins in these studies (166, 331). Recently, co-expression of the
flavodoxin:NADP* reductase system from E. coli was shown to enable PFL-dependent
growth of engineered Pdc™ S. cerevisiae $trains under microaerobic conditions (350).

1.2.2.4  Pyruvate dehydrogenase complex

The pyruvate dehydrogenase (PDH) complex (EC 1.2.4.1, EC 2.3.1.12, EC 1.8.1.4) catalyzes
the oxidative decarboxylation of pyruvate into acetyl-CoA:

pyruvate + NAD" + CoA = acetyl-CoA + CO, + NADH + H". (1.11)

The estimated AGR® of the overall reaction catalyzed by this multi-enzyme complex
is -40.2 kJ-mol™ (79). Before the recent discovery of a nuclear PDH complex in human
cells (303), eukaryotic PDH complexes were assumed to be confined to mitochondria, as
is also the case in S. cerevisiae (14). Diret conversion of pyruvate to cytosolic acetyl-CoA
via Reaction 1.11 therefore either requires relocalization of the native yeast mitochon-
drial PDH complex to the cytosol or cytosolic expression of a heterologous PDH complex.
Stoichiometrically, formation of acetyl-CoA via a cytosolic PDH complex corresponds to
the A-ALD or PFL/FDH-based pathways discussed above (Table 1.1). However, in con-
trast to these pathways, acetyl-CoA generation by the PDH complex does not involve
the potentially toxic intermediates acetaldehyde or formate (Figure 1.1A).

Functional expression of a heterologous PDH complex is complicated by its multi-
subunit organization. The E1 subunit, in many organisms consisting of separate Ela and
E1p subunits, has pyruvate dehydrogenase activity (EC 1.2.4.1), E2 has dihydrolipoamide
acetyltransferase activity (EC 1.2.4.1) and E3 has dihydrolipoyl dehydrogenase activity
(EC 1.2.4.1) (161, 351). Multiple copies of each subunit assemble into a ~10 MDa complex
(286), which makes the whole complex larger than a yeast ribosome (211). Furthermore,
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the E2 subunit is only active when covalently linked to lipoic acid, which requires a spe-
cific lipoylation system (51). As an additional complication, the E3 subunit of many PDH
complexes is §trongly inhibited by high [NADH]/[NAD™] ratios. In most organisms, the
PDH complex is therefore only active under aerobic conditions, when [NADH]/[NAD*]
ratios are lower than under anaerobic conditions (11, 30, 286). However, the PDH com-
plex from the Gram-positive bacterium Enterococcus faecalis was shown to exhibit a
remarkably low sensitivity to high [NADH]/[NAD*] ratios (285), which enables it to
function in its native host under anaerobic conditions (286).

Functional expression and assembly of the E. faecalis PDH complex in the cytosol of
S. cerevisiae was recently demonstrated (167). In vivo PDH activity not only required
heterologous expression of the Ela, E1p, E2 and E3 subunits of E. faecalis PDH, but also
of two E. faecalis genes involved in lipoylation of the E2 subunit and supplementation
of growth media with lipoic acid. The in vivo activity of the cytosolic PDH-complex
was sufficient to meet the cytosolic acetyl-CoA demand for growth, as demonstrated
by complementation in Acs™ S. cerevisiae Strains (167). Growth of these $trains was also
observed under anaerobic conditions, consistent with the previously reported ability of
this PDH complex to operate at elevated [NADH]/[NAD"] ratios (see above).

1.2.2.5 Pyruvate oxidase

In many prokaryotes, the flavoprotein pyruvate oxidase (POX; EC 1.2.3.3) catalyzes ox-
idative decarboxylation of pyruvate to acetyl-P and donates electrons to oxygen, thereby
forming hydrogen peroxide (191, 313):

pyruvate + P; + O, = acetyl-P + CO, + H,0O,. (1.12)

Following this $trongly exergonic reaction (estimated AGR* = -163.8 kJ-mol™; (79)),
acetyl-CoA can be formed from acetyl-P by PTA (Reaction 1.6). Detoxification of hydro-
gen peroxide can, for example, occur via catalase (EC 1.11.1.6):

2 H202 = 02 +2 Hzo (113)

Formation of 1 acetyl-CoA from glucose via glycolysis, reactions 1.13 and PTA (Reac-
tion 1.6) consumes 1/2 Oy and forms 1 NADH and ATP (Figure 1.1A; Table 1.1). Compared
to the ATP-independent oxidative conversions of pyruvate into acetyl-CoA (by A-ALD,
PFL/FDH or PDH), the POX route requires oxygen and yields fewer reducing equiva-
lents. There is as yet no scientific literature on implementation of the POX $trategy for
cytosolic acetyl-CoA supply in S. cerevisiae. However, a recent patent application reports
that combined expression of POX from Aerococcus viridans with a PTA increased the spe-
cific growth rate of an S. cerevisiae $train in which the PDH bypass was inactivated by
deletion of all three pyruvate-decarboxylase genes (221).

1.2.2.6  Pyruvate-ferredoxin/flavodoxin oxidoreductase

Similar to the PDH complex, pyruvate-ferredoxin/flavodoxin oxidoreductase (PFO; EC
1.2.7.1) catalyzes oxidative decarboxylation of pyruvate to acetyl-CoA (248). However,
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unlike the NADH-yielding PDH reaction, PFO transfers electrons to ferredoxin or flavo-
doxin. The iron-sulfur-cluster-containing PFO is oxygen sensitive, which probably re-
Stricts its applicability to anaerobic conditions. In some organisms, including Helicobacter
pylori, an NADP™-flavodoxin oxidoreductase (FPR; EC 1.18.1.2) can transfer electrons
from reduced flavodoxin to NADP*, yielding NADPH (128). Interestingly, the protist Eu-
glena gracilis harbors a chimeric mitochondrial pyruvate-NADP* oxidoreductase (EC
1.2.1.51) protein, which integrates PFO and FPR activity (135, 260). In these reactions,
pyruvate is converted into acetyl-CoA via PFO or via PFO and FPR through, respectively,
the following reactions:

pyruvate + ferredoxin/flavodoxin (oxidized) + CoA = (1.14)
acetyl-CoA + CO, + ferredoxin/flavodoxin (reduced), '

pyruvate + NADP" + CoA = acetyl-CoA + CO, + NADPH + H". (1.15)

Reactions 1.14 and 1.15 both have negative AGR* values (estimated at -23.6 (with
ferredoxin as redox cofactor) and -32.9 kJ-mol™, respectively; (79)). Application of PFO
and/or PFR for yeast metabolic engineering would require efficient regeneration of the
reduced co-factors. For optimal electron efficacy, this would require reductive reaction
Steps downstream of acetyl-CoA that re-oxidize either reduced ferredoxin/flavodoxin or
NADPH, as has for instance been shown for the anaerobic conversion of glucose to wax
esters by E. gracilis (134). If this requirement can be met, the overall §toichiometric im-
pact of these enzymes on produ¢t formation would be identical to that of PDH, but would
expand flexibility with respect to redox-cofactor specificity.

1.2.3  Export of mitochondrial acetyl moieties to the cytosol via shuttle mechanisms

The six §trategies discussed above rely on dire¢t formation of acetyl-CoA in the yeast
cytosol. Alternatively, cytosolic acetyl-CoA may be provided through mitochondrial,
ATP-independent formation of acetyl-CoA via the native PDH complex using shuttle
mechanisms. Three such mechanisms that, by a combination of enzyme-catalyzed reac-
tions and transport §teps, enable the net export of mitochondrial acetyl moieties to the
cytosol, are discussed below: the citrate-oxaloacetate shuttle, the carnitine shuttle and a
shuttle mechanism that relies on mitochondrial conversion of acetyl-CoA to acetate.

1.2.3.1 Citrate-oxaloacetate shuttle

The citrate-oxaloacetate shuttle uses oxaloacetate as a carrier molecule to transfer acetyl
moieties across the mitochondrial membrane. This shuttle not only occurs in many
higher eukaryotes, but also in oleaginous yeasts, where it provides cytosolic acetyl-CoA
for lipid synthesis (20). In the citrate-oxaloacetate shuttle, acetyl-CoA formed by the
mitochondrial PDH complex firét reacts with oxaloacetate in a reaction catalyzed by mi-
tochondrial citrate synthase (EC 2.3.3.1; Figure 1.1C). Citrate generated in this reaction
is then exported from the mitochondria via antiport with oxaloacetate or malate (26).
The acceptor molecule in this shuttle mechanism, oxaloacetate, is then regenerated by
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ATP-dependent cleavage of citrate, catalyzed by cytosolic ATP-citrate lyase (ACL; EC
2.3.3.8):

citrate + ATP + CoA = acetyl-CoA + oxaloacetate + ADP + P;. (1.16)

Finally, antiport of cytosolic oxaloacetate with mitochondrial citrate enables a new cy-
cle of the shuttle (Figure 1.1C). As the ATP generated via glycolysis is hydrolyzed again
in Reaction 1.16, formation of cytosolic acetyl-CoA from glucose via ACL is ATP neutral
and results in formation of 1 NADH in the cytosol and 1 NADH in the mitochondria (Ta-
ble 1.1). To maintain redox-cofactor balance, NADH formed in the mitochondria should
either be re-oxidized via respiration or, via involvement of mitochondrial redox shuttles
(7), be translocated to the cytosol to be reoxidized in a product formation pathway.

In contrast to oleaginous yeasts, S. cerevisiae does not contain ACL (20). However, S.
cerevisiae mitochondria do contain a functional citrate-a-ketoglutarate antiporter, en-
coded by YHM2, which also has activity with oxaloacetate (37). Functional expression of
ACL from Arabidopsis thaliana in S. cerevisiae was fir§t demonstrated by in vitro enzyme
assays (76). Two subsequent $tudies investigated the impacdt of the citrate-oxaloacetate
shuttle on production of acetyl-CoA derived compounds by S. cerevisiae. Tang et al. (307)
showed that expression of a murine ACL resulted in a 1.1 to 1.2 fold increase in fatty-
acid content during $tationary phase (307). Similarly, expression of ACL from Yarrowia
lipolytica resulted in a 2.4 fold increase of the n-butanol yield on glucose in S. cerevisiae
Strains that co-expressed a heterologous, acetyl-CoA dependent pathway to n-butanol
(185). In another $tudy, expression of the ACL enzymes from A. nidulans, Mus musculus,
Y. lipolytica, Rhodosporidium toruloides and Lipomyces $tarkeyii in S. cerevisiae demon-
Strated that the A. nidulans ACL resulted in 4.2 — 9.7 fold higher activity than the other
ACLs (256). By applying a push/pull/block $trategy on an S. cerevisiae train expressing
the A. nidulans ACL, acetyl-CoA-dependent production of mevalonate was improved
(256).

ACL is also involved in another potentially interesting strategy for cytosolic acetyl-
CoA formation. This §trategy, which has hitherto only been partially successful in E.
coli, relies on reversal of the glyoxylate cycle by introduction of several ATP-dependent
Steps (199). By combined expression of ATP-citrate lyase, malate thiokinase (EC 6.2.1.9;
malate + CoA + ATP = malyl-CoA + ADP + P;) and a malyl-CoA lyase (EC 4.1.3.24; malyl-
CoA = acetyl-CoA + glyoxylate), this pathway should enable the in vivo conversion of
succinate and malate to oxaloacetate and 2 acetyl-CoA (199). While further research is
required before this $trategy can be applied in metabolic engineering, it could enable
efficient conversion of C4 subStrates to 2 acetyl-CoA, without loss of carbon in the form
of CO,. However, this high carbon conversion will be at the expense of ATP hydrolysis.

1.2.3.2  Carnitine shuttle

The carnitine shuttle, which uses the quaternary ammonium compound L-carnitine as a
carrier molecule, enables transport of acyl moieties between eukaryotic organelles (15).
When acetyl-CoA is the sub$trate, the carnitine shuttle consists of cytosolic and mito-
chondrial carnitine acetyltransferases (EC 2.3.1.7), which transfer activated acetyl-CoA
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to L-carnitine and vice versa (Reaction 1.17), as well as an acetyl-carnitine translocase in
the inner mitochondrial membrane (Figure 1.1C).

L—carnitine + acetyl-CoA = acetyl-L—carnitine + CoA. (1.17)

In S. cerevisiae, at least six proteins contribute to a functional carnitine shuttle. In con-
trast to many other eukaryotes, including mammals (319) and the yeast Candida albicans
(302), S. cerevisiae lacks the genetic information required for L-carnitine biosynthesis
(257, 305). Operation of the carnitine shuttle in S. cerevisiae therefore depends on avail-
ability of exogenous L-carnitine, which is imported via the Hnm1 plasma-membrane
transporter (4). Expression of HNM1 is regulated by the plasma-membrane-spanning
protein Agp2 (4, 258). S. cerevisiae harbors three carnitine acetyltransferases (15), with
different subcellular localizations: Cat2 is active in the peroxisomal and mitochondrial
matrices (69), Yatl is localized to the outer mitochondrial membrane (271) and Yat2 is a
cytosolic protein (129, 159, 305). The inner mitochondrial membrane contains an acetyl-
carnitine translocase, Crc1 (84, 160, 233, 258).

All components of the carnitine shuttle catalyze reversible reactions. Transport of
the acetyl moiety of acetyl-CoA from the mitochondria to the cytosol via the carnitine
shuttle should therefore, at least theoretically, enable the formation of acetyl-CoA from
glucose with the generation of 1 ATP and the formation of 1 NADH in the mitochondria
and 1 NADH in the cytosol (Table 1.1). However, in S. cerevisiae $trains that express the
genes of the carnitine shuttle from their native promotors, the shuttle does not contribute
to export of mitochondrial acetyl moieties during growth on glucose (203). To circumvent
the glucose repression that occurs in wild-type S. cerevisiae (69, 151, 271), Van Rossum
et al. (259) recently constructed an S. cerevisiae $train in which all genes involved in the
carnitine shuttle were constitutively expressed. Elimination of the PDH bypass in such
a §train background, followed by laboratory evolution, yielded $§trains whose growth
on glucose was dependent on L-carnitine supplementation (259). This result indicated
that acquisition of specific mutations in the yeast genome indeed allows the carnitine
shuttle to export mitochondrial acetyl units to the cytosol. While this §tudy presented
a first proof of concept, further research is necessary to explore the potential industrial
relevance of the carnitine shuttle as an alternative mechanism for supplying acetyl-CoA
in S. cerevisiae.

1.2.3.3 Mitochondrial conversion of acetyl-CoA to acetate through the CoA-transferase
Achl

Whereas acetyl-CoA cannot cross the mitochondrial membrane, acetate likely can (see
below). Mitochondrial conversion of acetyl-CoA to acetate, followed by export of acetate
from the mitochondria and its subsequent activation by cytosolic ACS, could constitute
an alternative acetyl-CoA shuttle (Figure 1.1C). In S. cerevisiae, mitochondrial release of
acetate from acetyl-CoA is catalyzed by Achl, which was originally characterized as a
mitochondrial acetyl-CoA hydrolase (EC 3.1.2.1; (28)). Subsequent in vitro §tudies with
purified protein showed that Achl is, in fa&t, a CoA-transferase that can also catalyze
the transfer of the CoA group between various CoA esters and short-chain organic acids
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(80). When Ach1 uses succinate and acetyl-CoA as substrates, this results in the following
reversible reaction:

succinate + acetyl-CoA = succinyl-CoA + acetate. (1.18)

The overall ATP cost (or yield) of formation of cytosolic acetyl-CoA through this sys-
tem depends on the reactions by which acetate is formed. If acetate is formed by hy-
drolysis of mitochondrial acetyl-CoA, formation of cytosolic acetyl-CoA from glucose,
involving the native ACS, through this route co$ts 1 ATP. This stoichiometry would not
provide an energetic benefit over the native PDH bypass. However, if mitochondrial ac-
etate is formed by a CoA-transfer reaction with succinate as CoA acceptor, one ATP can
be recovered by subsequently regenerating succinate via succinyl-CoA ligase (EC 6.2.1.5;
(247)):

succinyl-CoA + ADP + P; = succinate + ATP + CoA. (1.19)

In this scenario, formation of cytosolic acetyl-CoA from glucose via Achl-catalyzed
CoA-transfer is an ATP neutral process (Figure 1.1C; Table 1.1). When combined with
an ADP-forming ACS (see above), formation of acetyl-CoA from glucose via this path-
way could even result in a net yield of 1 mole of ATP per mole of acetyl-CoA. These
three scenarios all result in the formation of 1 mole of cytosolic NADH and 1 mole of
mitochondrial NADH per mole of acetyl-CoA produced from glucose.

Combination of Achl activity with export of acetate to the cytosol has recently been
shown to enable cytosolic acetyl-CoA synthesis in S. cerevisiae §trains in which the PDH
bypass was impaired by deletion of the pyruvate decarboxylases PDC1, PDC5 and PDC6
(44). Such Pdc” §trains become auxotrophic for externally added acetate (or other C5 com-
pounds) as substrate for the cytosolic acetyl-CoA synthase (81). After previous studies
had shown that this auxotrophy can be overcome by either laboratory evolution or by
introduction of a §table MTH1 allele (202, 228), Chen et al. (44) showed that the acquired
acetate prototrophy relies on Achl. In these $trains, Achl releases acetate in the mito-
chondria that is subsequently transported to the cytosol and activated to acetyl-CoA by
cytosolic Acs1 and/or Acs2 (Reaction 1.11) (44). The in vivo capacity of Achl in glucose-
grown cultures of S. cerevisiae is low (318) and insufficient to sustain fast growth of
Pdc” $trains in the absence of further modification or evolution (228). Therefore, to fully
explore the potential §toichiometric benefits of this system for produét formation, in-
creasing pathway capacity should be a fir$t priority.
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Figure 1.1. Schematic representation of alternative routes for formation of acetyl-CoA in the cytosol of Sac-
charomyces cerevisiae A native PDH bypass; engineered pyruvate oxidase; pyruvate-formate lyase and formate
dehydrogenase; pyruvate dehydrogenase; and acetylating acetaldehyde dehydrogenase. B One possible config-
uration of acetyl-CoA formation via phosphoketolase/-transacetylase in combination with pentose-phosphate-
pathway enzymes, fructose-1,6-bisphosphatase and glycolysis (figure adapted from Bogorad et al. (18)). C

Shuttle mechanisms that result in net export of acetyl moieties from the mitochondrial matrix to the cytosol:
citrate-oxaloacetate shuttle; carnitine shuttle; and mitochondrial formation of acetate by Achl followed by
export to the cytosol. Abbreviations: acetyl-CoA, acetyl coenzyme A; A-ALD, acetylating acetaldehyde dehy-
drogenase; Achl, CoA-transferase; ACL, ATP-citrate lyase; ACS, acetyl-CoA synthethase; ADH, alcohol de-
hydrogenase; ALD, acetaldehyde dehydrogenase; CAT, carnitine acetyltransferase; CIT, citrate synthase; E4P,
erythrose-4-phosphate; F1,6P, fructose-1,6-bisphosphate; F6P, fructose-6-phosphate; FDH, formate dehydroge-
nase; G3P, glyceraldehyde-3-phosphate; LSC, succinyl-CoA ligase; PDC, pyruvate decarboxylase; PDH, pyru-
vate dehydrogenase complex; PFL, pyruvate-formate lyase; PK, phosphoketolase; POX, pyruvate oxidase; PTA,
phosphotransacetylase; R5P, ribose-5-phosphate; S7P, sedoheptulose-7-phoshate; X5P, xylulose-5-phosphate.
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1.3 COUPLING OF CYTOSOLIC ACETYL-COA FORMING PATHWAYS TO PRODUCT FORMA-
TION: A STOICHIOMETRIC ANALYSIS

The cytosolic acetyl-CoA forming pathways discussed above differ with respect to their
acetyl-CoA, ATP, NAD(P)H and CO, stoichiometries (Table 1.1). Pathways that fur-
ther convert cytosolic acetyl-CoA into industrially relevant produéts can have different
redox-cofactor and ATP requirements. Therefore, the design of metabolic engineering
Strategies for optimal integration of acetyl-CoA forming pathway(s) with produét path-
ways requires a priori stoichiometric analysis. Important considerations for designing
optimal pathway configurations include the theoretical maximum reaction $toichiom-
etry, thermodynamic feasibility and compatibility with the native biochemistry of the
(engineered) host organism.

The maximum theoretical yield (mole produét per mole subétrate, in the absence of
growth) can be calculated without prior assumptions on pathway biochemistry and de-
scribes a situation in which all available electrons from the substrate end up in the prod-
uét of interest. In this situation, which does not involve the use of external electron
acceptors such as oxygen, the theoretical maximum molar reaction §toichiometry can
be written as follows (52):

-YpY, substrate + nco, CO, + npp,0 HyO + ny+ H' + 1 product = 0

In this equation, yp and yg represent the degree of reduction (in e-mol-mol™) of the
product and substrate (113). Molar $toichiometries of the other compounds (nco2, ng20
and ngy,) then follow from elemental and charge balances. The degree of reduction is
defined as the number of electrons that are released when a chemical compound is com-
pletely converted to its most oxidized stable reference compound(s). For carbohydrates
and other C-, H- and O-containing molecules, these oxidized reference compounds are
H,0, CO, _and H* which, by convention, are assigned a y-value of 0. This assignment
results in the following y-value for the elements and charges: H=1;C=4;0=-2; + =
-1; - = +1. The degree of reduction of any compound can then be simply calculated from
the sum of the y-values of its elements.

A first indication of whether a reaction is thermodynamically feasible is provided by
its Gibbs free energy change under biochemical standard conditions (AGR®’), taking into
account that actual in vivo values of AGR also depend on concentrations of substrates
and products. In addition, AGR*’ provides valuable indications on whether the Gibbs-
free energy change is sufficiently negative to conserve free energy in the form of ATP
for growth and cellular maintenance and to provide the thermodynamic driving force
required for high reaction rates (52). When experimental data on the free energy of for-
mation (A¢G°) of relevant compounds are not available, AGR®’ estimations can instead be
based on group contribution methods (79, 224). If the theoretical maximum $§toichiom-
etry calculated via the degree-of-reduction approach is thermodynamically feasible, it
represents the ultimate benchmark for assessment of alternative pathway configurations
during the design phase of metabolic engineering projects.

Challenges in experimentally approaching maximum theoretical product yields by
metabolic engineering are to a large extent caused by constraints that are imposed by
the native biochemistry of microbial production hosts and/or by its (in)compatibility
with relevant heterologous and/or synthetic pathways for precursor supply and prod-
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uct formation. For example, involvement of ATP-requiring reactions or non-matching
redox-cofactor specificities of oxidative and reductive reactions in a pathway can con-
Strain the experimentally attainable product yield. Optimally choosing or (re)designing
pathway configurations in (central) metabolism is therefore crucial for systematically
approaching the theoretical production yield.

To evaluate product dependency of the optimal reconfiguration of cytosolic acetyl-
CoA provision in yeast, we evaluate the alternative pathways discussed above for the
production of four model compounds: n-butanol, citric acid, palmitic acid and farnesene.
This analysis is based on a compartmentalized model of central metabolism described by
Carlson et al. (32), supplemented with (heterologous) reactions for acetyl-CoA formation,
the lumped reaction pathways from acetyl-CoA to the four products, as well as some
additional modifications (Box 1.1).

Box 1.1 — Modifications to the Saccharomyces cerevisiae stoichiometric model of
Carlson et al. (32), introduced to enable stoichiometric comparison of different cy-
tosolic acetyl-CoA forming pathways in the context of the production of n-butanol,
citric acid, palmitic acid or farnesene (for complete model in MetaTool format (144),
see Supplementary data 1.1).

« Based on experimental data (203, 259), transport of mitochondrial acetyl-CoA to
the cytosol was removed from the model,

Introduction of reactions for formation of n-butanol, citric acid, palmitic acid or

farnesene from cytosolic acetyl-CoA. Lumped $toichiometries are given by reac-
tions 1.20 - 1.23.

Introduction of NAD"-dependent acetaldehyde dehydrogenase, in addition to the
NADP*-dependent reaction present in the original model, thereby introducing
redox cofactor flexibility in the PDH bypass.

Introduction of ATP-citrate lyase to enable the citrate-oxaloacetate shuttle.

« Introduction of independent phosphoketolase activities with fructose-6-
phosphate and xylulose-5-phosphate as the sub$trate; introduction of phospho-
transacetylase.

Introduction of NAD*-dependent acetylating acetaldehyde dehydrogenase. The

following three oxidative, ATP-independent options from pyruvate to acetyl-CoA
(Table 1.1) have the same overall $toichiometry as the acetylating acetaldehyde
dehydrogenase-based pathway and are therefore not individually modelled: cy-
tosolic PDH complex, pyruvate-formate lyase with formate dehydrogenase and
export of mitochondrial acetyl moieties to the cytosol via the carnitine shuttle.

To facilitate NADH generation via the TCA-cycle for produéts with a degree of re-
duction that is higher than that of glucose, the succinate dehydrogenase reaction
was modified to use NAD" instead of FAD™. In practice, this could for instance be
achieved by overexpressing an NADH-dependent fumarate reductase (266, 343).

1.3.1 n-Butanol

n-Butanol, a linear 4-carbon alcohol, is a promising renewable transport fuel as well as
an industrial solvent and precursor for chemical synthesis (206), with a maximum theo-
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Figure 1.2. Pathways for synthesis of four model compounds $tarting from cytosolic acetyl-CoA as the (main)
precursor: A n-butanol, B citrate, C palmitic acid and D trans-B-farnesene. Pathways are adapted and based
on MetaCyc pathways (36) PWY-6883, PWY-5750, PWY-922, PWY-5123 and PWY-5725 and on the review by
Tehlivets et al. (308).

retical yield on glucose of 1 mol-mol™ (Table 1.2). While various pathways to n-butanol
have been expressed in S. cerevisiae (22, 185, 299, 304), only the Clostridium pathway has
acetyl-CoA as a precursor and is therefore considered in this review (Figure 1.2A). This
pathway has the following reaction §toichiometry:

2 acetyl-CoA + 4 (NADH + H") = n-butanol + 4 NAD* +2 CoA + H,O.  (1.20)
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Table 1.2. Overall stoichiometry for the formation of 1 mole of n-butanol with glucose as the sole source
of electrons (C4H;(O; y = 24 e-mol-mol™). The Gibbs free energy change under biochemical §tandard condi-
tions (AGr”) for the theoretical maximum reaction §toichiometry is estimated at -265.9 + 12.6 kJ-mol™ (79).
Overall reaction $toichiometries are obtained using MetaTool 5.1 (144), based on an adapted version of the
Stoichiometric model of central carbon metabolism of S. cerevisiae by Carlson et al. (32). The listed reaction
Stoichiometry for each pathway represents the flux solution with the highest produét yield on substrate. Any
ATP requirement was preferentially met by reoxidation of surplus NADH. If additional ATP was required,
additional glucose was used for complete respiratory dissimilation to generate the remaining ATP (P/O ratio
assumed to be 1 (327)). Surplus NADH not required for ATP generation and/or ATP generated from the prod-
uct formation pathways are indicated in the $toichiometry. For simplicity, the reactants NAD*, ADP, P; and
H* are not shown.

Pathway Reaction §toichiometry Yield
(mol,/moly)

Theoretical maximum glucose —— n-butanol + 2 CO, + H,O 1
PDH bypass 18 glucose + 3/4 O, —— n-butanol + 234 0.889

CO, + 134 H,0
Citrate-oxaloacetate shuttle with glucose —— n-butanol + 2 CO, + H,O 1
ACL
Phosphoketolase/-transacetylase glucose —— n-butanol + 2 CO, + H,O + ATP 1
ATP-independent pyruvate to glucose —— n-butanol + 2 CO, + H,O + 2 1
acetyl-CoA routes” ATP

* These pathway use either A-ALD, PDH_y, PDH;; with the carnitine shuttle or, when
conditions are anaerobic, PFL with FDH

All four pathways for acetyl-CoA production can result in redox-cofactor balanced
formation of butanol from glucose (Table 1.2). For the three routes that produce acetyl-
CoA from glucose via pyruvate, the 4 NADH required for synthesis of 1 n-butanol are
produced by glycolysis and by the subsequent oxidative conversion of pyruvate to acetyl-
CoA. In the PK/PTA pathway, non-oxidative conversion of #3 glucose to 2 acetyl-CoA
requires, in parallel, the oxidation of /3 glucose via glycolysis and TCA cycle to generate
these 4 NADH. Deriving NADH from the TCA cycle will require additional metabolic
engineering to overcome the subcellular compartmentation of NADH metabolism in S.
cerevisiae (7) and the down-regulation of TCA-cycle enzymes in anaerobic S. cerevisiae
cultures (77, 92).

Comparison of n-butanol formation from glucose via the four different pathways for
acetyl-CoA formation clearly demonstrates their impaét on product yield. The ATP cost
of the ACS reaction in the PDH bypass necessitates respiratory dissimilation of glucose,
conStraining the maximum attainable yield of n-butanol to 0.889 mol-(mol glucose)™.
This pathway configuration therefore precludes anaerobic, fermentative n-butanol pro-
duction (Table 1.2). Production of n-butanol from glucose is ATP neutral when acetyl-
CoA is formed via the citrate-oxaloacetate shuttle. This configuration, however, §till re-
quires another dissimilatory pathway to provide ATP for growth and cellular main-
tenance. The remaining two pathways for acetyl-CoA formation enable production of
n-butanol at the maximum theoretical yield of 1 mol-(mol glucose)™ and with a positive
ATP vyield, thereby potentially allowing for an anaerobic, fermentative process. Use of
the PK/PTA route partially bypasses the substrate phosphorylation steps of glycolysis
and therefore yields only 1 mole of ATP per mole of n-butanol. ATP-independent, ox-
idative conversion of pyruvate to acetyl-CoA (A-ALD, PDH_y and PFL/FDH) enables the
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formation of 2 moles of ATP per mole of n-butanol, which is identical to the ATP yield
from classical alcoholic fermentation of glucose by S. cerevisiae.

1.3.2  Citric acid

Citric acid, a six-carbon tricarboxylic acid, is currently produced on an industrial scale
using A. niger and can, alternatively, be produced with the yeast Y. lipolytica (209). Since
citric acid is more oxidized than glucose (degrees of reduction 18 and 24, respectively),
it represents an interesting model product to theoretically explore how redox-cofactor
balancing of precursor supply and product pathways can affet product yield. The key
enzyme in citric acid production (Figure 1.2B), citrate synthase, uses acetyl-CoA and
oxaloacetate as substrates:

acetyl-CoA + oxaloacetate + HyO = citrate + CoA. (1.21)

In A. niger, and likely also in Y. lipolytica, citrate synthase is localized in the mitochon-
drial matrix (263). However, for this theoretical assessment of the impac¢t of the different
cytosolic acetyl-CoA formation pathways on product yield, we will assume a cytosolic
localization. Formation of oxaloacetate from glucose via the ATP-dependent carboxy-
lation of pyruvate (EC 6.4.1.1; pyruvate + COy + ATP + H,0 = oxaloacetate + ADP +
P;) results in the formation of 1 NADH. Additionally, all oxidative routes for acetyl-
CoA formation result in the formation of an additional 2 NADH per citric acid. This
‘excess’ NADH can be reoxidized by mitochondrial respiration, thus providing ATP for
growth, maintenance, product export and, in some pathway configurations, for acetyl-
CoA formation (Table 1.3). Oxidative formation of acetyl-CoA from pyruvate limits the
maximum attainable yield of citric acid to 1 mole per mole glucose (Table 1.3), which
is subétantially lower than the theoretical maximum yield of citric acid on glucose (1.33
mol-mol™; Table 1.3). As described above, conversion of glucose to acetyl-CoA via the
PK/PTA pathway does not result in NADH formation and even enables net incorpora-
tion of CO, into the product. Use of PK/PTA for acetyl-CoA synthesis should therefore
enable a higher maximum attainable citrate yield on glucose of 1.2 mol-mol™ (Table 1.3),
which corresponds to 90% of the maximum theoretical yield (Table 1.3). Engineering
acetyl-CoA formation via the PK/PTA route into Y. lipolytica and A. niger might there-
fore be an interesting approach to increase citric acid yield on glucose. Interestingly,
both microorganisms already harbor a cytosolic PK and, thereby, only seems to lack a
functional PTA (65, 235, 249). This §trategy does not only have the potential to increase
the citric acid yield on glucose, but also to increase the produét yield on oxygen. The
lower ATP yield from citric acid formation via a PK/PTA pathway can be beneficial for
minimizing growth, although ATP availability will be required for cellular maintenance,
especially at the low pH values that are typical for these processes.

1.3.3  Palmitic acid

Microbial production of lipids, whose applications range from biofuels to cosmetics, is in-
tensively investigated (261, 280). As a model compound, we consider palmitic acid, a sat-
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Table 1.3. Overall stoichiometry for the formation of 1 mole of citric acid with glucose as the sole source
of electrons (C¢HgO7; y = 18 e-mol-mol ™). The Gibbs free energy change under biochemical §tandard condi-
tions (AGr*’) for the theoretical maximum reaction stoichiometry is estimated at -143.5 + 9.1 kJ-mol™ (79).
Overall reaction $toichiometries are obtained using MetaTool 5.1 (144), based on an adapted version of the
$toichiometric model of central carbon metabolism of S. cerevisiae by Carlson et al. (32). The listed reaction
Stoichiometry for each pathway represents the flux solution with the highest produét yield on substrate. Any
ATP requirement was preferentially met by reoxidation of surplus NADH. If additional ATP was required,
additional glucose was used for complete respiratory dissimilation to generate the remaining ATP (P/O ratio
assumed to be 1 (327)). Surplus NADH not required for ATP generation and/or ATP generated from the prod-
uct formation pathways are indicated in the $toichiometry. For simplicity, the reactants NAD*, ADP, P; and
H* are not shown.

Pathway Reaction §toichiometry Yield
(mol,/moly)

Theoretical maximum 34 glucose + 1/2 CO, — citrate + 2 H,0 1.333

PDH bypass glucose + /2 O, —— citrate + 2 NADH 1

Citrate-oxaloacetate shuttle with N.A. N.A.

ACL

Phosphoketolase/-transacetylase 56 glucose + CO, —— citrate + NADH 1.2

ATP-independent pyruvate to glucose —— citrate + 3 NADH + ATP 1

acetyl-CoA routes”

* These pathway use either A-ALD, PDH_y, PDH;; with the carnitine shuttle or, when
conditions are anaerobic, PFL with FDH

urated Cy fatty acid that is considerably more reduced than glucose (534 e-mol-C-mol™
and 4 e-mol-C-mol™, respectively). Its theoretical maximum yield on glucose is 0.261
mol-mol™. In the yea$t cytosol, palmitic acid is synthesized by a type-I fatty acid syn-
thase (308). Synthesis of palmitic acid starts with an acetyl moiety, originating from cy-
tosolic acetyl-CoA, as a primer. The following 7 cycles of elongation use malonyl-CoA,
which is also produced from cytosolic acetyl-CoA, as acetyl donor and involve the use of
2 NADPH for each elongation $tep (Figure 1.2C). When synthesis of malonyl-CoA from
cytosolic acetyl-CoA by acetyl-CoA carboxylase (EC 6.4.1.2), which requires 1 ATP per
malonyl-CoA, is included, the net reaction for formation of palmitic acid from acetyl-
CoA (Figure 1.2C) is:

8 acetyl-CoA +7 ATP + 14 (NADPH + H") + H,O =

1.22
palmitic acid + 8 CoA + 14 NADP* +7 (ADP +P;). (1:22)

Stoichiometric analysis reveals the impact of redox-cofactor balancing on the palmitic-
acid yield on glucose (Table 1.4). NADPH is the preferred electron donor in fatty acid
synthesis pathways, while NADH is formed in mo$t pathways that convert glucose into
acetyl-CoA (Table 1.4). Combining these precursor supply and produét pathways there-
fore not only requires a large additional flux through the oxidative pentose-phosphate
pathway to generate NADPH, but also generates a large amount of NADH. When
palmitic acid production uses cytosolic acetyl-CoA generated by the NAD"-dependent
PDH bypass route, all NADH generated in precursor supply has to be reoxidized to
NAD" to provide ATP required for the ACS reaction. Use of the citrate-oxaloacetate
shuttle, which has a lower ATP requirement for acetyl-CoA synthesis, leaves a larger
fraction of the NADH from palmitic acid production unused (Table 1.4). This fraction
increases even further when any of the ATP-independent pathways towards cytosolic
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Table 1.4. Overall §toichiometry for the formation of 1 mole of palmitic acid with glucose as the sole source
of electrons (C;4H3,0,; Y = 92 e-mol-mol™). The Gibbs free energy change under biochemical §tandard condi-
tions (AGR”) for the theoretical maximum reaction $toichiometry is estimated at -1161.2 + 42.2 kJ-mol™ (79).
Overall reaction $toichiometries are obtained using MetaTool 5.1 (144), based on an adapted version of the
Stoichiometric model of central carbon metabolism of S. cerevisiae by Carlson et al. (32). The listed reaction
Stoichiometry for each pathway represents the flux solution with the highest produét yield on substrate. Any
ATP requirement was preferentially met by reoxidation of surplus NADH. If additional ATP was required,
additional glucose was used for complete respiratory dissimilation to generate the remaining ATP (P/O ratio
assumed to be 1 (327)). Surplus NADH not required for ATP generation and/or ATP generated from the prod-
u¢t formation pathways are indicated in the §toichiometry. For simplicity, the reactants NAD*, ADP, P; and
H* are not shown.
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Pathway Reaction §toichiometry Yield
(mol,/moly)

Theoretical maximum 356 glucose —— palmitic acid + 7 CO, + 7 0.261

PDH bypass 411/12 glucose + 61/2 O, —— palmitic acid + 0.203

1312 CO, + 1342 H,O
Citrate-oxaloacetate shuttle with 516 glucose + 32 O, —— palmitic acid + 15 0.194

ACL CO, + 6 H,0 + 9 NADH

Phosphoketolase/-transacetylase 437 glucose + 347 O, —— palmitic acid + 0.226
1047 CO, + 1047 H,O

ATP-independent pyruvate to 516 glucose —— palmitic acid + 15 CO, + 16  0.194

acetyl-CoA routes™ NADH + ATP

Optimal combinatorial 4310 glucose + 2810 O, —— palmitic acid + 0.232

configuration™ 945 CO, + 945 H,0

* These pathway use either A-ALD, PDH;, PDH;; with the carnitine shuttle or, when
conditions are anaerobic, PFL with FDH

** 65% via phosphoketolase/-transacetylase and 35% via an ATP-independent pyruvate to
acetyl-CoA route

acetyl-CoA are used (Table 1.4). Respiratory reoxidation of this ‘excess’” NADH respi-
ration generates ATP, which enables extensive diversion of glucose to biomass forma-
tion, thereby decreasing product yields. As a result of this imbalance between NADH
production and NADPH consumption, the citrate-oxaloacetate shuttle and the ATP-
independent acetyl-CoA formation routes result in the lowest attainable palmitic acid
yields (0.194 mol-mol™; Table 1.4).

The two remaining pathways for cytosolic acetyl-CoA formation are intrinsically more
flexible in balancing NADH and NADPH generation with cellular requirements. In the
PDH bypass, involvement of NADP*-dependent acetaldehyde dehydrogenase can pro-
vide part of the NADPH required in reaction 1.22, whilst simultaneously decreasing the
formation of excess NADH. In contrast to the other pathways for cytosolic acetyl-CoA
production from glucose, the PK/PTA pathway does not result in NADH formation (Fig-
ure 1.1B). This property is highly advantageous for palmitic acid production and enables
a maximum attainable yield of palmitic acid to glucose that corresponds to 87% of the
maximum theoretical yield when NADPH formation occurs via the oxidative pentose-
phosphate pathway (Table 1.4). An even higher maximum attainable yield can be ob-
tained by combining the PK/PTA pathway with an ATP-independent route from pyru-
vate to acetyl-CoA. In an optimal scenario, 65% of the acetyl-CoA should then be derived
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from the PK/PTA pathway, enabling a maximum attainable yield that corresponds to 89%
of the theoretical maximum.

Regardless of the acetyl-CoA synthesis route, the dependence of the discussed path-
ways on respiration to produce ATP and/or to regenerate NAD™ precludes the synthe-
sis of palmitic acid a sole catabolic pathway under anaerobic conditions. Interestingly,
some organisms do rely on fatty-acid synthesis as a catabolic, ATP generating path-
way. For example, Euglena gracilis ferments sugars, via fatty acids, to wax esters, which
can constitute up to 60% of its dry mass (315). In this organism, pyruvate is converted
to acetyl-CoA via the chimeric PFO/PFR system discussed above (135, 136). Moreover,
fatty acid synthesis in E. gracilis does not rely on a malonyl-CoA-dependent fatty acid
synthase pathway, but on a reversed p-oxidation pathway, which does not involve ATP
hydrolysis (149).

1.3.4 Farnesene

The sesquiterpene trans-p-farnesene is a C5 branched, unsaturated hydrocarbon, which
can be used for production of diesel fuel, polymers and cosmetics (261). Farnesene can
be produced from 3 molecules of mevalonate, generated in the eukaryotic isoprenoid
biosynthesis pathway. The mevalonate pathway not only requires large amounts of ATP
(see Reaction 1.23), but also combines all previously mentioned challenges in balancing
NADH, NADPH and ATP conversions. S. cerevisiae, which does not naturally synthesize
trans-P-farnesene, has been genetically modified to produce this compound at high titers
and yields (269). One of the mevalonate pathway enzymes, HMG-CoA reductase, uses
NADPH. To reduce the need for extensive glucose oxidation via the oxidative pentose
phosphate pathway, this enzyme has been successfully replaced by an NADH-dependent
HMG-CoA reductase (94), thus enabling the following reaction $toichiometry for forma-
tion of farnesene from acetyl-CoA (Figure 1.2D):

9 acetyl-CoA + 6 (NADH +H") +9 ATP + 6 H,0 =

1.23
farnesene + 9 CoA + 6 NAD" +9 (ADP +P;) +3 COs. (1.23)

The maximum theoretical yield of farnesene on glucose is 0.286 mol-mol *! (Table 1.5).
When using the native PDH bypass for cytosolic acetyl-CoA formation, the high ATP
cost for acetyl-CoA synthesis via ACS necessitates respiratory dissimilation of over one
mole of glucose per mole of farnesene. This ATP requirement limits the maximum attain-
able yield of farnesene on glucose to only 0.205 mol-mol ™. The more ATP-efficient routes
for acetyl-CoA synthesis via the citrate-oxaloacetate shuttle and the ATP-independent
routes from pyruvate to acetyl-CoA enable significantly higher maximum attainable
yields of 0.222 mol-(mol glucose)™. In both routes, 18 NADH is formed per 9 acetyl-CoA,
while only 6 NADH is consumed in the synthesis of farnesene from acetyl-CoA (Reaction
1.23). When using the citrate-oxaloacetate shuttle, 9 of the remaining 12 NADH need to
be oxidized to provide ATP for farnesene synthesis. In the absence of other catabolic
pathways, this would only leave 3 NADH to provide ATP for growth and cellular main-
tenance via oxidative phosphorylation. Conversely, when ATP-independent routes for
acetyl-CoA synthesis are used, all 12 moles NADH generated per mole of farnesene are
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Table 1.5. Overall $toichiometry for the formation of 1 mole of trans-p-farnesene with glucose as the sole
source of electrons (Cy5H,4; Y = 84 e-mol-mol ™). The Gibbs free energy change under biochemical §tandard
conditions (AGg®’) for the theoretical maximum reaction $toichiometry is estimated at -870.1 + 39.3 kJ-mol™
(79). Overall reaction $toichiometries are obtained using MetaTool 5.1 (144), based on an adapted version of
the $toichiometric model of central carbon metabolism of S. cerevisiae by Carlson et al. (32). The listed reaction
Stoichiometry for each pathway represents the flux solution with the highest produét yield on substrate. Any
ATP requirement was preferentially met by reoxidation of surplus NADH. If additional ATP was required,
additional glucose was used for complete respiratory dissimilation to generate the remaining ATP (P/O ratio
assumed to be 1 (327)). Surplus NADH not required for ATP generation and/or ATP generated from the product
formation pathways are indicated in the $toichiometry. For simplicity, the reactants NAD*, ADP, P; and H*
are not shown.
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Pathway Reaction §toichiometry Yield
(mol,/moly)

Theoretical maximum 312 glucose —— farnesene + 6 CO, + 9 H,O  0.286

PDH bypass 47/8 glucose + 814 O, —— farnesene + 141/4 0.205
CO2 + 1714 H,O

Citrate-oxaloacetate shuttle with 41/2 glucose + 412 O, — farnesene + 12 0.222

ACL CO, + 12 H,0 + 3 NADH

Phosphoketolase/-transacetylase 41/17 glucose + 3617 O, —— farnesene + 9917 0.246
CO, + 12617 H,O

ATP-independent pyruvate to 41/2 glucose —— farnesene + 12 CO, + 3 0.222

acetyl-CoA routes™ H,0 + 12 NADH

Combinatorial configuration™” 356 glucose + 2 O, —— farnesene + 8 CO, +  0.261

* These pathway use either A-ALD, PDH_y, PDH;; with the carnitine shuttle or, when
conditions are anaerobic, PFL with FDH

**44% via phosphoketolase/-transacetylase and 56% via an ATP-independent pyruvate to
acetyl-CoA route

available for ATP production to sustain growth and maintenance. The absence of NADH
generation makes the PK/PTA pathway the moét attractive of the four individual routes,
with a maximum attainable yield of 0.246 mol-(mol glucose)™, which corresponds 86%
of the maximum theoretical yield. The deviation of this maximum attainable yield from
the theoretical yield is caused by the need for respiratory dissimilation of part of the glu-
cose to provide the required ATP. In theory, the maximum attainable yield of farnesene
on glucose can be further improved by combining the PK/PTA pathway with any of the
ATP-independent pyruvate-to-acetyl-CoA pathways, resulting in a maximum attainable
yield of farnesene on glucose of up to 91% of the theoretical maximum. This requires a
pathway configuration in which, for each mole of farnesene, 4 moles of acetyl-CoA are
produced via the PK/PTA pathway and 5 moles of acetyl-CoA via an ATP-independent
route from pyruvate to acetyl-CoA. In this scenario, oxygen is §till required to provide
ATP, but this requirement is reduced to 2 mole of oxygen per mole of farnesene. In indus-
trial practice, additional oxygen may, however, be required to provide ATP for growth
and cellular maintenance.
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1.4 KINETICS AND THERMODYNAMICS

Stoichiometric analysis of metabolic pathways provides valuable insights to shape
metabolic engineering Strategies. However, implementation of a (heterologous) route in
an industrial $train not only demands high product yields, but also high productivities.
Therefore, not only the §toichiometry, but also the thermodynamic driving force (AGg),
the ensuing intracellular concentrations of metabolites and the enzyme kinetics of the
enzymes (Viax, Kn) have to be considered. Below, we briefly discuss observations on
engineering of cytosolic acetyl-CoA synthesis that affect the delicate balance between
kinetics and §toichiometry.

The biosynthetic and regulatory requirements for acetyl-CoA in the cytosol and nu-
cleus of wild-type S. cerevisiae require only relatively low fluxes through the PDH by-
pass (166). Shiba et al. (281) engineered the native S. cerevisiae PDH bypass pathway
(Figure 1.1A) for cytosolic acetyl-CoA synthesis by overexpression of the responsible
enzymes (281). ALD and ACS activities were increased by overexpressing the native cy-
tosolic NADP"-dependent acetaldehyde dehydrogenase Ald6 and a heterologous ACS
from Salmonella enterica, respectively. Since high intracellular acetyl-CoA levels can in-
hibit ACS enzymes by acetylation of a lysine residue, the S. enterica ACS was engineered
to prevent acetylation through an L641P amino acid substitution. These modifications
substantially increased in vitro ALD and ACS activities and, importantly, improved the
in vivo synthesis rate of amorphadiene, a product derived from cytosolic acetyl-CoA
via the mevalonate pathway, by 1.8 fold. This result shows that the PDH bypass can be
engineered to sustain higher in vivo fluxes towards industrially relevant compounds.

While alternative acetyl-CoA-forming pathways are stoichiometrically superior to the
PDH bypass, their expression in S. cerevisiae has revealed some interesting challenges
related to in vivo kinetics. As discussed above, the PFL pathway theoretically enables
ATP-efficient production of acetyl-CoA under anaerobic conditions. Additionally, the
turnover number of PFL enzymes is generally high ~103 s™* (154). However, efficient
use of this pathway requires that formic acid, which is co-produced with acetyl-CoA, is
re-oxidized to CO, by NAD*-dependent formate dehydrogenase (FDH). Achieving high
in vivo FDH activities in S. cerevisiae is a highly non-trivial challenge because of the
low turnover numbers (~10 s') of currently characterized NAD*-dependent FDH en-
zymes (39). In chemostat cultures of an S. cerevisiae Acs™ §train expressing E. coli PFL
(166), accumulation of formate showed that native FDH activity was insufficient to ox-
idize excess formate. Previous attempts to increase in vivo FDH activity in anaerobic
cultures of S. cerevisiae by overexpression of its FDHI gene were not only complicated
by the low turnover number of its gene product, but also by the negative impact of
high NADH/NAD" ratios on its enzyme activity (95). Increasing the in vivo capacity and
activity of FDH is therefore a priority target for successful implementation of the PFL
pathway for acetyl-CoA synthesis in S. cerevisiae.

In a recent §tudy, co-expression of the Clostridium n-butanol pathway with four dif-
ferent cytosolic acetyl-CoA forming pathways in S. cerevisiae resulted in only small in-
creases of an already low butanol yield (185). These $tudies indicate that optimization of
the flux through these heterologous acetyl-CoA and product-forming pathways is often
required. Ideally, experiments for assessing the kinetics of alternative precursor supply
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pathways should be performed in $train backgrounds with a high overcapacity of all
reactions downstream of the precursor.

Compatibility of a heterologous enzyme with a metabolic engineering $§trategy may
not only be determined by its in vivo capacity (Vy,.x) in the host organism, but also by

its affinity (\;"a"), which dictates the intracellular concentration of its sub$trate that is
required to acflAieve a target flux. Affinity is especially important when the substrate of
an enzyme is toxic, as is the case for A-ALD (Reaction 1.8), which shows a much lower
affinity for acetaldehyde than the native yeast acetaldehyde dehydrogenase isoenzymes
(166). Consistent with this observation, yeast §trains in which the native yeast ALDs
were replaced by heterologous A-ALDs showed elevated intracellular acetaldehyde lev-
els. Acetaldehyde toxicity was implicated in the lower than expected biomass yields of
these engineered $trains.

The elevated acetaldehyde concentrations in A-ALD dependent $trains may not solely
reflect a kinetic requirement. Although, as mentioned above, AGR*" of the A-ALD reac-
tion (Reaction 1.8) is negative, biochemical standard conditions are unlikely to refle¢t the
thermodynamics of this reaction in the yeast cytosol. Assuming an [NADH]/[NAD*] ra-
tio of 0.01 (30), the AGR’ of the reaction at the acetaldehyde levels that were measured in
wild-type S. cerevisiae was estimated to be +7.2 kJ-mol™ (166), which would render use
of the A-ALD pathway for acetyl-CoA synthesis thermodynamically impossible. The ob-
served increased acetaldehyde concentrations in an A-ALD-dependent $train increased
the estimated AGg’ of the reaction close to zero (+ 0.7 kJ-mol™) (166). This observation
suggests that toxic levels of acetaldehyde may have been a thermodynamic prerequisite
to allow the A-ALD reaction to proceed in the oxidative reactions in the yeast cytosol.

As described above, in their metabolic engineering $trategy for farnesene produc-
tion, Gardner et al. (94) replaced the native S. cerevisiae HMG-CoA reductase, which
is NADPH dependent, for an NADH-dependent enzyme. Interestingly, strains with an
NADH-dependent HMG-CoA reductase exhibited approximately 4-fold lower intracel-
lular mevalonate levels than $trains expressing the NADPH-dependent enzyme (94).
The [NADPH]/[NADP*] ratio in the yeas$t cytosol is generally much higher than the
[NADH]/[NAD*] (under aerobic conditions: 15.6 — 22.0 as compared to 0.01, respec-
tively; (30, 349)). When these different ‘redox charges’ of the two cofactor couples are
taken into account, the thermodynamic driving force for the NADH-dependent reaction
is much less favorable (difference in AGR’ ~40 kJ-mol ™) than for the NADPH-dependent
reaction. This difference in AGg’ offers a plausible explanation for the kinetically su-
perior performance of the NADPH-dependent native HMG-CoA reductase. Consistent
with this interpretation, deletion of the gene encoding the Adh2 alcohol dehydrogenase,
which was anticipated to lead to higher cytosolic NADH]/[NAD™] ratios, indeed led to
increased mevalonate levels (94). These examples illustrate how not only $toichiometry,
but also kinetics and thermodynamics need to be considered when designing metabolic
engineering §trategies to optimize acetyl-CoA provision.
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1.5 DISCUSSION AND OUTLOOK

This review focused on reaction stoichiometry, kinetics and thermodynamics of alter-
native pathways for providing acetyl-CoA, a key precursor for the formation of many
industrially relevant compounds, in the yeast cytosol. Several of the acetyl-CoA- produc-
ing pathways discussed here have recently been successfully expressed in S. cerevisiae,
thereby providing metabolic engineers with new options to optimally align and integrate
precursor supply with product pathways downstream of acetyl-CoA (219). The stoichio-
metric analyses discussed above show how the optimal pathway configuration for the
synthesis of a single metabolic precursor, cytosolic acetyl-CoA, is strongly product de-
pendent. This observation underlines the importance of evaluating multiple pathways
for precursor supply at the outset of metabolic engineering projeéts.

In general terms, the PK/PTA provides the highest possible carbon conversion of the
routes discussed in this paper, while the acetyl-CoA forming routes via A-ALD, PDH or
PFL/FDH enable the net formation of ATP. In addition to ATP formation, cofactor bal-
ancing is another key factor in defining the optimal precursor supply $trategy. Stoichio-
metric evaluation of individual acetyl-CoA forming routes for a given produét pathway
already provide valuable leads for improving produét yield on sub$trate. However, as
illustrated by the examples of palmitic acid production and farnesene production (Ta-
ble 1.4 and Table 1.5), combinations of different precursor supply routes can lead to even
higher maximum produ¢t yields. To achieve the $toichiometric potential of combined
routes requires that the relative in vivo activities of the contributing precursor sup-
ply pathways can be accurately controlled, even under dynamic industrial conditions.
Achieving such accurately tunable in vivo flux distributions and, consequently, optimal
product yields, represents a highly relevant challenge for metabolic engineers.

In this review, we limited our discussion of cytosolic acetyl-CoA supply in yeast
to pathways that naturally occur in heterotrophic organisms. Implementation of au-
totrophic acetyl-CoA forming pathways in S. cerevisiae provides additional highly inter-
esting scientific challenges and possibilities. For example, the Wood-Ljungdahl pathway,
or reductive acetyl-CoA pathway, is used by acetogens to conserve free energy and to
generate acetyl-CoA for growth (194). In an otherwise heterotrophic cell factory, this
system could be useful to donate excess electrons to CO, for the synthesis of additional
acetyl-CoA, according to the overall stoichiometry:

2 CO, +8 (e~ +H") + ATP + CoA = acetyl-CoA + 2 HyO + ADP +P;. (1.24)

Functional expression of the enzymes of this system in S. cerevisiae itself already
present a formidable challenge, while complexity is further increased by the use of dif-
ferent redox cofactors: Hy, reduced ferredoxin and/or NAD(P)H (276). Several other au-
totrophs use a reductive TCA cycle to produce acetyl-CoA from CO,, with the following
overall reaction $toichiometry (27):

2 CO,+8 (67 +H")+2 ATP + CoA = acetyl-CoA + H,O + 2 (ADP +P;).  (1.25)

An important difference with the conventional oxidative TCA cycle is the involve-
ment of an a-ketoglutarate ferredoxin oxidoreductase (EC 1.2.7.3), which enables the in
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vivo carboxylation of succinyl-CoA to a-ketoglutarate, and of ATP-citrate lyase (ACL),
which cleaves citrate into oxaloacetate and acetyl-CoA. Although the ATP $toichiom-
etry of this pathway is less favourable than that of the Wood-Ljungdahl pathway, two
aspects might make it (slightly) less challenging to functionally express this system in
S. cerevisiae. Firtly, while reduced ferredoxin as an electron donor is required for the
a-ketoglutarate dehydrogenase reaction, the remaining redox reactions in the reductive
TCA cycle use NADH as cofactor. Secondly, the enzymes involved in the reductive TCA
cycle are generally less complex and some, such as ACL, have already been successfully
expressed in yeast (see above).

Producing industrially relevant compounds of interest at near-theoretical yields re-
quires that, if thermodynamically possible, all electrons from the substrate end up in the
product. Instead, in many of the scenarios analyzed in this review, precursor formation
resulted in formation of excess NADH (Table 1.2-1.5). In other cases, NADH was required
to enable ATP formation via oxidative phosphorylation, to provide the free-energy for
product formation and cellular maintenance. Only in the case of n-butanol formation via
the A-ALD, PDH or PFL/FDH pathway, a redox-neutral, ATP-yielding pathway could be
assembled, which should theoretically allow for the maximum theoretical yield in non-
growing cultures. For the pathway combinations that yielded excess ATP and/or NADH,
implementation of autotrophic acetyl-CoA yielding pathways, or alternatively the ex-
pression of the Calvin-cycle enzymes phosphoribulokinase and RuBisCO (105), might
further increase the yields of the producéts of interest. Another recent development that
may ultimately contribute to the production of fatty acids as catabolic, anaerobic prod-
ults in S. cerevisiae, is the recent expression of a reverse B-oxidation cycle in the yeast
cytosol (187). This pathway for fatty acid synthesis is ATP-independent and, instead of
NADPH, has NADH as the redox cofactor. Combining this system with the PK/PTA
pathway and an ATP-independent route from pyruvate to acetyl-CoA can, at least the-
oretically, result in a redox-neutral and ATP yielding pathway.

In addition to quantitative insight into pathway $toichiometry, knowledge about the
thermodynamics and kinetics of individual reactions and about the biochemical con-
text in which the corresponding enzymes have to operate, is of crucial importance for
evaluating alternative metabolic engineering $trategies and to find targets for further
optimization. Powerful algorithms for metabolic network evaluation that include ther-
modynamic and kinetic analyses are among the valuable new tools to find engineering
targets and rank alternative $trategies (38, 115, 267, 287).
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1.7 SCOPE AND OUTLINE OF THIS THESIS

In wild-type Saccharomyces cerevisiae $trains, the cytosolic acetyl-CoA synthesis reac-
tion requires hydrolysis of ATP. This ATP requirement limits the theoretical yield of
acetyl-CoA-derived (heterologous) products that are synthesised in the yeast cytosol
Therefore, improving the ATP $§toichiometry of this precursor pathway has a huge im-
pact on the theoretical yield on substrate of products that have acetyl-CoA as a precursor.

Chapter 1 reviews §trategies that have been proposed and evaluated for functionally
replacing the native cytosolic yeast acetyl-CoA synthesis pathway. As these $trategies
involve multiple pathways that differ in terms of redox cofactor usage, ATP $§toichiom-
etry and carbon conservation, the optimal solution is product specific. In some cases, a
combination of different acetyl-CoA synthesis pathways is required to achieve optimal
theoretical yields of product on subétrate.

The genetic accessibility of S. cerevisiae continues to be key to its popularity as a eu-
karyotic laboratory model and industrial ‘work horse’. Studying and modifying acetyl-
CoA metabolism relies heavily on fast and efficient techniques for genetic engineering.
During the course of this PhD project, a new genetic engineering tool became available,
the CRISPR/Cas9 system. Chapter 2 explores the use of this system to genetically en-
gineer S. cerevisiae. A number of case §tudies described in this chapter demonstrate the
versatility and efficiency of the CRISPR/Cas9 system in (multiplexed) strain engineering
Strategies. Another goal of this study was to design a set of plasmids and a software tool
for efficient genetic modification of S. cerevisiae with the CRISPR/Cas9 system and to
make these available to the scientific community.

In Chapter 3, two alternative cytosolic acetyl-CoA synthesis pathways, involving
acetylating acetaldehyde dehydrogenase and pyruvate-formate lyase as key enzymes,
were expressed in S. cerevisiae. As cytosolic acetyl-CoA provision is essential for growth,
the functionality of these pathways was evaluated by investigating their ability to sup-
port growth in §trains in which the genes encoding the enzymes involved in the native
cytosolic acetyl-CoA synthesis pathway were deleted. The impact of these alternative
routes on yeast physiology was further evaluated in batch and chemostat cultures of
engineered $§trains using transcriptome, metabolome and flux analysis.

In yeast, several mechanisms link glycolysis, a cytosolic pathway, to the mitochondrial
acetyl-CoA pool and to the citric-acid cycle. In Chapter 4, the importance of the mito-
chondrial pyruvate-dehydrogenase complex, the mitochondrial CoA-transferase Ach1
and the extramitochondrial citrate synthase Cit2 in linking glycolysis to the citric-acid
cycle was evaluated during growth on glucose of a set of mutant yea$t strains. A fourth
system, the carnitine shuttle, is also able to translocate cytosolic acetyl moieties to the
mitochondria. As transcription of the genes involved in this shuttle are repressed by glu-
cose, the impact of constitutively expressing all carnitine-shuttle genes was evaluated in
Strains with impaired mitochondrial acetyl-CoA synthesis.

Mechanistically, the carnitine shuttle has the potential to export mitochondrial acetyl
moieties to the cytosol. However, previous $tudies showed that in the presence of car-
nitine, such carnitine-shuttle mediated export does not occur at a significant rate in S.
cerevisiae. In Chapter 5, the reversibility of the yea$t mitochondrial carnitine shuttle
was investigated by constitutively overexpressing the carnitine-shuttle genes in an es-
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pecially designed S. cerevisiae $train in which the native cytosolic acetyl-CoA produc-
tion pathway could be completely inactivated by changing the medium composition.
As, initially, constitutive expression of the carnitine shuttle did not support carnitine-
dependent growth, laboratory evolution was applied. Mutations that contributed to the
acquired phenotype of evolved §trains were $tudied by whole-genome sequencing and
by reverse engineering in a naive genetic background.
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SUPPLEMENTARY MATERIALS

Supplementary data 1.1: Model of yeast metablism (MetaTool format)

The model used for the §toichiometric analyses described in this paper was based on the
model described by Carlson et al. (32), with the following modifications. The exchange
reaction of acetyl-CoA between the mitochondria and cytosol was removed (R45r) and
the cytosolic alcohol dehydrogenase reaction was changed to be reversible (R65r). The
cytosolic acetaldehyde dehydrogenase reaction was changed to accept not only NADP™,
but also NAD™ as redox cofactor (R66b). The succinate dehydrogenase reaction was
modified to accept only NAD* as a cofactor instead of FADH (R25r and R75). Oxida-
tive phosphorylation reactions were changed to have NADH as the sole electron donor
and O, as the electron acceptor (R28, R29 and resp). The four Stoichiometrically differ-
ent acetyl-CoA formation routes were added: (i) the PDH bypass (the ACS reaction was
changed to be irreversible (R68)), (ii) the citrate-oxaloacetate shuttle with ATP-citrate
lyase (ACL), (iii) the phosphoketolase/-transacetylase route (PK_1, PK_2 and PTAr) and
(iv) the oxidative, ATP-independent routes from pyruvate to acetyl-CoA, which are all
Stoichiometrically identical (AALD; acetylating acetaldehyde dehydrogenase, cytosolic
PDH complex, pyruvate-formate lyase with formate dehydrogenase and export of mito-
chondrial acetyl moieties to the cytosol via the carnitine shuttle). The produt pathways
from acetyl-CoA to (i) palmitic acid (PA_1 and PA_2), (ii) farnesene (F_1) (iii) n-butanol
(BOH_1 and BOH_2) and (iv) citric acid were added (CIT_1).

-ENZREV

R3r R5r R6r R7r R10r R11lr R12r R13r R1l4r R22r R25r R26r R27r R4lr
R43r R60r R63r R64r R65r R67r R69r R72r R80r AALD PTAr BOH_1
-ENZIRREV

R1 R2 R4 RR4 R8 R9 R20 R21 R23 R24 R28 R30 R31 R40 R42 R44 R45x¥ R46
R47 R48 R49 R50 R61 R62 R66 R70 R71 R73 R74 R75 R76 R77 R78 R79 R81
resp R66b NADH_base NADH_base_2 NADPH_base R68 PA_1 PA_2 ACL PK_1
PK_2 BOH_2 CIT 1 F_1

-METINT

GLU_cyt ATP_cyt ADP_cyt P_cyt GLU_6_P FRU_6_P FRU_BIS_P DHAP

GA_3P NAD_cyt NADH_cyt NADPH NADP RIBULOSE_5_P XYL_5_P RIBOSE_5_P
SED_7_P ERYTH_4_P PYR_cyt MALATE cyt CITRATE_cyt OXALO_cyt COASH_cyt
ACETYL_CoA_cyt GLYCEROL_P PEP AKG_cyt ISOCIT_cyt PYR_mit CITRATE_mit
OXALO_mit MALATE mit COASH_mit ACETYL CoA_mit ATP_mit ADP_mit P_mit
NADH mit NAD_mit AKG_mit ISOCIT mit ETOH_cyt ACEADH_cyt ACETATE cyt
GLYCEROL_cyt SUCC_mit GLYOX_cyt ETOH_mit FUMARATE_mit SUCC_cyt FU-
MARATE cyt NADP_mit NADPH mit MALONYL CoA_cyt ACETOACETYL_CoA_cyt
ACETYL_P_cyt

-METEXT

ATP_base ACETATE_ext 02 CO2 SUCC_ext ETOH_ext GLYCEROL_ext GLU_ext
NADH_base NADPH_base PALMITIC_ACID BUTANOL CITRATE FARNESENE

-CAT

R1 : GLU_ext = GLU_cyt
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R2 : GLU_cyt + ATP_cyt = GLU_6_P + ADP_cyt

R3r : GLU 6 P = FRU 6 P

R4 : FRU_6_P + ATP_cyt = FRU_BIS_P + ADP_cyt

RR4 : FRU_BIS_P = FRU_6_P + P_cyt

R5r : FRU_BIS_P = DHAP + GA_3P

R6Tr : GA_3P = DHAP

R7r : GA_3P + ADP_cyt + P_cyt + NAD_cyt = PEP + ATP_cyt + NADH_cyt
R8 : PEP + ADP_cyt = PYR_cyt + ATP_cyt

R9 : GLU 6 P + 2 NADP = RIBULOSE 5 P + 2 NADPH + CO2

R10r : RIBULOSE_5 P = XYL _5 P

R11lr : RIBULOSE_5_P RIBOSE_5_P

R12r : RIBOSE 5 P + XYL 5 P = SED 7 P + GA_3P

R13r : GA_3P + SED 7 P = ERYTH 4 P + FRU 6_P

R14r : ERYTH 4 P + XYL 5 P = GA_3P + FRU 6_P

R20 : PYR_mit + COASH_mit + NAD_mit = ACETYL_CoA_mit + NADH_mit +
CO2

R21 : OXALO mit + ACETYL_CoA_mit = CITRATE_mit + COASH mit

R22r : CITRATE_mit = ISOCIT_mit

R23 : ISOCIT _mit + NAD mit = AKG _mit + NADH_mit + CO2

R24 : AKG_mit + NAD mit + ADP_mit + P_mit = NADH_mit + ATP_mit +
SUCC_mit + CO2

R25r : SUCC_mit + NAD_mit = FUMARATE_mit + NADH_mit

R26r : FUMARATE mit = MALATE mit

R27r : MALATE mit + NAD mit = OXALO mit + NADH mit

R28 : NADH_mit + ADP_mit + P_mit + 0.5 02 = NAD_mit + ATP_mit

R30 : ETOH mit + COASH mit + 2 ATP _mit + 2 NAD mit = ACETYL CoOA mit
+ 2 ADP_mit + 2 P_mit + 2 NADH_mit

R31 : MALATE mit + NADP_mit = PYR_mit + NADPH mit + CO2
R40 : ADP_cyt + ATP_mit = ADP_mit + ATP_cyt

R41r : P_cyt = P_mit

R42 : PYR_cyt = PYR_mit

R43r : ETOH_cyt = ETOH_mit

R44 : MALATE_mit + P_cyt = MALATE_cyt + P_mit

R46 : FUMARATE_mit + SUCC_cyt = FUMARATE_cyt + SUCC_mit
R47 : CITRATE_mit + MALATE_cyt = CITRATE_cyt + MALATE_mit
R48 : SUCC_cyt + P_mit = SUCC_mit + P_cyt

R49 : AKG_cyt + MALATE_mit = AKG_mit + MALATE_cyt

R50 : OXALO_cyt = OXALO_mit

R60r : GLYCEROL_cyt = GLYCEROL_ext

R61 : GLYCEROL_cyt + ATP_cyt = GLYCEROL_P + ADP_cyt

R62 : GLYCEROL_P = GLYCEROL_cyt + P_cyt

R63r : DHAP + NADH_cyt = GLYCEROL_P + NAD_cyt

R64r : ETOH_cyt = ETOH_ext

R65r : ACEADH_cyt + NADH_cyt = ETOH_cyt + NAD_cyt
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R66 : ACEADH_cyt + NADP = ACETATE_cyt + NADPH
R66b : ACEADH_cyt + NAD_cyt = ACETATE_cyt + NADH_cyt
R67r : ACETATE_cyt = ACETATE_ext

R68 : ACETATE_cyt + COASH_cyt + 2 ATP_cyt = ACETYL_CoA_cyt + 2

ADP_cyt + 2 P_cyt
R69r : CITRATE_cyt = ISOCIT_cyt
R70 : ISOCIT_cyt = GLYOX_cyt + SUCC_cyt

R71 : GLYOX_cyt + ACETYL_CoA_cyt = MALATE_cyt + COASH_cyt

R72r : OXALO_cyt + NADH_cyt = MALATE_cyt + NAD_cyt

R73 : OXALO_cyt + ACETYL_COA_cyt = CITRATE_cyt + COASH_cyt

R74 : ISOCIT_cyt + NADP = AKG_cyt + NADPH + CO2
R75 : FUMARATE_cyt + NADH_cyt = SUCC_cyt + NAD_cyt
R76 : OXALO_cyt + ATP_cyt = PEP + ADP_cyt + CO2

R77 : PYR_cyt + ATP_cyt + CO2 = ADP_cyt + P_cyt + OXALO_cyt

R78 : PYR_cyt = ACEADH_cyt + CO2

R79 : ATP_cyt = ADP_cyt + P_cyt + ATP_base
R80r : MALATE_cyt = FUMARATE_cyt

R81 : SUCC_cyt = SUCC_ext

resp : NADH_cyt + ADP_cyt + P_cyt + 0.5 02 = NAD_cyt + ATP_cyt

NADH_base : NADH_cyt = NADH_base + NAD_cyt
NADH_base_2 : NADH_mit = NADH_base + NAD_mit
NADPH_base : NADPH = NADPH_base + NADP

PK_1 : XYL_5_P + P_cyt = GA_3P + ACETYL_P_cyt
PK_2 : FRU_6_P + P_cyt = ERYTH_4_P + ACETYL_P_cyt

PTAr : ACETYL_P_cyt + CoASH_cyt = P_cyt + ACETYL_CoA_cyt
AALD : ACEADH_cyt + NAD_cyt + CoASH_cyt = ACETYL_CoA_cyt + NADH_cyt

ACL : CITRATE_cyt + ATP_cyt + COASH_cyt = ACETYL_CoA_cyt + OXALO_cyt

+ ADP_cyt + P_cyt

PA_1 : ACETYL_COA_cyt + CO2 + ATP_cyt = MALONYL_CoA_cyt + ADP_cyt +

P_cyt
PA_2 : ACETYL_CoA_cyt + 7 MALONYL_CoA_cyt + 14 NADPH
+ 8 COASH_cyt + 14 NADP + 7 CO2

PALMITIC_ACID

F_1 : 9 ACETYL_CoA_cyt + 6 NADH_cyt + 9 ATP_cyt = FARNESENE + 9

COASH_cyt + 6 NAD_cyt + 9 ADP_cyt + 9 P_cyt + 3 CO2

BOH_1 : 2 ACETYL_COA_cyt = ACETOACETYL_COA_cyt + COASH_cyt
BOH_2 : ACETOACETYL_COA_cyt + 4 NADH_cyt = BUTANOL + 4 NAD_cyt +

COASH_cyt
CIT_1 : CITRATE_cyt = CITRATE
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Abstract

A variety of techniques for §train engineering in Saccharomyces cerevisiae have re-
cently been developed. However, especially when multiple genetic manipulations are
required, §train construction is §till a time-consuming process. This study describes
new CRISPR/Cas9-based approaches for easy, fast $train construction in yeast and
explores their potential for simultaneous introduction of multiple genetic modifica-
tions. An open-source tool (http://yeastriction.tnw.tudelft.nl) is presented for identi-
fication of suitable Cas9 target sites in S. cerevisiae $trains. A transformation trategy,
using in vivo assembly of a guideRNA plasmid and subsequent genetic modifica-
tion, was successfully implemented with high accuracies. An alternative Strategy,
using in vitro assembled plasmids containing 2 gRNAs was used to simultaneously
introduce up to 6 genetic modifications in a single transformation $tep with high
efficiencies. Where previous $tudies mainly focused on the use of CRISPR/Cas9 for
gene inactivation, we demonstrate the versatility of CRISPR/Cas9-based engineer-
ing of yeast by achieving simultaneous integration of a multi-gene construct com-
bined with gene deletion and the simultaneous introduction of 2 single-nucleotide
mutations at different loci. Sets of standardized plasmids, as well as the web-based
Yeastriction target-sequence identifier and primer-design tool, are made available to
the yeast research community to facilitate fast, standardized and efficient application
of the CRISPR/Cas9 system.

Published in: FEMS Yeast Research (2015) 15:fov004.
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2.1 INTRODUCTION

For decades, Saccharomyces cerevisiae has been successfully used as a model organism
to decipher biological processes in higher eukaryotes (19) and as a popular metabolic
engineering platform (220). Expression and optimization of heterologous product path-
ways in S. cerevisiae (see e.g. (10, 232)), requires introduction of multiple (successive)
genetic modifications, including integration of product pathway genes at multiple ge-
netic loci and rewiring central metabolism by modifying properties of specific metabolic
reactions (e.g. via gene deletion, changing regulatory properties or replacement of na-
tive genes by heterologous counterparts) (254, 340). Introduction of the required ge-
netic modifications has so far remained a time-consuming and labour-intensive process,
as each individual alteration requires a cycle of transformation, selection and confir-
mation. Furthermore, since each modification is accompanied by the integration of a
selection marker gene, the maximum number of sequential modifications may be lim-
ited by selection marker availability. This limitation §timulated extensive research into
the identification of novel genetic markers for S. cerevisiae (41, 282, 288). Additionally,
multiple $trategies for the recycling of genetic markers have been developed, such as
homologous-recombination-mediated counter selection (gene “loop-out”) and use of re-
combinases such as the Cre/loxP or 2um-plasmid-based Flp/FRT methods (108, 112, 300).
These recombinase-based methods leave a copy of a repeat sequence (e.g. loxP or FRT
site) in the genome, which leads to genome instability after multiple, repeated rounds
of marker recovery (56, 289). ‘Scarless’ removal of counter-selectable markers has been
made possible via the delitto perfetto method (301), while a recently reported marker-
recovery method based on generation of I-Scel-induced double-stranded breaks even
allows simultaneous, seamless removal of multiple markers (290). While these methods
largely eliminate limitations by marker-gene availability, substitution of target genes by
marker cassettes remained a time-consuming process, due to the absence of robust meth-
ods for simultaneous introduction of multiple genetic modifications in a single transfor-
mation $tep. Alternative methods such as meganucleases, zinc finger nucleases (ZFNs)
(33,317) and transcription activator-like effector nucleases (TALENSs) (47, 213, 215) utilize
double-$tranded DNA breaks (DSBs) for site-directed genome editing. Due to the lethal
nature of DSBs in yea$t, these methods could theoretically be used for marker-free mod-
ifications. However, for each genetic modification a new ZFN or TALEN protein has to
be designed and generated.

Bacteria have developed several systems to degrade foreign DNA. Very quickly after
their discovery, retriction enzymes became the “workhorses of molecular biology” (re-
viewed by Roberts (255)). Another prokaryotic immune mechanism, consisting of Clus-
tered Regularly Interspaced Short Palindromic Repeats (CRISPR) and CRISPR-associated
(Cas) systems was discovered in 2007 (9, 25, 205). To function in vivo, the type-II bacterial
CRISPR system of Streptococcus pyogenes requires the Cas9 nuclease and the RNA com-
plex that guides it to a specific sequence of the (foreign) DNA. This RNA complex gener-
ally consi$ts of two RNA molecules; the CRISPR RNA (crRNA) and the trans-activating
CRISPR RNA (tracrRNA). The crRNA contains the 20-30 bp target sequence and a se-
quence that binds to the tracrRNA, resulting in a duplex RNA complex, recognized by
the Cas9 nuclease. When direltly after the target sequence, a proper protospacer adja-
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cent motif (PAM) is present (in case of the S. pyogenes Cas9 this sequence is NGG), Cas9
will bind to and restri¢t the target sequence of the (invading) DNA (58). A unique feature
of this system is the RNA-dependence for targeting of the nuclease Cas9, which makes
selective targeting of any locus for the introduction of DSBs possible. Since its discovery,
Cas9 based systems have been used for the construction of (multiplexed) genetic modifi-
cations in a variety of organisms, including human pluripotent stem cells (99), zebrafish
(130), plants (78), fly (101) and mice (333) (for a more extensive list see (125)).

In 2013, DiCarlo and coworkers employed the CRISPR/Cas9 system for the introduc-
tion of DSBs in S. cerevisiae (61). In a $train expressing a plasmid-borne cas9 gene from S.
pyogenes, a second plasmid was introduced, containing the SNR52 promoter followed by
a sequence encoding for a chimeric crRNA-tracrRNA, or guide-RNA (gRNA) with a 20 bp
targeting sequence for CAN1. The gRNA was recognized by the Cas9 protein, resulting in
a double-$§trand break at the CANT1 locus. Subsequently, this otherwise lethal break was
repaired by the yeast homologous-recombination machinery, using a co-transformed re-
pair fragment that bridged the flanking regions of the break. Since the repair fragment
was designed to introduce a premature stop-codon, introduction and repair of a DSB re-
sulted in colonies that were resistant to canavanine. It has recently been shown that the
CRISPR/Cas9 system can be used for making up to three simultaneous gene deletions in
yeast (8).

The goal of the present $tudy is to explore the use of CRISPR/Cas9 for, standard-
ized (multiplexed) cons$truction of gene deletions, multi-pathway integrations and site-
directed single-nucleotide mutagenesis. To this end, we present a web-based CRISPR
tool to facilitate selection of suitable targets and to design the primers necessary for
construction of plasmids that express specific gRNAs. Furthermore, we report on the
construction of §tandardized plasmids for expression of one or two gRNAs and explore
their use for multiplexed gene deletions, both alone and in combination with multigene
chromosomal integrations and/or with the introduction of single-nucleotide changes.

2.2 METHODS

STRAINS AND MAINTENANCE

The S. cerevisiae $trains used in this study (Table 2.1) share the CEN.PK genetic background (71,
222). Shake flask cultures were grown at 30 °C in 500 mL flasks containing 100 mL synthetic
medium (SM) (326) with 20 g-L™* glucose in an Innova incubator shaker (New Brunswick Scientific,
Edison, NJ) set at 200 rpm. When required, auxotrophic requirements were complemented via
addition of 150 mg-L™* uracil, 100 mg-L™* histidine, 500 mg-L™ leucine, 75 mg-L™* tryptophan (246)
or by growth in YP medium (demineralized water, 10 g-L™* Bacto yeast extra’t, 20 g-L™* Bacto
peptone). As a carbon source, 20 g-L™! glucose was used. Frozen $tocks were prepared by addition
of glycerol (30% v/v) to exponentially growing shake-flask cultures of S. cerevisiae and overnight
cultures of E. coli and §tored aseptically in 1 mL aliquots at -80 °C.

PLASMID CONSTRUCTION

Construction of the single gRNA plasmid series (pMEL10 — pMEL17) The single gRNA plas-
mids (pMEL10 — pMEL17) were constructed via Gibson assembly (New England Biolabs, Bev-
erly, MA) of a marker cassette with one fragment containing both the gRNA CANLY (61)
and the 2pm replication sequence. This fragment was obtained by PCR from plasmid p426-
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Table 2.1. Saccharomyces cerevisiae $trains used in this §tudy

Name (Acces- Relevant genotype Parental strain  Origin

sion no.)*

CEN.PK113-7D  MATa URA3 TRP1 LEU2 HIS3 P. Kétter

CEN.PK113-5D  MATa ura3-52 TRP1 LEU2 HIS3 P. Kétter

CEN.PK122 MATa/MATo URA3/URA3 TRP1/TRP1 LEU2/LEU2 P. Kétter
HIS3/HIS3

CEN.PK2-1C MATa ura3-52 trp1-289 leu2-3,112 his3A P. Kotter

CEN.PK115 MATa/MATx ura3-52/ura3-52 TRP1/TRP1 P. Koétter
LEU2/LEU2 HIS3/HIS3

IMX585 MATa canlA::cas9-natNT2 URA3 TRP1 LEU2 HIS3 CEN.PK113-7D This study

(Y40592)

IMX581 MATa ura3-52 caniA:cas9-natNT2 TRP1 LEU2 CEN.PK113-5D This study

(Y40593) HIS3

IMX664 MATa/MATae CAN1/canlA::cas9-natNT2 CEN.PK122 This §tudy

(Y40594) URA3/URA3 TRP1/TRP1 LEU2/LEU2 HIS3/HIS3

IMX672 MATa ura3-52 trp1-289 leu2-3,112 his3A CEN.PK2-1C This §tudy

(Y40595) canlA:cas9-natNT2

IMX673 MATa/MATx ura3-52/ura3-52 CEN.PK115 This study

(Y40596) CAN1/caniA::cas9-natNT2 TRP1/TRP1 LEU2/LEU2
HIS3/HIS3

IMX711 MATa ura3-52 trp1-289 leu2-3,112 his3A IMX672 This study
canlA::cas9-natNT2 mch1A pMEL10-gRNA-MCH1

IMX712 MATa ura3-52 trp1-289 leu2-3,112 his3A IMX672 This study
canlA:cas9-natNT2 mch2A pMEL10-gRNA-MCH2

IMX713 MATa ura3-52 trp1-289 leu2-3,112 his3A IMX672 This study
caniA::cas9-natNT2 mch5A pMEL10-gRNA-MCH5

IMX714 MATa ura3-52 trp1-289 leu2-3,112 his3A IMX672 This §tudy
canlA:cas9-natNT2 mch1A mch5A
PMEL10-gRNA-MCH1 pMEL10-gRNA-MCH5

IMX715 MATa ura3-52 trp1-289 leu2-3,112 his3A IMX672 This study
canlA:cas9-natNT2 itr1A pdri2A pUDR005

IMX716 MATa ura3-52 trp1-289 leu2-3,112 his3A IMX672 This §tudy
canlA:cas9-natNT2 mch1A mch2A itr1A pdri2A
pUDR002 pUDR005

IMX717 MATa ura3-52 trp1-289 leu2-3,112 his3A IMX672 This study
canlA:cas9-natNT2 mchlA mch2A mch5A aqylA
itr1A pdr12A pUDR002 pUDR004 pUDR005

IMX718 MATa ura3-52 trp1-289 leu2-3,112 his3A IMX672 This §tudy
can1A:cas9-natNT2 GET45315C NAT1C1139G
pUDR020

IMX719 MATa canlA::cas9-natNT2 URA3 TRP1 LEU2 HIS3 IMX585 This §tudy

acs1A acs2A:(pADHI1-aceF-tPGI1
pPGI1-IplA2-tPYK1 pPGK 1-IplA-tPMA1
pTDH3-pdhB-tCYC1 pTEF1-lpd-tADH1
pTPI1-pdhA-tTEF1)

* Strains with an accession number have been deposited at EUROSCARF.

SNR52p-gRNA.CAN1.Y-SUP4t, using primers 6845 & 6846 (Table S2.1). The various marker cas-
settes were PCR amplified from plasmid templates pUG72, pUG-amdSYM, pUG-hphNT1, pUGS,
pUG73 and pUG-natNT2 with primers 3093 & 3096 resulting in the KIURA3, amdSYM, hphNT1,
kanMX, KILEU2 and natNT2 cassettes, respectively. The HIS3 and TRPI cassettes were obtained
by PCR with primers 6847 & 6848 on plasmid templates pRS423 and pRS424. Assembly of the sin-
gle gRNA plasmids was done by combining the appropriate marker cassette with the backbone
containing the gRNA CAN1Y and 2um sequences in a Gibson assembly reaction, following the
manufacturer’s recommendations. For each single gRNA plasmid (pMEL10 — pMEL17), an E. coli
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Table 2.2. Plasmids used in this study

2.2 METHODS

Name (Accession no.)* Relevant characteristics Origin
pUG6 Template for A-kanMX-B! cassette (107)
pUG72 Template for A-KIURA3-B cassette (107)
pUG73 Template for A-KILEUZ2-B cassette (107)
pUG-hphNT1 Template for A-hphNT1-B cassette (162)
pUG-natNT2 Template for A-natNT2-B cassette (164)
pUG-amdSYM Template for A-amdSYM-B cassette (288)
pRS423 Template for A-ScHIS3-B cassette (48)
pRS424 Template for A-ScTRP1-B cassette (48)
p414-TEF1p-Cas9-CYC1t ~ CEN6/ARS4 ampR TRPI1 pTEF1-cas9-tCYC1 (61)
p426-SNR52p- 2pm ampR URA3 gRNA-CANLY (61)
gRNA.CAN1Y-SUP4t

pUD192 pUC57 + ScURA3 (167)
pUD194 pUC57 + 2um (167)
pUD195 pUC57 + pMB1 + ampR (167)
pUD301 pUC57 + pTPI1-pdhA E. faecalis-t TEF1 (167)
pUD302 pUC57 + pTDH3-pdhB E. faecalis-tCYC1 (167)
pUD303 pUC57 + pADH1-aceF E. faecalis-tPGI1 (167)
pUD304 pUC57 + pTEF1-lpd E. faecalis-tADH1 (167)
pUD305 pUC57 + pPGK1-IplA E. faecalis-tPMA1 (167)
pUD306 pUC57 + pPGI1-IplA2 E. faecalis-tPYK1 (167)
pUDE330 2pm ampR ScURA3 gRNA-CANLY [2x] This study
pMEL10 (P30779) 2pm ampR KURA3 gRNA-CAN1Y This §tudy
pMEL11 (P30780) 2pm ampR amdSYM gRNA-CAN1Y This study
pMEL12 (P30781) 2pm ampR hphNT1 gRNA-CAN1Y This study
pMEL13 (P30782) 2pm ampR kanMX gRNA-CAN1Y This study
pMEL14 (P30783) 2pm ampR KILEU2 gRNA-CAN1Y This study
pMEL15 (P30784) 2pm ampR natNT2 gRNA-CANLY This §tudy
pMEL16 (P30785) 2pm ampR HIS3 gRNA-CAN1Y This §tudy
pMEL17 (P30786) 2pm ampR TRP1 gRNA-CAN1Y This study
pROS10 (P30787) 2pm ampR ScURA3 gRNA-CAN1.Y gRNA-ADE2Y This §tudy
pROS11 (P30788) 2pm ampR amdSYM gRNA-CAN1Y gRNA-ADE2Y This §tudy
pROS12 (P30789) 2pm ampR hphNT1 gRNA-CAN1Y gRNA-ADE2Y This study
pROS13 (P30790) 2pm ampR kanMX gRNA-CAN1Y gRNA-ADE2Y This §tudy
pROS14 (P30791) 2pm ampR KILEU2 gRNA-CAN1Y gRNA-ADE2.Y This study
pROS15 (P30792) 2pm ampR natNT2 gRNA-CAN1Y gRNA-ADE2Y This study
pROS16 (P30793) 2pm ampR HIS3 gRNA-CAN1Y gRNA-ADE2Y This study
pROS17 (P30794) 2um ampR TRPI gRNA-CAN1Y gRNA-ADE2Y This Study
pUDR002 2pm ampR TRP1 gRNA-MCH1 gRNA-MCH2 This §tudy
pUDR004 2pm ampR HIS3 gRNA-MCH5 gRNA-AQY1 This §tudy
pUDRO005 2pm ampR ScURA3 gRNA-ITR1 gRNA-PDR12 This study
pUDR020 2pm ampR ScURA3 gRNA-NAT1 gRNA-GET4 This study
pUDR022 2pm ampR kanMX gRNA-ACS1 gRNA-ACS2 This study

TA and B refer to 60 bp tags that are incorporated via PCR, enabling homologous recombination.
* Plasmids with an accession number have been deposited at EUROSCAREF.

clone containing the corretly assembled plasmid (confirmed by restriction analysis) was selected,
$tocked and deposited at EUROSCAREF (http://web.uni-frankfurt.de/fb15/mikro/euroscarf/).

Construction of the double gRNA plasmid series (pROS10 — pROS17)  To construct the double gRNA
plasmids (pROS10 — pROS17), an intermediate plasmid was first construéted, carrying two gRNA
cassettes that both targeted CAN1.Y (61). This intermediate plasmid was assembled out of four
different overlapping fragments: the two gRNA cassettes overlapping with each other in the 2pm
replicon, one ScURA3 marker cassette and a cassette containing all sequences for amplification in
E. coli. The gRNA cassettes were obtained in a two-$tep PCR approach. Firét a 2um fragment was
obtained from pUD194 (Table 2.2) with primers 3289 & 4692 and two different gRNA cassettes
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were PCR amplified from p426-SNR52p-gRNA.CAN1.Y-SUP4t with primers 5972 & 5976 for the
first cassette and 5977 & 5973 for the second cassette. Each gRNA cassette was separately pooled
with the 2pm fragment and in a second PCR reaction the gRNA cassettes were extended with
either the 5" or 3’ halve of the 2pm fragment, resulting in two different gRNA cassettes, over-
lapping in the 2um sequence, by using primer pair 5975 & 4068 for the fir§t and 5974 & 3841 for
the second fragment. The marker fragment containing ScURA3 was obtained from pUD192 with
primers 3847 & 3276 (Table 2.2) and the fragment containing all sequences for amplification in
E. coli was PCR amplified from pUD195 (Table 2.2) with primers 3274 & 3275. Using Gibson as-
sembly, the four overlapping fragments were assembled into the intermediate plasmid pUDE330.
To obtain pROS10, pUDE330 was linearized by PCR-amplification of the backbone, excluding the
gRNA fragments, and co-transformed with two gRNA cassettes for in vivo assembly by homolo-
gous recombination in yeast (172). For linearizing the backbone, a single primer was used (5793)
and the gRNA fragments were obtained by PCR from pUDE330 with primers 6008 & 5975 and 6007
& 5974. The plasmid was extracted from yeast and transformed into E. coli for §torage and plasmid
propagation. The other double gRNA plasmids were assembled by the Gibson assembly method
with a marker cassette and the pROS10 plasmid backbone fragment. This backbone fragment was
obtained by linearization of pROS10 with restriction enzymes Pvull and NotI. The various marker
cassettes were PCR amplified from plasmid templates pUG-amdSYM, pUG-hphNT1, pUGS6, pUG73
and pUG-natNT2 with primers 3093 & 3096 resulting in the amdSYM, hphNT1, kanMX, KILEUZ2 and
natNT2 cassettes, respectively. The HIS3 and TRPI cassettes were obtained by PCR with primers
6847 & 6848 on plasmid templates pRS423 and pRS424. Combining the appropriate marker cassette
with the pROS10 backbone fragment in a Gibson assembly reaction, following the manufacturer’s
recommendations, resulted in pROS11 — pROS17. For each of these double gRNA plasmids, an
E. coli clone containing the correctly assembled plasmid was selected, stocked and deposited at
EUROSCARE (http://web.uni-frankfurt.de/fb15/mikro/euroscarf/).

STRAIN CONSTRUCTION

S. cerevisiae $trains were transformed according to Gietz and Woods (97). Mutants were selected
on solid YP medium (demineralized water, 10 g-L™* Bacto yeast extradt, 20 g-L™* Bafto peptone,
2% (w/v) agar), supplemented with 200 mg-L™" G418, 200 mg-L* hygromycin B or 100 mg-L™*
nourseothricin (for dominant markers) or on synthetic medium supplemented with appropriate
auxotrophic requirements (326). In all cases, gene deletions and integrations were confirmed by
colony PCR on randomly picked colonies, using the diagnostic primers liSted in Table S2.1. In-
tegration of cas9 into the genome was achieved via assembly and integration of two cassettes
containing cas9 and the natNT2 marker into the CANI locus. The cas9 cassette was obtained by
PCR from p414-TEF1p-cas9-CYC1t (61), using primers 2873 & 4653. The natNT2 cassette was PCR
amplified from pUG-natNT2 with primers 3093 & 5542. 2.5 pg cas9 and 800 ng natNT2 cassette
were pooled and used for each transformation. Correct integration was verified by colony PCR
(Supplemental information) using the primers given in Table S2.1, the resulting strains have been
deposited at EUROSCARF. IMX719 was conStructed by co-transformation of pUDR022 (see be-
low) with genes required for functional Enterococcus faecalis PDH expression (167). The gene cas-
settes were obtained by PCR using plasmids pUD301 — pUD306 as template (Table 2.2) with the
primers indicated in Table S2.1 and the ACS1 dsDNA repair fragment, obtained by annealing two
complementary single stranded oligos (6422 & 6423). After confirmation of the relevant genotype
(Figure 2.4B), the pUDR022 plasmid was removed as explained in Supplemental information.

SINGLE GRNA METHOD (CLONING FREE)

The yeast homologous recombination (HR) machinery was used to assemble plasmids with specific
gRNA sequences out of two different fragments: a plasmid backbone and a gRNA target sequence.
Depending on the preferred selectable marker, the linearized plasmid backbone was obtained via
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PCR using the appropriate single gRNA plasmid (pMEL10 - pMEL17) as a template, with primers
6005 & 6006. To obtain the double $tranded gRNA cassettes (the target sequences are listed in
Table 2.3), two complementary single stranded oligos (Table S2.1) were mixed in a 1:1 molar ra-
tio, heated to 95 °C and then cooled down to room temperature. The resulting gRNA fragments
contained the 20 bp gRNA recognition sequences, flanked by 50 bp overlaps with the linearized
plasmid backbone. The 120 bp repair fragments were obtained by following the same procedure
and were identical to the up- and downstream regions of the DSB break, allowing for effective
repair by the HR-machinery. For each transformation, a linearized plasmid backbone, a double
Stranded cassette containing the gRNA sequence of choice and the double stranded DNA cassette
for repair of the DSB were pooled and co-transformed to the appropriate $train.

DousLE GRNA METHOD

Plasmids with two gRNAs were assembled in vitro, using Gibson assembly of a 2pm fragment con-
taining the two gRNA sequences and a double gRNA (pROS10 — pROS17) plasmid backbone. The
2pm fragment was obtained via PCR, using pROS10 as a template with two primers containing
the 20 bp gRNA recognition sequences and a 50 bp sequence, homologous to the linearized plas-
mid backbone (Table S2.1). The linearized plasmid backbone was obtained via PCR using one of
the double gRNA plasmids (pROS10 — pROS17, depending on the preferred selective marker) as a
template with a single primer (6005), binding at each of the two SNR52 promoters (Supplemental
information). The two fragments were combined using Gibson assembly, followed by transforma-
tion to E. coli for §torage and plasmid propagation. Since both of the gRNA containing primers
could bind on either side of the 2um fragment, it was important to check that the final plasmid
contained one copy of each gRNA (theoretically this would be the case in 50% of the E. coli trans-
formants). To simplify this confirmation step, the gRNA target sequences were selected for the
presence of a restriction site. Alternatively, diagnostic primers specific for the introduced 20 bp
recognition sequences were used for the identification of correétly assembled gRNA plasmids us-
ing PCR (see Protocol in Supplemental information).

To construét the plasmid pUDR002 (targeting MCH1&MCH2, TRP1 marker), the 2pm fragment
was amplified using DreamTagq (Fisher Scientific) from pROS10 using primers 6835 & 6837 (Sup-
plemental information). The backbone of pROS17 was amplified using the Phusion polymerase
(Fisher Scientific) with a single primer 6005 (Supplemental information). The two fragments were
assembled using Gibson assembly and confirmed via retriction analysis. Similarly, the following
plasmids were constructed: pUDR004 (targeting MCH5& AQY1, HIS3 marker), pUDROO05 (targeting
ITR1&PDR12, KIURA3 marker), pUDR020 (targeting NAT1&GET4, URA3 marker), pUDR022 (tar-
geting ACS1&ACS2, kanMX marker). Transformations using the double gRNA method required
co-transformation of 2 pg of (each) pUDR plasmid together with 1 pg of (each) corresponding
double stranded DNA cassette for DSB repair.

MOLECULAR BIOLOGY TECHNIQUES

PCR amplification with Phusion® Hot Start II High Fidelity Polymerase (Thermo Fisher Scientific)
was performed according to the manufacturer’s instructions using PAGE-purified oligonucleotide
primers (Sigma-Aldrich, St. Louis, MO). Diagnostic PCR was done via colony PCR on randomly
picked yeast colonies, using DreamTaq (Thermo Fisher Scientific) and desalted primers (Sigma-
Aldrich). The primers used to confirm successful deletions by one of the two described methods
can be found in Table S2.1. DNA fragments obtained by PCR were separated by gel electrophore-
sis on 1% (w/v) agarose gels (Thermo Fisher Scientific) in TAE buffer (Thermo Fisher Scientific)
at 100V for 30 minutes. Fragments were excised from gel and purified by gel purification (Zy-
moclean™, D2004, Zymo Research, Irvine, CA). Plasmids were isolated from E. coli with Sigma
GenElute Plasmid kit (Sigma-Aldrich) according to the supplier’s manual. Yeast plasmids were
isolated with Zymoprep Yea$t Plamid Miniprep II Kit (Zymo Research). E. coli DH5x (18258-012,
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Life Technologies) was used for chemical transformation (T3001, Zymo Research) or for electro-
poration. Chemical transformation was done according to the supplier’s instructions. Electrocom-
petent DH5x cells were prepared according to Bio-Rad’s protocol, with the exception that the cells
were grown in LB medium without NaCl. Electroporation was done in a 2 mm cuvette (165-2086,
BioRad, Hercules, CA) using a Gene PulserXcell Electroporation System (BioRad), following the
manufacturer’s protocol.

YEASTRICTION WEBTOOL

The tool is written in Javascript and based on the MEAN.io §tack (MongoDB, Express, Angular]S
and Node.js). The source code is available at https://github.com/hillstub/Yeastriction. Genome and
ORF sequences were downloaded from SGD (http://www.yeastgenome.org) in GFF and FASTA file
format, respectively. ORFs, including their 1kb up- and downstream sequences were extra‘ted and
imported into Yeastriction, with the aid of an in-house script. Yeastriction extraéts all possible Cas9
target sequences (20 basepairs followed by NGG) from a specified ORF and from its complemen-
tary $trand. Subsequently, sequences containing 6 or more Ts are discarded as this can terminate
transcription (21, 334). Target sequences are then tested for off-targets (an off-target is defined as
a sequence with either the NGG or NAG PAM sequence and 17 or more nucleotides identical to
the original 20 bp target sequence (126)) by matching the sequences against the reference genome
using Bowtie (version 1) (179). If any off-target is found the original target sequence is discarded.
In a next $tep, the AT content is calculated for the target sequence. Using the RNAfold library
(essentially with the parameters -MEA —noLP -temp=30.) (196) the maximum expected accuracy
Structure of each RNA molecule is calculated. The target sequence is also searched for the presence
of reétriction sites based on a default li§t or a user-defined list. The targets can be ranked based
on presence of restriction sites (1 for containing and 0 for lacking a restriction site), AT content (1
having the highes§t AT-content and 0 for the lowest AT-content) and secondary structure (1 having
the lowest amount of pairing nucleotides and 0 for the highes§t number of nucleotides involved
in secondary $tructures (indicated by brackets)). The range for every parameter is determined per
locus and used to normalize the values. Subsequently, the target sequences are ranked by summa-
tion of the score for each parameter. These ranking scores should only be used to order the targets
from a single locus and not to compare targets for different loci. The application can be accessed
at the following URL: http://yeastriction.tnw.tudelft.nl/.

2.3  RESULTS AND DISCUSSION
2.3.1  Yeastriction: a CRISPR design tool

To $treamline design and construction of CRISPR/Cas9 gRNA plasmids for intro-
duction of (multiple) genetic modifications, the Yeastriction webtool (http://yeastric-
tion.tnw.tudelft.nl) was developed. This webtool was designed to be compatible with
the single and double gRNA plasmid series (pMEL10 — pMEL17 and pROS10 — pROS17,
respectively), as described below. Because the CRISPR/Cas9 system can be highly se-
quence specific, it is crucially important to select target sequences based on correct ref-
erence genome sequence information. A difference of a single nucleotide in the gRNA,
as compared to the genomic target sequence, can already completely abolish Cas9 nu-
clease activity (126). To make Yea$triction useful for the entire yeast community, a set
of 33 S. cerevisiae genomes (Www.yeastgenome.org) was implemented. In the firét §tep,
the user can sele¢t the desired reference genome and enter (multiple) systematic names
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(e.g. YDL054C, YKL221W) or gene names (e.g. MCH1, MCH2). For each entered gene, the
tool matches every potential target sequence to the selected reference genome. If there
are potential off-targets (other sequences present in the same genome with either NAG
or NGG as PAM sequence and with a 0 — 3 nucleotide difference in the 20 bp target
sequence (126)) the target sequence is discarded. Sequences that contain 6 or more con-
secutive Ts are also discarded as they may cause transcript termination (21, 334). A recent
report indicates that the AT content of Cas9 target sequences should preferably be above
65% (190). Furthermore, there are indications that target sequences without obvious nu-
cleotide interactions in secondary §tructures are more efficient (347). The presence of
unique restriction sites within the target sequence simplifies verification of corret plas-
mid assembly. Yeastriction therefore ranks potential Cas9 target sequences according to
AT-content, secondary $tructures and the presence of restriction sites. To increase flex-
ibility, the user can also choose to leave out one of the parameters in the final ranking.
For the top-ranked target sequence, the tool automatically designs the oligonucleotide
primers required for plasmid construction and the oligonucleotides (which can be or-
dered as primers) needed to form the repair fragment when a gene deletion is desired.
To increase flexibility, the user can also choose another target site than the top-ranked
sequence (Supplemental information).

2.3.2  ConStruction of a set of plasmids for transformation with one or two gRNAs

DiCarlo and co-workers (61) described conétruction of plasmid p426-
SNR52p-gRNA.CAN1.Y-SUP4t (Addgene www.addgene.org/43803/) for expression
of a single gRNA in yeast, using the SNR52 promoter and SUP4 terminator. We hypoth-
esized that the gRNA could be easily changed by in vivo homologous recombination via
co-transformation of the linearized p426-SNR52p-gRNA.CAN1.Y-SUP4t backbone (from
which the 20 bp recognition sequence “CAN1Y” was omitted) together with a new 20
bp gRNA fragment, flanked by 50 bp overlaps with the plasmid backbone. In order to
further increase the flexibility of this system, and to allow its use with genetic markers
other than URA3, a $tandardized set of plasmids was constructed (Figure 2.1B). To this
end, a linearized plasmid backbone of the p426-SNR52p-gRNA.CAN1.Y-SUP4t plasmid
that excluded the URA3 marker gene, was obtained by PCR. Subsequently, eight dif-
ferent genetic markers (KIURA3, amdSYM, hphNT1, kanMX, KILEU2, natNT2, HIS3 and
TRP1) were PCR amplified and (re-)introduced in this backbone using Gibson assembly.
The resulting plasmids were named pMEL10 to pMEL17 (Figure 2.1B, Table 2.2).

Use of in vivo recombination enabled the introduction of one gRNA sequence per sin-
gle gRNA plasmid backbone (pMEL10 — pMEL17), without the need of prior cloning.
When multiple genetic modifications are required, marker availability might become a
limitation. In this case, plasmids containing multiple gRNA sequences would be pre-
ferred as this allows introduction of more genetic modifications before plasmid removal
is required. For this purpose, a second set of plasmids was constructed that contained 2
gRNA sequences, between separate promoters and terminators.

Fir§t pROS10 was constructed (Figure 2.1C), containing the ScURA3 marker, ampR for
selection in E. coli and a 2um fragment flanked by two pSNR52-gRNA-tSUP4 cassettes in
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Figure 2.1. Workflow for CRISPR/Cas9 modification of S. cerevisiae genome using single and double gRNA plasmid series (pMEL10
tively). (a) All oligonucleotides, required for targeting the gene(s) of interest (GOI), can be automatically designed with Yeastriction (
single gRNA method, the tool designs complementary oligonucleotides that can be annealed to form (i) a double $tranded repair fi
which contains the target sequence for the GOL For expression of the gRNA, a plasmid backbone containing the genetic marker o
plasmid (pMEL10 — pMEL17). Gene deletion is achieved via co-transformation of the plasmid backbone, the dsDNA insert and th
method, Yeastriction designs two sets of oligonucleotides, the first oligonucleotide binds to the 2um fragment and has a tail conta;
GOI and a sequence identical to both sides of a linearized double gRNA plasmid backbone (pROS10 - pROS17), the second set of olig

dsDNA repair fragment(s).
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Figure 2.1 (continued from previous page) . To construct a gRNA plasmid with two target sequences, a
double gRNA plasmid backbone with the appropriate marker (pROS10 — pROS17) is amplified by PCR, ex-
cluding the 2um fragment. The 2pm fragment is amplified using the primers harbouring the targets for the
GOIs and sequences identical to the plasmid backbone. The final plasmid is then construéted in vitro using
the plasmid backbone and the 2pm fragment, e.g. with Gibson assembly. After confirmation of corre¢t plas-
mid assembly using restriction analysis or PCR, the resulting plasmid is transformed to yeast, together with
the appropriate 120 bp dsDNA repair fragment(s). After transformation the desired genetic modification(s) are
checked by PCR, Southern blot analysis or sequencing. Subsequently, the §train can be modified again in a new
round of transformation. Before physiological analysis, the gRNA plasmid(s) are preferably removed. This can
be done by growing the strains in liquid media without selection pressure or, if possible, by counter-selection
pressure (with 5-fluoroorotic acid, fluoroacetamide or 5-fluoroanthranilic acid for pMEL10+pROS10 plasmids,
PMEL11+pROS11 plasmids and pMEL17+pROS17 plasmids, respectively). After confirming plasmid removal
by restreaking the same colony on selective and non-selective medium and/or PCR analysis, the resulting
§train is re-grown in liquid medium and §tored at -80 °C. (b) Architecture of the single gRNA plasmid series
(pMEL16 - pMEL17). The primers used for PCR amplification of the plasmid backbone are indicated by black
arrows. (c) Architecture of the double gRNA plasmid series (pROS10 — pROS17) with two gRNA cassettes. The
plasmid backbone can be PCR amplified with a single primer (indicated with a black arrow). The 2pm fragment
is amplified with primers designed using Yea$triction (indicated in orange and light green coloured arrows).

opposite directions, with one of these cassettes containing the target sequence CAN1.Y
and the other ADE2.Y (61). This design enables construction of plasmids that target other
loci, by first PCR-amplifying the 2um fragment, using primers that incorporate the new
target sites, followed by assembly into a linearized backbone that contains the desired
marker gene via an in vitro method such as Gibson assembly. To generate plasmids with
marker genes other than URA3, the backbone of pROS10 was first digested with restric-
tion enzymes to remove the ScURA3 marker. Subsequently, other markers were PCR
amplified and inserted using Gibson assembly. This yielded plasmids pROS11 to pROS17
(Figure 2.1C, Table 2.2), which contained the marker genes amdSYM, hphNT1, kanMX,
KILEU2, natNT2, HIS3 and TRP1, respectively. Both plasmid series (pMEL10 — pMEL17
and pROS10 — pROS17) have been made available through EUROSCARF.

2.3.3  ConStruction of various cas9 expressing CEN.PK Strains

In the cas9 bearing $trains described by DiCarlo and co-workers (61), a centromeric plas-
mid was used to express cas9, either from a variant of the inducible GALI promoter
or from the constitutive TEFI promoter. When multiple rounds of transformation and
gRNA plasmid removal are desired, a Stable integrated copy of cas9 is preferred, since
this allows growth of $trains on complex medium, which enables faster growth and ef-
ficient plasmid recycling. To this end, a cas9 gene under the control of the TEFI pro-
moter was integrated into the CANT locus together with the natNT2 marker. In order to
increase the flexibility of the CRISPR/Cas9 system, cas9 was integrated in the haploid
strains CEN.PK113-7D and CEN.PK113-5D (Ura™) and the diploid $trains CEN.PK122
and CEN.PK115 (Ura™). Additionally, cas9 was integrated in the quadruple auxotrophic
Strain CEN.PK2-1C (Ura™, Leu™, Trp~, His™), resulting in §train IMX672, which was used
to test the efficiencies of the gRNA plasmids developed in this §tudy. All these $trains are
deposited at EUROSCAREF. Conftitutive expression of cas9 in CEN.PK113-7D (IMX585)
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Figure 2.2. Efficiency of gene deletion obtained after transformation with a single gRNA plasmid. (a) Quantifi-
cation of the number of colonies and corresponding gene deletion efficiencies, obtained after transformation of
S. cerevisiae IMX672 (ura3-52 trp1-289 leu2-3,112 his3A, canlA::cas9) with 100 ng pMEL10 backbone, 300 ng of
gRNA insert DNA and 2 pg of the corresponding 120 bp dsDNA repair fragment. The transformation targeting
MCHI1, MCH2 and MCH5 simultaneously was performed using 300 ng of each insert and 2 pg of each repair
fragment. For the transformations with repair fragments, the exa¢t number of transformants could not be
determined, but exceeded 5,000 colonies per plate. The data represent average and $tandard deviation of trans-
formants of three independent transformation experiments. The estimated total number of colonies carrying
gene deletions was based on colony PCR results of 24 randomly picked colonies. In red: percentage of colonies
without gene deletions, in blue: percentage of colonies containing one or two but not all deletions, green: per-
centage of colonies containing all desired gene deletions. No transformants with all three genes deleted were
identified. (b) Diagnostic primers were designed outside of the target ORFs to differentiate between successful
and non-successful colonies via PCR. In this colony PCR example, primers 6862 & 6863 were used to amplify
the MCH1 locus. (c) Example of a diagnostic gel from the transformation targeting the MCHI locus. The fir§t
lane (L) contains the GeneRuler DNA Ladder Mix. Lane 1 to 8 show the PCR results of 8 randomly picked
colonies. Successful deletion of MCH1 results in a PCR fragment with a length of 729 bp (lane 1, 3 and 7), when
MCH1 is §till present a band is observed at 2190 bp (lane 2, 4, 5, 6 and 8).

did not significantly affect the maximum specific growth rate. IMX585 grew at 0.37 +
0.003 h™* (value and mean deviation are based on two independent experiments) on glu-
cose synthetic medium in shake-flask cultures while the growth rate of the reference
CEN.PK113-7D was of 0.39 + 0.01 h™".

2.3.4  Seamless and markerless gene deletion using in vivo assembled plasmids containing
single gRNAs

The first plasmid series, pMEL10 — pMEL17, was designed to perform gene deletions
from plasmids assembled in vivo, harnessing the high frequency and fidelity of homolo-
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gous recombination in S. cerevisiae (172, 175, 226, 227) and obviating the need for prior
cloning of the gRNA sequence. To test whether in vivo assembly of a plasmid carrying
the gRNA sequence could be combined with CRISPR-mediated genetic modification, a
plasmid backbone and insert containing the gRNA of choice were co-transformed with a
120 bp “repair fragment” for markerless and scarless gene deletion. The gRNA sequence
targeting the gene MCHI (Table 2.3) was seleéted based on a high score (AT content
0.65, RNA score 0.50) in Yeastriction and contained 50 bp overlaps to each side of the
linearized plasmid backbone with the KIURA3 marker, facilitating homologous recom-
bination. Transformation of IMX672 (ura3-52 trp1-289 leu2-3,112 his3A cani1A::cas9) re-
sulted in >5,000 colonies per plate and colony PCR was performed to confirm successful
gene deletion. Out of 24 randomly tested colonies, 12 (50%) showed the intended sin-
gle gene deletion of MCH1 (Figure 2.2). The colonies that did not show the intended
deletion could be caused by misassembly of the plasmid, as omitting either the insert
or the repair fragment from the transformation mixture yielded ~2,000 colonies. To test
whether these results could be reproduced when different loci were targeted, the same
Strategy was employed to target MCHZ2 and MCHS5. A gRNA recognition sequence was
selected for each gene using Yeastriction, based on a low score for MCHZ (AT content
0.45, RNA score 0.30) and a high score for MCH5 (AT content 0.65, RNA score 0.50)
targeting sequence respectively. Transformation with gRNA inserts targeting either of
these loci and the corresponding repair fragments resulted in similar colony counts as
observed for MCH1. Furthermore, colony PCR determined successful deletions for both
loci at varying efficiencies, 25% and 75% for MCH2 and MCH5 respectively (Figure 2.2).
This observed difference in deletion efficiency was in line with the targeted site quality
scores predicted by Yeastriction for MCH2 and MCH5 selected gRNAs. This cloning-free
approach might be extended to enable co-transformation of multiple gRNA inserts and
their corresponding repair fragments. By assembly of multiple plasmids bearing differ-
ent gRNA sequences in a single cell, this might facilitate the simultaneous introduction
of multiple gene deletions. To test this possibility, the same plasmid backbone, containing
the KIURA3 marker, was co-transformed with three different gRNA fragments (MCH1,
MCH2 & MCHS5) and their corresponding repair fragments. Over 5,000 colonies were
obtained after transformation and 24 randomly picked colonies were tested via colony
PCR. Transformation with three inserts led to the identification of 4 mutants contain-
ing a single and 1 mutant containing a double deletion (24 colonies tested, Figure 2.2A)
but none with three deletions. Only one of the 6 identified deletions was found in the
MCHT1 locus (targeted by a gRNA with a low Yeastriction score, Table 2.3), while three
and two deletions corresponded to ORFs of MCH1 and MCHS5 respectively. These results
indicated that mutants containing multiple gene deletions could be obtained via com-
bined in vivo recombination and gene disruption, although at low (~4%) efficiencies. This
low efficiency of multiple gene disruption might have several reasons (i) it can be the
result of misassembly of the plasmid, as transformation of the backbone without insert
or repair oligo already resulted in ~2,000 colonies when making single deletions (ii) a
cell does not need to assemble all three plasmids, as one plasmid is enough to restore
prototrophy and (iii) errors present in the gRNA inserts affecting its targeting efficiency.
Indeed, sequencing of in vivo assembled plasmids of three false positive colonies, showed
that the gRNA sequence contained nucleotidic insertions and deletions, impairing Cas9
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Table 2.3. Target sequences used in this study

Locus Sequence (including PAM) Restriction site AT score RNA score
MCH1 TATTGGCAATAAACATCTCGAGG 0.65 0.55
MCH2  ATCTCGATCGAGGTGCCTGATGG Pvul 0.45 0.30
MCH5 ACTCTTCCGTTTTAGATATCTGG EcoRV 0.65 0.60
AQY1 ACCATCGCTTTAAAATCTCTAGG  Dral 0.65 0.50
ITR1 ATACATCAACGAATTCCAACCGG  EcoRI 0.65 0.60
PDR12 GCATTTTCGGTACCTAACTCCGG Kpnl 0.55 0.60
NAT1 AAAGGAATTGGATCCTGCGTAGG  BamHI 0.55 0.60
GET4 GGGCTCGCTAGGATCCAATTCGG  BamHI 0.45 0.50
ACS1 TTCTTCACAGCTGGAGACATTGG  Pvull 0.55 0.45
ACS2 TCCTTGCCGTTAAATCACCATGG 0.55 0.80

restriction in the target ORF. These mutations of the gRNA sequence likely derived from
imperfeét annealing of the two complementary oligonucleotide used to form the in vivo
assembled gRNA fragment.

All collectively these results showed that single gene deletions could be easily per-
formed by this method, however when more than one locus has to be altered a more
effective §trategy is needed as is detailed in the next section.

2.3.5 Multiplexing seamless gene deletions using in vitro assembled plasmids containing
two gRNAs

While in vivo assembly of the gRNA plasmid and CRISPR-assisted genetic modification
can be combined in a single transformation, the relatively high incidence of false positive
colonies limits use of this system for simultaneous introduction of multiple chromoso-
mal modifications. Since some of the false positives could be the result of misassembly of
the gRNA containing plasmid, it was expected that pre-assembly of the plasmid using in
vitro Gibson assembly would result in a lower number of false positives. Therefore, a dou-
ble gRNA plasmid was constructed, expressing guideRNAs designed to target ITRI and
PDR12. First, the pROS10 backbone and the 2pm fragment flanked by the gRNAs contain-
ing the target sequences for ITR1 and PDR12 were amplified using PCR (Figure 2.1). The
resulting DNA fragments were assembled and the plasmid (pUDR005) was verified by
digestion with reftriction enzymes specifically targeting the ITR1 and PDR12 target se-
quences (Table 2.3). Co-transformation of the resulting plasmid with the corresponding
repair fragments into the cas9 expressing $train IMX672 yielded 900 colonies per plate.
In contrast, a single transformation in which repair fragments were omitted yielded only
two colonies. 24 Colonies were randomly picked and PCR verification determined that
all of these contained both gene disruptions (IMX715, Figure 2.3). The transformation of
an already assembled plasmid might enable immediate transcription of the gRNA, while
the other method required assembly of a corret plasmid prior to transcription of the
gRNA. This might explain the significantly higher observed efficiency of this approach
compared to the method using in vivo assembled plasmids. Most likely, pre-assembly
and confirmation of the plasmid containing two gRNAs greatly reduces the number of
false positives.
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Figure 2.3. Efficiency of gene deletion obtained after transformation with double gRNA plasmids. (a) Quan-
tification of the number of colonies and corresponding gene deletion efficiencies after transformation of S.
cerevisiae IMX672 (ura3-52 trp1-289 leu2-3,112 his3A, can1A::cas9) with 2 pg of various double gRNA plasmids
with 1 pg of the appropriate repair fragment(s). When multiple plasmids were transformed simultaneously, 2
pg of each plasmid was added. The data represent average and §tandard deviation of transformants of three
independent transformation experiments. In red: percentage of colonies containing no gene deletions, in blue:
percentage of colonies containing some but not all targeted gene deletions (1, 1-3 and 1-5 respectively), in
green: percentage of colonies containing all targeted simultaneous gene deletions (2, 4 and 6 respectively).
(b) Diagnostic primers were designed outside of the target ORFs to differentiate between successful and non-
successful colonies via PCR. In this colony PCR example, primers 6862 & 6863, 6864 & 6865, 6866 & 6867, 6868
& 6870, 6869 & 6870 and 253 & 3998, were used to amplify the MCH1, MCH2, MCHS5, AQY1, ITR1 and PDR12
loci respectively. The expected sizes of the PCR products obtained when the gene is present (left) or deleted
(right) are indicated. (c) Example of a diagnostic gel from the transformation introducing 6 simultaneous gene
deletions, resulting in IMX717. The fir$t lane (L) contains the GeneRuler DNA Ladder Mix. Lane 1 to 6 show
the PCR results of the reference $train CEN.PK113-7D (top) and a randomly picked colony of IMX717 (bottom)
with primers 6862 & 6863 for MCHI1 (lane 1), 6864 & 6865 for MCH2 (lane 2), 6866 & 6867 for MCH5 (lane 3),
6868 & 5593 for AQY1 (lane 4), 6869 & 6870 ITRI1 (lane 5) and 253 & 3998 for PDR12 (lane 6).
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Encouraged by these extremely high efficiencies, transformations were performed
using multiple plasmids that carried different genetic markers. To this end, two new
plasmids were construted, each targeting two different genetic loci (MCH1/MCH2
(pUDR002) and MCH5/AQY1 (pUDR004)). Two and three plasmids were co-transformed,
containing either the KIURA3 and TRP1 or the KIURA3, TRP1 and HIS3 selectable mark-
ers. In contrast to the transformations with a single plasmid, which yielded over 900
colonies, only 74 colonies and 14 colonies were obtained when transforming two and
three plasmids, respectively. These lower numbers of colonies might refle¢t the decreas-
ing probability that a single cell successfully takes up multiple plasmids and, subse-
quently, performs the corresponding gene deletions. The characterization of the colonies
from the transformation with two plasmids revealed that out the 20 tested clones, 14
(70%) harboured all 4 deletions (IMX716). Similarly, out of 20 randomly tested colonies
obtained from the transformation with 3 plasmids, 13 (65%) clones contained all 6 dele-
tions (IMX717, Figure 2.3).

These results unequivocally demonstrate the efficiency of CRISPR/Cas9 mediated ge-
netic modification of yeast in simultaneously generating multiple deletions in a single
transformation §tep. Recently, CRISPR/Cas9 was successfully applied to simultaneously
disrupt all homozygous alleles in the polyploid ATCC4124 $train. In four transformation
iterations a quadruple ura3 trpl leu2 his3 auxotrophic $train was constructed (348). A
design similar to the native polycistronic CRISPR array consisting of a tracrRNA and
crRNA instead of the chimeric gRNA was used to achieve three concurrent deletions
using a single crRNA array (8). To the best of our knowledge, the present §tudy is the
fir§t to demonstrate generation of a sextuple deletion $train of S. cerevisiae in a single
transformation event.

2.3.6  Multiplexing deletion, multi-gene integration and introduction of single nucleotide
mutations

Hitherto, reported applications of CRISPR/Cas9 in S. cerevisiae focused on gene inac-
tivation. I-Scel-mediated introduction of double-§tranded breaks has previously been
shown to facilitate simultaneous integration of several gene expression cassettes at chro-
mosomal loci (171). To explore the potential of CRISPR to combine gene deletion with
the simultaneous in vivo assembly and chromosomal integration of multiple DNA frag-
ments, we attempted to construét an S. cerevisiae Strain with a double ACS1 ACS2 dele-
tion that also overexpresses the Enterococcus faecalis pyruvate dehydrogenase (PDH)
complex (167) in a single transformation. To this end, IMX585 was transformed with
a plasmid expressing the gRNAs targeting the ACS genes (pUDR022). A 120 bp repair
fragment was co-transformed for the deletion of ACSI and the ORF of ACS2 was re-
placed via integration of six gene cassettes expressing the genes of the E1x, E13, E2 and
E3 subunits of Enterococcus faecalis PDH encoded by pdhA, pdhB, aceF, and Ipd, as well
as the IplA and IplA2 genes required for PDH lipoylation (167) (Figure 2.4A). Cytosolic
acetyl-CoA is essential and a double acsIA acs2A mutant is not viable (13) unless acetyl-
CoA is provided by an alternative route (166, 167). The transformation targeting the two
ACS genes yielded 11 colonies, with 10 out of 10 picked colonies showing the desired
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Figure 2.4. Multiplexing CRISPR/Cas9 in S. cerevisiae. (a) Chromosomal integration of the six genes required
for expression of a functional Enterococcus faecalis pyruvate dehydrogenase complex in the yeast cytosol. All
six genes are flanked by 60 bp sequences enabling homologous recombination (indicated with black crosses).
The fir§t and the last fragments are homologous to 60 bp just up- and downstream of the ACS2 OREF, respec-
tively, thus enabling repair of the Cas9-induced double §trand break by homologous recombination (left panel).
Deletion of ACS1 using a 120 bp dsDNA repair fragment is shown in the right panel. (b) Multiplex colony
PCR was performed on ten transformants to check their genotypes. Results are shown for two representative
colonies, confirming the intended genotype. The PCR on the wild-type $train shows the predicted bands for
the presence of the wild-type ACS1 and ACS2 alleles. Two DNA ladders were used; L1 refers to the GeneRuler
DNA ladder (Thermo Scientific) and L2 to the GeneRuler 50 bp DNA ladder (Thermo Scientifc). (The bands
indicated with an asterisk refle¢t aspecific PCR products)

genotype (Figure 2.4B). From one colony, the gRNA plasmid was removed by growing
on non-selective YP medium, yielding $train IMX719. This $train showed only growth on
synthetic medium with 2% glucose and lipoate and failed to grow on synthetic medium
with 2% glucose and on YP with 2% ethanol. This phenotype is entirely consistent with
the phenotype reported by Kozak et al. (167) for an acs1 acs2 §train of S. cerevisiae that
expresses the E. faecalis PDH subunits and lipoylation genes, thereby further confirming
the genotype of the §train IMX719.

To explore the potential of CRISPR/Cas9 to introduce specific single-nucleotide muta-
tions in genomic DNA, a plasmid was constructed with gRNAs targeting the GET4 and
NATI loci (pUDRO020). Both of the target sequences contained a BamHI (G|GATCC) re-
Striction site. The corresponding repair oligonucleotides were designed to introduce a
single-nucleotide change in the genomic target sequence, which at both sites resulted
in the introduction of a reétriction site for EcoRI (GJAATTC) and simultaneously dis-
rupted the BamHI restriction site (Figure 2.5A). Transformation of the cas9 bearing $train
IMX672 with pUDR020 (NAT1 and GET4 gRNA, KIURA3) and the corresponding repair
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Figure 2.5. Simultaneous introduction of different single-nucleotide mutations in S. cerevisiae. (a) Transfor-
mation of IMX581 (ura3-52, can1A:CAS9) was performed with pUDR020, resulting in the introduction of two
mutations in NATI and GET4. Underlined: the protospacer adjacent motif (PAM) sequences associated with
the gRNA targets. In white: retriction sites present in the original gRNA targeting sequence (BamHI) and
in the repair fragment used to corre¢t the double $trand break (EcoRI). (b) Introduction of the double §trand
break and subsequent repair using the mutagenic repair fragment resulted in a change of restriction site from
BamHI to EcoRI In this colony PCR example, primers 7030 & 7031 and 7036 & 7037 were used to amplify a
part of the GET4 and NAT1 locus (lane 1 and 4 respectively) from CEN.PK113-7D and two colonies of IMX581,
transformed with pUDR020 and mutagenic repair fragments. In lanes labelled 2 and 5: digestion of the PCR
fragments with BamHI, which only results in digestion fragments of sizes 250 bp + 459 bp and 226 bp and 628
bp when the original restriction sites in GET4 and NATI are $till present (CEN.PK113-7D). In lanes labelled 3
and 6: digestion of the PCR fragments with EcoRI, which only results in digestion fragments of sizes 259 bp
+ 450 bp and 227 bp and 627 bp when this new restriction site has been introduced via the mutagenic repair
fragment (Colony 1 and 2).

fragments resulted in ~1,500 colonies, while omitting both repair fragments did not result
in any colonies. Eight colonies were randomly picked and a part of the ORF containing
the target sequence was PCR amplified for both GET4 and NAT1I. Digestion of the am-
plified PCR produét with BamHI and EcoR], followed by gel electrophoresis showed that
four of the eight colonies contained both mutations after transformation (Figure 2.5B).
To confirm whether these four colonies indeed contained the desired mutations, a frag-
ment of 120 bp around the target site was sequenced. All colonies contained the desired
mutations, although two of the four colonies also showed additional, undesired, muta-
tions at the GET4 locus (Table S2.2 and S2.3, colony 2 and 4). Although these results show
that one mutation can already abolish restriction, Cas9 induced DSBs might §till occur,
as long as the gRNA cassette is expressed. We therefore advise to (re)sequence mutated
sites after gRNA plasmid removal and/or use the two §tep $trategy discussed below.
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The ease with which specific single-nucleotide mutations can be simultaneously intro-
duced, makes the CRISPR/Cas9 system a highly valuable tool for analysing the biological
significance of mutations identified by whole genome resequencing of strains obtained
by mutagenesis (e.g. UV, X-rays) (143) or evolutionary engineering (35, 100, 124, 229).
Reverse engineering of such mutations essentially encompasses restoration of the ref-
erence nucleotide in the mutant $train and/or introduction of the mutated nucleotide
position in a naive (non-mutated or non-evolved) genetic background. Even laboratory
evolution experiments performed in the absence of mutagenesis typically yield multi-
ple mutations, not all of which contribute to the phenotype of interest (see e.g. (100,
164)). Therefore availability of methods that enabled reintroduction of multiple point
mutations at various genomic loci is invaluable for rapid identification of relevant mu-
tations. Similar to the YOGE (Yeast Oligo-Mediated Genome Engineering) method (60),
the CRISPR approach enables multiplexing and offers flexibility. In contrast to the YOGE
method, which requires a specific background (mlh1A msh2A RAD5153#2E4 RAD541) (60),
the CRISPR approach should be applicable to any S. cerevisiae $train background that ex-
presses a functional cas9 gene. The two examples used in this §tudy (GET4 and NATI)
were designed for easy verification. If the desired point mutation is not present in a
suitable target sequence, it may be possible to introduce (multiple) Single Nucleotide
Variation(s) (SNV) in two rounds of CRISPR/Cas9 mediated genome modification. In the
fir§t round, a larger part surrounding one or several SNVs could be deleted while repair-
ing the DSBs with repair fragments that contain a generic synthetic target sequence. In
a second round, these generic target sequences can then be cut by Cas9, combined with
the repair of the DSBs with 120 bp sequences that contain the desired SNVs.

2.4 OuUTLOOK

The use of homologous recombination for the assembly of multi-gene construéts (96,
279) had a tremendous impact on genetic engineering $trategies (3, 34). Even before the
advent of CRISPR/Cas9 these developments have immensely decreased $train construc-
tion time in our group and enabled us to express complicated multi-step pathways and
multi-component enzymes (10, 105, 165, 167, 171). Until recently the deletion of mul-
tiple genes and insertions at multiple loci remained a cumbersome and time-intensive
process. Here, building on the pioneering conceptual proof of CRISPR functionality in
lower eukaryotes (61), we show that CRISPR/Cas9 will further improve and accelerate
yeas$t §train construction, not only by allowing multiplexing gene deletions (61, 348)
but also by allowing simultaneous introduction of gene deletions, chromosomal integra-
tion of multi-gene constructs and the introduction of specific mutations. Although it is
difficult to quantify the impaét on the overall time requirements for complex pathway
engineering, the examples presented here suggest that a three to four-fold acceleration
is unlikely to be exaggerated.

This paper focuses on S. cerevisiae, a microbial species that is already known for
its easy genetic accessibility. Therefore, it is logical to speculate that this methodology
should have an even higher impa¢t on species of yeasts and filamentous fungi that are no-
toriously more difficult to alter genetically. Indeed, a very recent example described the
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benefit of the introduction of CRISPR/Cas9 in Schizosaccharomyces pombe (137). While
the methodology reported in this §tudy streamlines the use of CRISPR in S. cerevisiae, the
method can be further improved. The RNA polymerase III dependent promoter SNR52 is
not a broadly recognized promoter (265). Recently, it has been shown that guideRNAs,
flanked by the hammerhead and hepatitis delta virus ribozymes, can be expressed using
polymerase II promoters (93). A promising promoter would then be the TEFI promoter
from Blastobotrys adeninivorans (309) as this is a §trong, constitutive promoter, recog-
nized in different species, like S. cerevisiae, Hansenula polymorpha and Pichia pastoris.

We hope that by providing the easy-to-use Yeastriction design tool, two versatile plas-
mid series for gRNA expression, a set of S. cerevisiae CEN.PK strains harbouring the cas9
expression cassette and $tandardized protocols (Supplemental information), this paper
will help colleagues to facilitate and accelerate yeast $train engineering.
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SUPPLEMENTARY MATERIALS

Note

For the protocols and YeaStriction tutorial see http://femsyr.oxfordjournals.org/content/-

suppl/2015/03/04/fov004.DC1

Table S2.1. Primers used in this study.

Number Name

Sequence 5° — 3’

cas9 integration

2873 CAN1DelcassFW
3093 tagA-pUG

4653 A-CYC1t-rv

5542 CAN1 KO rv

cas9 integration confirmation

5829 CAN1 cut rv
2673 m-PCR-HR4-RV
2668 m-PCR-HR2-FW
9 KanA

2620 Nat Ctrl Fw

2615 CanlRV
Construction pMEL series
3093 tagA-pUG

3096 tagB-pUG

6845 p426 cRNA-rv A
6846 p426 cRNA-fw B
6847 pRS Marker fw A
6848 pRS Marker rv B

TCAGACTTCTTAACTCCTGTAAAAACAAAAAAAAA
AAAAGGCATAGCAATAAGCTGGAGCTCATAGCTTC
ACTATATGTGAAGGCATGGCTATGGCACGGCAGAC
ATTCCGCCAGATCATCAATAGGCACCTTCGTACGC
TGCAGGTCGAC
GTGCCTATTGATGATCTGGCGGAATGTCTGCCGTG
CCATAGCCATGCCTTCACATATAGTCCGCAAATTA
AAGCCTTCGAG
CTATGCTACAACATTCCAAAATTTGTCCCAAAAAG
TCTTTGGTTCATGATCTTCCCATACGCATAGGCCA
CTAGTGGATCTG

AGAAGAGTGGTTGCGAACAGAG
TGAAGTGGTACGGCGATGC
ACGCGTGTACGCATGTAAC
CGCACGTCAAGACTGTCAAG
GCCGAGCAAATGCCTGCAAATC
GAAATGGCGTGGGAATGTGA

ACTATATGTGAAGGCATGGCTATGGCACGGCAGAC
ATTCCGCCAGATCATCAATAGGCACCTTCGTACGC
TGCAGGTCGAC
GTTGAACATTCTTAGGCTGGTCGAATCATTTAGAC
ACGGGCATCGTCCTCTCGAAAGGTGGCATAGGCCA
CTAGTGGATCTG
GTGCCTATTGATGATCTGGCGGAATGTCTGCCGTG
CCATAGCCATGCCTTCACATATAGTACAGGCAACA
CGCAGATATAGG
CACCTTTCGAGAGGACGATGCCCGTGTCTAAATGA
TTCGACCAGCCTAAGAATGTTCAACGGCCCACTAC
GTGAACCATC
ACTATATGTGAAGGCATGGCTATGGCACGGCAGAC
ATTCCGCCAGATCATCAATAGGCACTGCGGCATCA
GAGCAGATTG
GTTGAACATTCTTAGGCTGGTCGAATCATTTAGAC
ACGGGCATCGTCCTCTCGAAAGGTGCATCTGTGCG
GTATTTCACACC


http://femsyr.oxfordjournals.org/content/suppl/2015/03/04/fov004.DC1
http://femsyr.oxfordjournals.org/content/suppl/2015/03/04/fov004.DC1

SUPPLEMENTARY MATERIALS

Number

Name

Sequence 5° — 3’

Construction pROS series

5972

5974
5975
6007

6008

3289
4692
5976

5977

5973

5975
4068
5974
3841
3847
3276
3274
3275
5793

tSUP4 rv ol 2mu-5*

2mu inside fw

2mu inside rv
Struct-guideRNA
ADE2.y (ol pSNR52)

truct-guideRNA
CANL.y (ol pSNR52)

Fus Tag F fw
Fus Tag G rv
PSNR52 fw ol tag I-2

PSNR52 fw ol tag B

tSUP4 rv ol 2mu 3*

2mu inside rv
Nicl amp Fwd
2mu inside fw
for f3h

FUS Tag A fw
Fus Tag B-rv
Fus Tag I-fw
Fus Tag A-rv
pCAS9 rv

Construction PDH cassettes

5654
7426

3277
7338

3284
7356

5653
3283
5661
5663

D _FW_Ela
tTEF1_yeast ol tACS2

Fus Tag C rv
pTDHS3 fw ol tag I

Fus Tag J rv
tPGI1 ol pACS2

D_RV_E3
Fus Tag C fw
I RV_LLLA1
H FW_LA1

GTTCTACAAAATGAAGCACAGATGCTTCGTTGGAG
GGCGTGAACGTAAG
TACTTTTGAGCAATGTTTGTGGA
AACGAGCTACTAAAATATTGCGAA
GTGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAG
TGAAAGATAAATGATCACTTGAAGATTCTTTAGTG
TGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAG
GTGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAG
TGAAAGATAAATGATCGATACGTTCTCTATGGAGG
AGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAG
CATACGTTGAAACTACGGCAAAGG
AAGGGCCATGACCACCTG
GCCTACGGTTCCCGAAGTATGCTGCTGATGTCTGG
CTATACCTATCCGTCTACGTGAATACCCTCACTAA
AGGGAACAAAAG
CACCTTTCGAGAGGACGATGCCCGTGTCTAAATGA
TTCGACCAGCCTAAGAATGTTCAACCCCTCACTAA
AGGGAACAAAAG
GGCATAGTGCGTGTTTATGCTTAAATGCGTGGAGG
GCGTGAACGTAAG
AACGAGCTACTAAAATATTGCGAA
GCCTACGGTTCCCGAAGTATGC
TACTTTTGAGCAATGTTTGTGGA
CACCTTTCGAGAGGACGATG
ACTATATGTGAAGGCATGGCTATGG
GTTGAACATTCTTAGGCTGGTCGAATC
TATTCACGTAGACGGATAGGTATAGC
GTGCCTATTGATGATCTGGCGGAATG
GATCATTTATCTTTCACTGCGGAG

GAATTCACGCATCTACGACTG
GAAAATAGAAAACAGAAAAGGAGCGAAATTTTATC
TCATTACGAAATTTTTCTCATTTAAGGAGGCACTA
TTACTGATGTGATTTC
CTAGCGTGTCCTCGCATAGTTCTTAGATTG
TATTCACGTAGACGGATAGGTATAGCCAGACATCA
GCAGCATACTTCGGGAACCGTAGGCATAAAAAACA
CGCTTTTTCAGTTCG
CGACGAGATGCTCAGACTATGTGTTC
GGTTAGTGATTGTTATACACAAACAGAATACAGGA
AAGTAAATCAATACAATAATAAAATTAATTTTTAA
AATTTTTACTTTTCGCGAC
AAGCTTAATCACTCTCCATACAGGG
ACGTCTCACGGATCGTATATGC
TCTAGAGCCTACGGTTCCCGA
TCTAGAAGATTACTCTAACGCCTCAGC
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Number Name Sequence 5’ — 3’
2686 Tag H fusion reverse GTCACGGGTTCTCAGCAATTCG
3285 Fus Tag J fw GGCCGTCATATACGCGAAGATGTC
gRNA cassette construction
6835 CrRNA insert MCH1 TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGT
Xhol FW GAAAGATAAATGATCTATTGGCAATAAACATCTCG
GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC
TAGTCCGTTATCAAC
6836 CrRNA insert MCH1 GTTGATAACGGACTAGCCTTATTTTAACTTGCTAT
XhoI RV TTCTAGCTCTAAAACCGAGATGTTTATTGCCAATA
GATCATTTATCTTTCACTGCGGAGAAGTTTCGAAC
GCCGAAACATGCGCA
6837 CrRNA insert MCH2 TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGT
Pvul FW GAAAGATAAATGATCATCTCGATCGAGGTGCCTGA
GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC
TAGTCCGTTATCAAC
6838 CrRNA insert MCH2 GTTGATAACGGACTAGCCTTATTTTAACTTGCTAT
Pvul RV TTCTAGCTCTAAAACTCAGGCACCTCGATCGAGAT
GATCATTTATCTTTCACTGCGGAGAAGTTTCGAAC
GCCGAAACATGCGCA
6839 CrRNA insert MCH5 TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGT
EcoRV FW GAAAGATAAATGATCACTCTTCCGTTTTAGATATC
GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC
TAGTCCGTTATCAAC
6840 CrRNA insert MCH5 GTTGATAACGGACTAGCCTTATTTTAACTTGCTAT
EcoRV RV TTCTAGCTCTAAAACGATATCTAAAACGGAAGAGT
GATCATTTATCTTTCACTGCGGAGAAGTTTCGAAC
GCCGAAACATGCGCA
6841 CrRNA insert AQY1 TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGT
Dral FW GAAAGATAAATGATCACCATCGCTTTAAAATCTCT
GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC
TAGTCCGTTATCAAC
6842 CrRNA insert AQY1 GTTGATAACGGACTAGCCTTATTTTAACTTGCTAT
Dral RV TTCTAGCTCTAAAACAGAGATTTTAAAGCGATGGT
GATCATTTATCTTTCACTGCGGAGAAGTTTCGAAC
GCCGAAACATGCGCA
6843 CrRNA insert ITRI TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGT
EcoRI FW GAAAGATAAATGATCATACATCAACGAATTCCAAC
GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC
TAGTCCGTTATCAAC
6844 CrRNA insert ITRI GTTGATAACGGACTAGCCTTATTTTAACTTGCTAT
EcoRI RV TTCTAGCTCTAAAACGTTGGAATTCGTTGATGTAT
GATCATTTATCTTTCACTGCGGAGAAGTTTCGAAC
GCCGAAACATGCGCA
7040 CrRNA insert PDR12 TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGT

Kpnl FW

GAAAGATAAATGATCGCATTTTCGGTACCTAACTC
GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC
TAGTCCGTTATCAAC
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Number

Name

Sequence 5° — 3’

7041

7348

6414

7026

7032

CrRNA insert PDR12
Kpnl RV

ACS2_targetRNA FW

ACS1 gRNA

GET4_targetRNA FW
BamHI, Dpnl

NAT1_targetRNA FW
BamHI, Dpnl

Repair oligos

6849

6850

6851

6852

6853

6854

MCH1 Repair Oligo
FW

MCH1 Repair Oligo RV

MCH2 Repair Oligo
FW

MCH2 Repair Oligo RV

MCHS5 Repair Oligo
FwW

MCHS5 Repair Oligo RV

GTTGATAACGGACTAGCCTTATTTTAACTTGCTAT
TTCTAGCTCTAAAACGAGTTAGGTACCGAAAATGC
GATCATTTATCTTTCACTGCGGAGAAGTTTCGAAC
GCCGAAACATGCGCA
TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGT
GAAAGATAAATGATCTCCTTGCCGTTAAATCACCA
GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC
TAGTCCGTTATCAAC
GTGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAG
TGAAAGATAAATGATCTTCTTCACAGCTGGAGACA
TGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAG
TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGT
GAAAGATAAATGATCGGGCTCGCTAGGATCCAATT
GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC
TAGTCCGTTATCAAC
TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGT
GAAAGATAAATGATCAAAGGAATTGGATCCTGCGT
GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC
TAGTCCGTTATCAAC

GGTGTCATTTATATAAGCTATGAATTTTAAAAAAA
ATAAATGTAGCAGTTTCTTTTTTGTGATTTGCACT
TGGAAAATGGTTATTGCTATAAAATGATATGAAAG
GAAACTAGTCTCGAT

ATCGAGACTAGTTTCCTTTCATATCATTTTATAGC
AATAACCATTTTCCAAGTGCAAATCACAAAAAAGA
AACTGCTACATTTATTTTTTTTAAAATTCATAGCT
TATATAAATGACACC

TATAGAACTATATAACTGATACTAGAATATACTAA
TTCGTGCACTATTAACCGTTTGGCGAGGTCACTTT
TATTTCACACTGTAGATAAGAAGGGGATAGAGTTG
CCAGAAAATTTTTTG

CAAAAAATTTTCTGGCAACTCTATCCCCTTCTTAT
CTACAGTGTGAAATAAAAGTGACCTCGCCAAACGG
TTAATAGTGCACGAATTAGTATATTCTAGTATCAG
TTATATAGTTCTATA

TAAAAGAAAATATTATTGCATTACTTTTTTGAAGA
TCTATAAAGGGCACTGTCTTACTTTTATTTTTCTT
TTTAATCTATAGTAAAATCAGAGCTTTTTAATCGA
TAGTATGCCCCCGTG

CACGGGGGCATACTATCGATTAAAAAGCTCTGATT
TTACTATAGATTAAAAAGAAAAATAAAAGTAAGAC
AGTGCCCTTTATAGATCTTCAAAAAAGTAATGCAA
TAATATTTTCTTTTA
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Number

Name

Sequence 5° — 3’

6855

6856

6857

6858

7042

7043

6422

6423

7028

7029

7034

AQY1 Repair Oligo FW

AQY1 Repair Oligo RV

ITR1 Repair Oligo FW

ITR1 Repair Oligo RV

PDR12 Repair Oligo

FW

PDR12 Repair Oligo

RV

ACS1 repair fw

ACSI repair rv

GET4_repair oligo fw

GET4_repair oligo rv

NAT1_repair oligo fw

CTTTGTATTTGGTGCTGTCTGTCAATACGGCACAT
AAAGTAACATGTAATTAACTATAACTTTTTCCCTC
CTTTTCTTTATTTCTCGCTCACTAGCACTTAATGT
TATAATACTCGGCAA

TTGCCGAGTATTATAACATTAAGTGCTAGTGAGCG
AGAAATAAAGAAAAGGAGGGAAAAAGTTATAGTTA
ATTACATGTTACTTTATGTGCCGTATTGACAGACA
GCACCAAATACAAAG

ATTTTCTACTATGTATTTGAATATTCAATTGCGTC
TCCTTCCTTTTACCTCGTGAAAGGATTTAACACCC
ACTGCAGAAACAAAGAAAATGAAAGAGATGTATAC
AGTAGGACGACCAAT

ATTGGTCGTCCTACTGTATACATCTCTTTCATTTT
CTTTGTTTCTGCAGTGGGTGTTAAATCCTTTCACG
AGGTAAAAGGAAGGAGACGCAATTGAATATTCAAA
TACATAGTAGAAAAT

AAAATTGAAAATAAAAATTGTGTGTTAAACCACGA
AATACAAATATATTTGCTTGCTTIGTTTITTTTATTA
ATAAGAACAATAACAATAAATCTGTAAACCTTTTIT
TTTAAGTGAAAATTA

TAATTTTCACTTAAAAAAAAGGTTTACAGATTTAT
TGTTATTGTTCTTATTAATAAAAAAACAAGCAAGC
AAATATATTTGTATTTCGTGGTTTAACACACAATT
TTTATTTTCAATTTT

CTATCTATAAGCAAAACCAAACATATCAAAACTAC
TAGAAAGACATTGCCCCACTGTGTTTGATGATTTC
TTTCCTTTTTATATTGACGACTTTTTTTTTCGTGT
GTTTTTGTTCTCTTA

TAAGAGAACAAAAACACACGAAAAAAAAAGTCGTC
AATATAAAAAGGAAAGAAATCATCAAACACAGTGG
GGCAATGTCTTTCTAGTAGTTTTGATATGTTTGGT
TTTGCTTATAGATAG

GGAAGTTAAAGTTGATGACATCTCAGTTGCTAGAT
TGGTTAGATTAATAGCCGAATTCGATCCTAGCGAG
CCCAATTTAAAGGACGTTATTACTGGTATGAACAA
TTGGTCTATCAAATT

AATTTGATAGACCAATTGTTCATACCAGTAATAAC
GTCCTTTAAATTGGGCTCGCTAGGATCGAATTCGG
CTATTAATCTAACCAATCTAGCAACTGAGATGTCA
TCAACTTTAACTTCC

GTTTCACCACTATTGGAGAAAATTGTCCTTGATTA
TTTGTCCGGATTAGATCCTACGCAGGATCGAATTC
CTTTTATTTGGACCAATTATTACTTGTCTCAACAT
TTCCTTTTCCTTAAG
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Number Name Sequence 5’ — 3’

7035 NAT1_repair oligo rv CTTAAGGAAAAGGAAATGTTGAGACAAGTAATAAT
TGGTCCAAATAAAAGGAATTCGATCCTGCGTAGGA
TCTAATCCGGACAAATAATCAAGGACAATTTTCTC

CAATAGTGGTGAAAC
Diagnostic primers for confirming correct double gRNA plasmid assembly
Primer A CACCTTTCGAGAGGACGATG
Primer B GCTGGCCTTTTGCTCACATG
7351 GET4 dg fw-2 AATTGGATCCTAGCGAGCCC
7352 NAT1 dg fw-2 ACGCAGGATCCAATTCCTTTG
Diagnostic primers for seamless deletion confirmation
6862 MCH1 check FW GTCCAGGATTCTCCGAAGAACTC
6863 MCH1 check RV ACGGCTGTTTGTCCGATATTGC
6864 MCH2 check FW GCACGACTTTGCAGGCTTTIC
6865 MCH2 check RV CACCGAACCAACATTAGGTAGC
6866 MCHS5 check FW GAAGACTGACGGGCACTTTG
6867 MCHS5 check RV GCCCTAGGCGGTATTGTATGAG
6868 AQY1 check FW GATGTCCTTCCACCCTCTTACAC
5593 42 - CGTGTATTGGTGTACGGATGAGTC
CBS1483_Sc16_Scf39
_HPA2-Rv
6869 ITR1 check FW AGGTCTTCAATGCCGGGTTAG
6870 ITR1 check RV GTATCAGCCGTCAGTAGTATCCAG
253 PDR12 - CTRL FW CGGTATCACATTTTCTCGACGG
3998 PDR12 KO rv CGCGACAGACATTTGTTGG
Diagnostic primers for GET4 and NAT1 mutation confirmation
7030 GET4_dg fw TGTTCGTTTTGTCGCTCTTCG
7031 GET4_dg v AACTCAGCCACCGTGCTATC
7036 NATlidg fw TATCCAAGATGCGAACCACCC
7037 NAT1_dgrv AGATAGGCTCTTGGCGTACC
Diagnostic primers for confirming strain IMX719
2619 acs2 KO Ctrl Rv CCGATATTCGGTAGCCGATTCC
2430 Tag C-reverse short GCGTCCAAGTAACTACATTATGTG
2668 m-PCR-HR2-FW ACGCGTGTACGCATGTAAC
7330 NATDiagfw CGAGCAAATGCCTGCAAATC
5044 ADH]1 Flank right FW CTAGCGGTTATGCGCGTCTCAC
2913 G_RV_2 (PDH AATAGCCGCCAGGAAATGCC
construct ¢rl)
2914 J_FW (PDH construt ~ GTCGTCATAACGATGAGGTGTTGC
&rl)
2915 J_RV (PDH constru¢t GGAGCCAACAAGAATAAGCCGC
étrl)
2908 D_FW (PDH conétru®t  GGATTGGGTGTGATGTAAGGATTCGC
¢trl)
2909 D_RV (PDH cons§tru¢  CCCGCTCACACTAACGTAGG
&rl)
2916 I_FW (PDH conétruct GCAGGTATGCGATAGTTCCTCAC

&rl)
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Number Name Sequence 5° — 3’
2905 B_RV (PDH construét ~ TGGCAGTATTGATAATGATAAACTCG
&rl)
5641 F_FW_EF CCATTGCTGAAGCTGACAAG
2618 acs2 Ctrl Fw TACCCTATCCCGGGCGAAGAAC
2927 ACS1 KO é&rl FW AAACTGGGCGGCTATTCTAAGC
2928 ACS1 KO &rl RV AGCAGCTCGGTTATAAGAGAAC

Table S2.2. Alignment of 120 bp surrounding the target site at the mutated GET4 locus of the four sequenced
colonies (the target site is underlined, in lowercase the intended mutation, in gray additional, undesired mu-
tations).

Reference 258 GGAAGTTAAAGTTGATGACATCTCAGTTGCTAGATTGGTTAGATTAATAGCCGAATTGGA

Colony #1 GGAAGTTAAAGTTGATGACATCTCAGTTGCTAGATTGGTTAGATTAATAGCCGAATTCGA
Colony #2 GGAAGTTAAAGTTGATGACATCTCAGTTGCTAGATTGGTTAGATTAATAGCCGAATTCGA
Colony #4 GGAAGTTAAAGTTGATGACATCTCAGTTGCTAGATTGGTTAGATTAATAGCCGAATTCGA
Colony #6 GGAAGTTAAAGTTGATGACATCTCAGTTGCTAGATTGGTTAGATTAATAGCCGAATTCGA
Reference 318 TCCTAGCGAGCCCAATTTAAAGGACGTTATTACTGGTATGAACAATTGGTCTATCAAATT
Colony #1 TCCTAGCGAGCCCAATTTAAAGGACGTTATTACTGGTATGAACAATTGGTCTATCAAATT
Colony #2 TCCTAGCGAGCCCAATTTAAAGEEEEEEE I TACTGGTATGAACAATTGGTCTATCAAATT
Colony #4 THCTAGCGAGCCCAATTTAAAGGACGTTATTABITGGTATGAACAATTGGTCTATCAAATT
Colony #6 TCCTAGCGAGCCCAATTTAAAGGACGTTATTACTGGTATGAACAATTGGTCTATCAAATT

Table S2.3. Alignment of 120 bp surrounding the target site at the mutated NATI locus of the four sequenced
colonies (the target site is underlined, in lowercase the intended mutation).
Reference 1075 GTTTCACCACTATTGGAGAAAATTGTCCTTGATTATTTGTCCGGATTAGATCCTACGCAG

Colony #1 GTTTCACCACTATTGGAGAAAATTGTCCTTGATTATTTGTCCGGATTAGATCCTACGCAG
Colony #2 GTTTCACCACTATTGGAGAAAATTGTCCTTGATTATTTGTCCGGATTAGATCCTACGCAG
Colony #4 GTTTCACCACTATTGGAGAAAATTGTCCTTGATTATTTGTCCGGATTAGATCCTACGCAG
Colony #6 GTTTCACCACTATTGGAGAAAATTGTCCTTGATTATTTGTCCGGATTAGATCCTACGCAG
Reference 1135 GATCCAATTCCTTTITATTTGGACCAATTATTACTTGTCTCAACATTTCCTTTTCCTTAAG
Colony #1 GATCgAATTCCTTTTATTTGGACCAATTATTACTTGTCTCAACATTTCCTTTTCCTTAAG
Colony #2 GATCgAATTCCTTTTATTTGGACCAATTATTACTTGTCTCAACATTTCCTTTTCCTTAAG
Colony #4 GATCgAATTCCTTTTATTTGGACCAATTATTACTTGTCTCAACATTTCCTTTTCCTTAAG

Colony #6 GATCgAATTCCTTTTATTTGGACCAATTATTACTTGTCTCAACATTTCCTTTTCCTTAAG
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Abstract

Cytosolic acetyl-coenzyme A is a precursor for many biotechnologically relevant
compounds produced by Saccharomyces cerevisiae. In this yeast, cytosolic acetyl-
CoA synthesis and growth $tri¢tly depend on expression of either the Acs1 or Acs2
isoenzyme of acetyl-CoA synthetase (ACS). Since hydrolysis of ATP to AMP and py-
rophosphate in the ACS reaction constrains maximum yields of acetyl-CoA-derived
produéts, this study explores replacement of ACS by two ATP-independent path-
ways for acetyl-CoA synthesis. After evaluating expression of different genes encod-
ing acetylating acetaldehyde dehydrogenase (A-ALD) and pyruvate-formate lyase
(PFL), acsIA acs2A S. cerevisiae Strains were constructed in which A-ALD or PFL suc-
cessfully replaced ACS. In A-ALD-dependent $trains, aerobic growth rates of up to
0.27 h™" were observed, while anaerobic growth rates of PFL-dependent S. cerevisiae
(0.20 h™') were $toichiometrically coupled to formate production. In glucose-limited
chemostat cultures, intracellular metabolite analysis did not reveal major differences
between A-ALD-dependent and reference $trains. However, biomass yields on glu-
cose of A-ALD- and PFL-dependent $trains were lower than those of the reference
$train. Transcriptome analysis suggested that reduced biomass yields were caused
by acetaldehyde and formate in A-ALD- and PFL-dependent $trains, respectively.
Transcript profiles also indicated that a previously proposed role of Acs2 in histone
acetylation is probably linked to cytosolic acetyl-CoA levels rather than to dire¢t in-
volvement of Acs2 in histone acetylation. While demonstrating that yeast ACS can
be fully replaced, this study demonstrates that further modifications are needed to
achieve optimal in vivo performance of the alternative reactions for supply of cy-
tosolic acetyl-CoA as a produt precursor.

Adapted from: Metabolic engineering (2014) 21:46-59.
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3.1 INTRODUCTION

The robustness of Saccharomyces cerevisiae in industrial fermentation processes, com-
bined with fast developments in yeast synthetic biology and systems biology, have made
this microorganism a popular platform for metabolic engineering (123). Many natural
and heterologous compounds whose production from sugars is under investigation or
already implemented in industry require acetyl-coenzyme A (acetyl-CoA) as a key pre-
cursor. Examples of such produdts include n-butanol, isoprenoids, lipids and flavonoids
(67, 165, 281, 299, 320).

Acetyl-CoA metabolism in S. cerevisiae is compartmented (244, 257). During respira-
tory growth on sugars, a sub$tantial flux through acetyl-CoA occurs via the mitochon-
drial pyruvate dehydrogenase complex (245). However, mutant analysis has shown that
mitochondrial acetyl-CoA cannot meet the extramitochondrial requirement for acetyl-
CoA in the yeast cytosol, which includes, for example, its use as a precursor for synthesis
of lipids and lysine (14, 81). In this respect, it is relevant to note that S. cerevisiae does
not contain ATP-citrate lyase, an enzyme that plays a major role in translocation of
acetyl-CoA across the mitochondrial membrane in mammalian cells and in several non-
Saccharomyces yeasts (20). When sugars are used as the carbon source, cytosolic acetyl-
CoA synthesis in S. cerevisiae occurs via the concerted action of pyruvate decarboxylase
(Pdc1, 5 and 6), acetaldehyde dehydrogenase (Ald2, 3, 4, 5 and 6) and acetyl-CoA syn-
thetase (Acs1 and 2) (244). Heterologous, acetyl-CoA-dependent product pathways ex-
pressed in the S. cerevisiae cytosol exclusively depend on this ‘pyruvate dehydrogenase
bypass’ for provision of acetyl-CoA. Indeed, overexpression of acetyl-CoA synthetase
(ACS) from Salmonella enterica has been shown to lead to increased productivities of the
isoprenoid amorphadiene by engineered S. cerevisiae §trains (281).

The ACS reaction involves the hydrolysis of ATP to AMP and pyrophosphate (PP;):

acetate + ATP + CoA —— acetyl-CoA + AMP + PP;.

Together with the subsequent hydrolysis of PP; to inorganic phosphate (P;), this ATP
consumption is equivalent to the hydrolysis of 2 ATP to 2 ADP and 2 P;. The resulting
ATP expenditure for acetate activation can have a huge impa¢t on the maximum theoreti-
cal yields of acetyl-CoA derived products. For example, the production of a Cy4 lipid from
sugars requires 8 acetyl-CoA, whose synthesis via ACS requires 16 ATP. At an effective
P/O ratio of respiration in S. cerevisiae of 1 (323), this ATP requirement for acetyl-CoA
synthesis corresponds to 1 mole of glucose that needs to be respired for the synthesis of
1 mole of product. In addition to the pyruvate-dehydrogenase complex, other reactions
have been described in nature that enable the ATP-independent conversion of pyruvate
into acetyl-CoA (242, 262, 284). Many prokaryotes contain an acetylating acetyldehyde
dehydrogenase (A-ALD; EC 1.2.1.10) which catalyses the reversible reaction:

acetaldehyde + NAD™ + CoA = acetyl-CoA + NADH + H".

Although functional expression of bacterial genes encoding A-ALD in S. cerevisiae has
been described in the literature, these studies focused on reductive conversion of acetyl-
CoA to ethanol as part of a phosphoketolase pathway for pentose fermentation (291) or
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as part of a metabolic engineering $trategy to convert acetic acid to ethanol (104). Com-
plete replacement of the native acetaldehyde dehydrogenases and/or ACS of S. cerevisiae
by A-ALD, thereby bypassing ATP hydrolysis in the ACS reaction, has not been demon-
Strated.

In many anaerobic bacteria and some eukaryotes (295), pyruvate can be converted
into acetyl-CoA and formate in the non-oxidative, ATP-independent reaction catalysed
by pyruvate-formate lyase (PFL; EC 2.3.1.54):

pyruvate + CoA —= acetyl-CoA + formate.

PFL and PFL-activating enzyme (PFL-AE; EC 1.97.1.4) from Escherichia coli have previ-
ously been expressed in S. cerevisiae (331). Although formate production by this oxygen-
sensitive enzyme system was demonstrated in anaerobic yeast cultures, its impact on
cytosolic acetyl-CoA metabolism has not been investigated.

To gain the full potential benefit of ATP-independent cytosolic acetyl-CoA synthesis,
the implemented heterologous pathways expressed in S. cerevisiae should, ideally, com-
pletely replace the ACS reaction. In wild-type strain backgrounds, deletion of both ACS1
and ACS2 is lethal (14) and, during batch cultivation on glucose, presence of a functional
ACS2 gene is essential (14) because ACS1 is subjet to glucose repression (13) and its
product is inactivated in the presence of glucose (141). Moreover, it has been proposed
that Acs2, which was demons§trated to be partially localized in the yeast nucleus, is in-
volved in histone acetylation (306). Involvement of Acs isoenzymes in the acetylation of
histones and/or other proteins might present an additional challenge in replacing them
with heterologous reactions, if this includes another mechanism than merely the provi-
sion of extramitochondrial acetyl-CoA.

The goal of this §tudy is to investigate whether the heterologous ATP-independent
A-ALD and PFL pathways can support the growth of acsI acs2 mutants of S. cerevisiae
by providing extramitochondrial acetyl-CoA and to §tudy the impaét of such an inter-
vention on growth, energetics and cellular regulation. To this end, several heterologous
genes encoding A-ALD and PFL were screened by expression in appropriate yeast genetic
backgrounds, followed by detailed analysis of S. cerevisiae $trains in which both ACS1
and ACS2 were replaced by either of the alternative reactions. The resulting $trains were
Studied in batch and chemostat cultures. Furthermore, genome-wide transcriptional re-
sponses to these modifications were §tudied by chemostat-based transcriptome analysis
of engineered and reference §trains.

3.2 METHODS

STRAINS AND MAINTENANCE

The S. cerevisiae §trains used in this study (Table 3.1) share the CEN.PK genetic background (71,
222). Stock cultures were grown aerobically in synthetic medium (326). When required, aux-
otrophic requirements were complemented with synthetic yeast drop-out medium supplements
(Sigma-Aldrich, St. Louis, MO, USA) or by growth in YP medium (demineralized water, 10 g-L™*
Badto yeast extract, 20 g-L™* Bacto peptone). Carbon sources were either 20 g-L™ glucose, 2% (v/v)
ethanol and/or 11.3 g-L™* sodium acetate trihydrate. Stock cultures of S. cerevisiae $trains IMZ383
and IMZ384 were grown anaerobically and supplemented with Tween-80 (420 mg-L™") and ergos-
terol (10 mg-L™') added to the medium. Frozen $tocks of S. cerevisiae and E. coli were prepared by

71
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Table 3.1. Saccharomyces cerevisiae $trains used in this §tudy

Name Relevant genotype Origin
CEN.PK113-7D MATa MAL2-8C SUC2 P. Kotter
CENPK113-5D  MATa MAL2-8€ SUC2 ura3-53 P. Kétter
CEN.PK102-12A  MATa MAL2-8€ SUC2 ura3-53 leu2-3,112 his3-Al P. Kotter
IMK337 CEN.PK102-12 ald2-ald3A::loxP-LEUZ2-loxP This §tudy
IMK342 IMK337 ald4A::loxP-HIS3-loxP This §tudy
IMK346 IMK342 ald5A::loxP-KanMX4-loxP This study
IMK354 IMK346 ald6A::loxP-hphNT1-loxP This study
IMZ281 IMK354 p426GPD This §tudy
IMZ284 IMK354 pUDE047 (URA3, dmpF Pseudomons sp.) This $tudy
IMZ286 IMK354 pUD043 (URA3, mhpF E. coli (not codon-optimized)) This §tudy
IMZ289 IMK354 pUDE150 (URA3, adhE S. aureus) This §tudy
IMZ290 IMK354 pUDE151(URA3, eutE E. coli) This §tudy
IMZ291 IMK354 pUDE152 (URA3, lin1129 L. innocua) This study
IME140 CEN.PK113-5D p426GPD This §tudy
IMZ304 IMZ290 acs2A:loxP-natNT2-loxP This §tudy
IMZ305 IMZ304 acsiA::AmdS This §tudy
IMK427 CEN.PK102-12A acs2A::loxP-HIS3-loxP This study
IMZ374 IMK427 pRS426 (URA3) This study
IMZ369 IMK427 pUDE201 (URA3, PFL, PFL-AE Thalassiosira pseudonana)  This §tudy
IMZ370 IMK427 pUDE202 (URA3, pfl, pflA Chlamydomonas reinhardtii) This $tudy
IMZ371 IMK427 pUDE204 (URA3, pfiB, pflA Escherichia coli) This §tudy
IMZ372 IMK427 pUDE214 (URA3, pfiB, pflA Lactobacillus plantarum) This §tudy
IMZ373 IMK427 pUDE215 (URA3, PFL, PFL-AE Neocallimastix frontalis) This study
IMZ383 IMZ371 acs1A::loxP-LEU2-loxP This study
IMZ384 IMZ372 acs1A:loxP-LEU2-loxP This §tudy

the addition of glycerol (30% v/v) to the growing shake-flask cultures and aseptically toring 1 mL
aliquots at -80 °C.

PLASMID CONSTRUCTION

Coding sequences of Staphylococcus aureus adhE (NP_370672.1), Escherichia coli eutE
(YP_001459232.1) and Listeria innocua lin1129 (NP_470466) were codon-optimized for S.
cerevisiae with the JCat algorithm (102). Custom-synthesized coding sequences cloned in the
pMA vector (Table 3.2) were provided by GeneArt GmbH (Regensburg, Germany). Gateway
Cloning technology (Invitrogen, Carlsbad, A) was used to insert these coding sequences in
the intermediate vector pPDONR221 (BP reaction) and subsequently into pAG426-pGPD (2) (LR
reaction). The resulting plasmids pUDE150 to pUDE152 were transformed into E. coli and their
sequences checked by Sanger sequencing (BaseClear BV, Leiden, The Netherlands).

PFL- and PFL-AE-encoding sequences from Thalassiosira pseudonana (Genbank accession no.
XM_002296598.1 and XM_002296597.1), Chlamydomonas reinhardtii (AJ620191.1 and AY831434.1),
E. coli (X08035.1), Lactobacillus plantarum (YP_003064242.1 and YP_003064243.1) and Neocalli-
mastix frontalis (AY500825.1 and AY500826.1) were codon-optimized for expression in S. cerevisiae
and signal sequences, predi¢ted by TargetP, were removed (70). Expression cassettes in which
these coding sequences were flanked by the TPI1 promoter and GND2 terminator (PFL) or FBA1
promoter and PMA]1 terminator (PFL-AE), were synthesized by GeneArt GmbH. PFL and PFL-
AE expression cassettes were PCR amplified with primer combinations 3384 & 3385 and 3386
& 3387, respectively (Supplementary Table 3.1). Overlaps between the fragments were obtained
using the primers, enabling homologous recombination. After linearization with Spel and Xhol,
the pRS426 backbone was assembled with the PFL and PFL-AE fragments via in vivo homolo-
gous recombination in S. cerevisiae CEN.PK113-5D (172). Assembled plasmids were purified from
uracil prototrophic transformants and transformed into E. coli. Sequences of the resulting plas-
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Table 3.2. Plasmids used in this study

Name Characteristics Origin
pMA Delivery vectors GeneArt, Germany
PENTR221 Gateway entry clone Invitrogen, USA
pUG6 Template for loxP-KanMX-loxP cassette (107)
pUG27 Template for loxP-HIS5 (Schizosaccharomyces pombe)-loxP (107)
cassette
pUGT72 Template for loxP-URA3 (Kluyveromyces lactis)-loxP cassette (107)
pUGT73 Template for loxP-LEUZ (K. lactis)-loxP cassette (107)
pUG-hphNT1  Template for loxP-hphNT1-loxP cassette (162)
pUG-natNT2  Template for loxP-natNT2-loxP cassette (164)
pUDE158 Template for AmdS cassette (288)
p426GPD 2 pm ori, URA3, pTDH3-tCYC1 (214)
pAG426GPD 2 pm ori, URA3, pTDH3-ccdB-tCYC1 (2)
pRS424 2 pm ori, TRP1 (48)
PpRS426 2 pm ori, URA3 (48)
pUDE043 2 pm ori, URA3, pTDH3-mhpF (E. coli) (not (104)
codon-optimized)-tCYC1
pUDE047 2 ym ori, URA3, pTDH3-dmpF (Pseudomons sp.)-tCYC1 (243)
pUDE150 2 pm ori, URA3, pTDH3-adhE (S. aureus)-tCYC1 This study
pUDE151 2 pm ori, URA3, pTDH3-eutE (E. coli)-tCYC1 This study
pUDE152 2 pm ori, URA3, pTDH3-1lin1129 (L. innocua)-tCYC1 This §tudy
pUDE201 2 pm ori, URA3, pTPI1-PFL (T. pseudomonana)-tGND2, This §tudy
PpFBA1-PFL-AE (T. pseudomonas)-tPMA1
pUDE202 2 pm ori, URA3, pTPI1-pfl (C. reinhardtii)-tGND2, pFBA1-pflA This study
(C. reinhardtii)-tPMA1
pUDE204 2 pm ori, URA3, pTPI1-pfIB (E. coli)-tGND2, pFBA1-pflA (E. This study
coli)-tPMA1
pUDE214 2 pm ori, URA3, pTPI1-pfiB (L. plantarum)-tGND2, pFBA1-pflA This §tudy
(L. plantarum)-tPMA1
pUDE215 2 pym ori, URA3, pTPI1-PFL (N. frontalis)-tGND2, pFBA1-PFL-AE ~ This §tudy

(N. frontalis)-tPMA1

mids pUDE201 to pUDE215 (Table 3.2) were checked by sequencing (Illumina HiSeq2000, Base-
Clear BV, Leiden, The Netherlands), assembled as described previously (172). All plasmid sequences
were deposited at GenBank under accession numbers KF170375 (pUDE215), KF170376 (pUDE150),
KF170377 (pUDE151), KF170378 (pUDE152), KF170379 (pUDE201), KF170380 (pUDE202), KF170381
(pPUDE204) and KF170382 (pUDE214).

STRAIN CONSTRUCTION

S. cerevisiae §trains were transformed according to Gietz and Woods (97). Knockout cassettes were
obtained by PCR using primers listed in Supplementary Table S3.1 with the templates pUGS,
pUG27, pUG72, pUG73 (107), pUG-amdS (288), pUG-hphNT1 (162) and pUG-natNT2. Mutants
were selected on solid medium (2% (w/v) agar) with 200 mg-L™ G418, 200 mg-L™* hygromycin B
or 100 mg-L™* nourseothricin (for dominant markers) or on drop-out (Sigma-Aldrich) or synthetic
medium from which the appropriate auxotrophic requirements had been omitted. The Ald™ $train
IMK354 was obtained by the consecutive deletion of ALD2-ALD3, ALD4, ALD5 and ALDG in §train
CEN.PK102-12A. During $train construction, the Ald™ §trains were grown on acetate as a carbon
source. IMK354 was transformed with the plasmids p426GPD (214), pUDE043, pUDE047, pUDE150,
pUDE151 and pUDE152. In one of the resulting $trains, IMZ290, ACS2 and ACS1 were subsequently
deleted, yielding IMZ305. IMK427 was constructed by deletion of ACS2 in $train CEN.PK102-12A.
The acs2A $train was grown on ethanol as a carbon source. Transformation of $train IMK427 with
plasmids pUDE201, pUDE202, pUDE204, pUDE214 and pUDE215 yielded §trains IMZ369 - IMZ373,
respectively (Table 3.1). In two $trains, IMZ371 and IMZ372, ACS1 was deleted. In all cases gene
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deletions and plasmid presence were confirmed by PCR using the diagnostic primers listed in
Supplementary Table S3.1.

MOLECULAR BIOLOGY TECHNIQUES

PCR amplification with Phusion® Hot Start II High Fidelity Polymerase (Thermo Scientific,
Waltham, MA) was performed according to the manufacturer’s manual using HPLC- or PAGE-
purified, custom-synthesized oligonucleotide primers (Sigma-Aldrich). Diagnostic PCR was done
with DreamTaq (Thermo Scientific) and desalted primers (Sigma-Aldrich). DNA fragments ob-
tained by PCR were loaded on gels containing 1% or 2% (w/v) agarose (Thermo Scientific) and
1XTAE buffer (Thermo Scientific), excised and purified (Zymoclean™, D2004, Zymo Research,
Irvine, CA). Alternatively, fragments were purified using the GenElute™ PCR Clean-Up Kit
(Sigma-Aldrich). Plasmids were isolated from E. coli with Sigma GenElute Plasmid kit (Sigma-
Aldrich) according to the supplier’s manual. Yeast plasmids were isolated according to (172). Yeast
genomic DNA was isolated using a YeaStar Genomic DNA kit (Zymo Research). E. coli DH5c
(18258-012, Invitrogen) was transformed chemically (T3001, Zymo Research) or by electropora-
tion. Chemical transformation was done according to supplier’s instructions. Electroporation was
done in a 2 mm cuvette (165-2086, BioRad, Hercules, CA) using a Gene PulserXcell Electroporation
System (BioRad), following the manufacturer’s protocol.

MEDIA AND CULTIVATION

Shake flask cultures were grown at 30 °C in 500 mL flasks containing 100 mL synthetic medium
(326) with 20 g-L* glucose in an Innova incubator shaker (New Brunswick Scientific, Edison, NJ)
set at 200 rpm. Anaerobic cultures were grown in 100 mL shake flasks on the same medium, sup-
plemented with the anaerobic growth factors ergosterol (10 mg-L™*) and Tween-80 (420 mg-L™")
according to (325) and incubated on a Unimax1010 shaker (Heidolph, Kelheim, Germany) set at
200 rpm, placed in a Bactron anaerobic chamber (Sheldon MFG Inc., Cornelius, OR, USA) with
a gas mixture of 5% H,, 6% CO,, and 89% N,. Optical density at 660 nm was measured in reg-
ular time intervals with a Libra S11 spectrophotometer (Biochrom, Cambrige, UK). Controlled
batch and chemostat cultivation was carried out at 30 °C in 2-L laboratory bioreactors (Applikon,
Schiedam, The Netherlands) with working volumes of 1 L. Chemostat cultivation was preceded
by a batch phase under the same conditions. When a rapid decrease in CO, production indicated
glucose depletion in the batch cultures, continuous cultivation at a dilution rate of 0.10 h™* was
initiated. Synthetic medium (326) supplemented with 7.5 g-L™* or 20 g-L™* glucose was used in
aerobic and anaerobic chemostat cultures, respectively. Culture pH was maintained at 5.0 by auto-
matic addition of 2 M KOH. In aerobic cultures, antifoam Pluronic PE 6100 (BASF, Ludwigshafen,
Germany) was used. The antifoam was autoclaved (110 °C) separately from the other medium in-
gredients and added as a 15% (w/v) $tock solution to a final concentration of 0.15 g-L™. Aerobic
bioreactors were sparged with 500 mL-min™" air and §tirred at 800 rpm to ensure fully aerobic con-
ditions. Anaerobic bioreactors were §tirred at 800 rpm and sparged with 500 mL-min™" nitrogen
(< 10 ppm oxygen). Anaerobic growth media were supplemented with the anaerobic growth fac-
tors ergosterol (10 mg-L™*) and Tween-80 (420 mg-L™"). Antifoam C Emulsion (Sigma-Aldrich) was
autoclaved separately (120 °C) as a 20 % (w/v) solution and added to a final concentration of 0.2
g-L™. In anaerobic bioreactor batch cultures, the medium contained 25 g-L™* glucose. To minimize
diffusion of oxygen, the bioreactors were equipped with Norprene tubing and Viton O-rings and
medium reservoirs were continuously flushed with nitrogen. Specific growth rates were calculated
from biomass dry weight determinations.

ANALYTICAL METHODS
Chemostat cultures were assumed to be in §teady $tate when, after at least five volume changes, the
carbon dioxide production rates changed by less than by 4% over 2 volume changes. Steady $tate
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samples were taken between 10 and 15 volume changes after inoculation. Dry weight measure-
ments, HPLC analysis of the supernatant and off-gas analysis were performed as described pre-
viously (162). Ethanol concentrations were corrected for evaporation as described by Guadalupe
Medina et al. (104). Samples for formate, glycerol and residual glucose determination were taken
with the $tainless $teel bead method for rapid quenching of metabolites (207).

ENZYMATIC DETERMINATION OF METABOLITES

Extracellular formate, glycerol and residual glucose were measured using the Formic Acid De-
termination Kit (10979732035, R-Biopharm AG, Zaandijk, The Netherlands), Glycerol Enzymatic
Determination Kit (10148270035, R-Biopharm AG) and EnzyPlus D-Glucose kit (EZS781, BioCon-
trol Systems Inc., Bellevue, WA, USA), respectively. Measurements were done according to man-
ufacturer’s instructions, except that the volume of the assays was proportionally downscaled.
Absorbance was measured using cuvettes (final volume 1 mL, with at least two replicates) on
a LibraS11 spectrophotometer or using 96-well plates (final volume 0.3 mL, with at least three
replicates) on a Tecan GENios Pro (Tecan, Giessen, Netherlands).

INTRACELLULAR METABOLITES DETERMINATION

Culture samples for intracellular metabolite analysis were taken from bioreactors with a cold
methanol rapid quenching method using a specially designed rapid sampling setup (178). 1.2 mL
of broth was withdrawn into 5 mL of 80% aqueous methanol (v/v) solution pre-cooled to -40 °C.
Samples subsequently were washed with cold methanol and extracted with boiling ethanol as
described in (31). The concentrations of glucose, glucose-6-phosphate, fructose-6-phosphate, 2-
phosphoglycerate, 3-phosphoglycerate, glyceraldehyde phosphate, dihydroxyacetone phosphate,
6-phosphogluconate, erythrose-4-phosphate, ribose-5-phosphate, ribulose-5-phosphate, xylulose-
5-phosphate, sedoheptulose-7-phosphate, citrate, fumarate, malate, o-ketoglutarate and trehalose
were determined as methoxime-trimethylsilyl derivatives by GC-MS (50). The concentrations
of succinate, fructose-1,6-bisphosphate, threhalose-6-phosphate, glucose-1-phosphate, glycerol-
3-phosphate, phosphoenolpyruvate, UDP-glucose and mannitol-1-phosphate were determined by
anion-exchange LC-MS/MS (53). Concentrations of 20 amino acids and of pyruvate were deter-
mined by GC-MS (140). Concentrations of AMP, ADP, ATP, NAD*, NADH, NADP*, NADPH,
CoA, acetyl-CoA and FAD were determined by ultra high performance liquid chromatography
hyphenated with tandem mass spectrometry, UPLC-MS/MS. All measurements were carried out
on an AcQuity™ UPLC system (Waters, Milford, MA, USA) coupled to a Waters Quattro Premier
XE mass spectrometer, (Micromass MS Technologies-Waters) equipped with an electrospray ion
source. The MS was operated in negative ion mode. Metabolite detection was performed in multiple
reaction monitoring mode (MRM). The MRM transitions and corresponding in§trument settings
yielding the highest S/N, were separately found for each individual metabolite by direct infusion
into the MS. The chromatographic separation of coenzymes in cell extraéts was based on ion pair
liquid chromatography on a reverse phase column AcQuity™ UPLC® BEH C18 (1.7pm, 100 x 2.1
mm i.d., waters, Ireland). A linear gradient of mobile phase A (2 mM dibutylammonium acetate,
DBAA, and 5% (v/v) acetonitrile) and mobile phase B (2 mM DBAA and 84% (v/v) acetonitrile) was
used to separate the coenzymes. For both analytical platforms, uniformly '3C-labelled cell extracts
were used as internal standards (341).

ACETALDEHYDE DETERMINATION

Culture samples for acetaldehyde analysis were obtained with the rapid sampling setup used for
intracellular metabolites analysis (178). The acetaldehyde determination was performed as de-
scribed previously (11). Approximately 1.2 mL of broth was withdrawn into 6 mL of pre-cooled (-40
°C) quenching and derivatization solution containing 0.9 g-L™* 2,4-dinitrophenylhydrazine and 1%
(v/v) phosphoric acid in acetonitrile. After mixing and incubation for 2 hours on a Nutating Mixer
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(VWR International, Leuven, Belgium) at 4 °C, samples were §tored at -40 °C. Before analysis 1
mL of defrosted and well mixed sample was centrifuged (15,000 g, 3 min). The supernatant was
analysed via HPLC using a WATERS WAT086344 silica-based, reverse phase C18 column operated
at room temperature with a gradient of acetonitrile as a mobile phase. A linear gradient was gen-
erated from eluent A - 30 % (v/v) aqueous acetonitrile solution and eluent B - 80% (v/v) aqueous
acetonitrile solution. The mobile phase composition was changing from 0% to 100% of eluent B in
20 min, at a flow rate of 1 mL-min™. A calibration curve was prepared with §tandard solution of
50.9 g-L™* acetaldehyde-2,4-dinitrophenylhydrazine in acetonitrile.

MICROARRAYS ASSAY AND ANALYSIS

Sampling for transcriptome analysis from chemostat cultures and total RNA extraction was
performed as described previously (237). Processing of total RNA was performed according to
Affymetrix instructions. RNA target preparation for microarray expression analysis was done with
the Gene 3’ IVT Express Kit (Affymetrix, Santa Clara, CA) using 200 ng of total RNA. The manufac-
turer’s protocol was carried out with minor modifications, i.e the Affymetrix polyA RNA controls
were excluded from the aRNA amplification protocol and the IVT reactions were incubated for 16 h
at 40 °C. Quality of total RNA, cDNA, aRNA and fragmented aRNA was checked with an Agilent
Bioanalyzer 2100 (Agilent Technologies, Amsételveen, The Netherlands). Hybridization, washing
and scanning of Affymetrix chips were done according to manufacturer’s instructions. For each
$train analysed, microarrays were run on three independent cultures. Processing of expression
data (normalization, expression cut-off, etc.) was performed as described previously (17). The Sig-
nificance Analysis of Microarrays (SAM, version 3.0) (316) add-in to Microsoft Excel was used for
comparison of replicate array experiments using a minimal fold change of two and false discovery
rate of 1%. Overrepresentation of functional categories in sets of differentially expressed genes
was analysed according to (156). Transcript data are available at the Genome Expression Omnibus
database (http://www.ncbinlm.nih.gov/geo) under accession number GSE47983.

A set of acetaldehyde-responsive genes (5) used as a reference is accessible from www.uv.es-
/~arandaa. Statistical significance of the over-representation of these genes in subsets of yeast
genes was computed as described in (156), replacing functional categories by reference set of
acetaldehyde-responsive genes.

A-ALD ACTIVITY ASSAY

For preparation of cell extrats, culture samples (corresponding to ca. 62.5 mg dry weight) were
harvested from exponentially growing shake flasks cultures on 20 g-L™* glucose, washed, §tored
and prepared for sonication as described previously (241). Cell extra‘ts were prepared by sonica-
tion (4 bursts of 30 s with 30 s intervals and at 0 °C) with an amplitude setting of 7 - 8 pm on
a Soniprep 150 sonicator (Beun de Ronde BV, Abcoude, The Netherlands). After removal of cells
and debris by centrifugation (4 °C, 20 min at 48,000 g), the supernatant was used for enzyme as-
says. Protein concentrations in cell extrats were estimated with the Lowry method (197). A-ALD
activity was measured at 30 °C on a Hitachi model 100-60 spectrophotometer by monitoring the
reduction of NAD* at 340 nm in a 1 mL reaction mixture containing 0.1 mM Coenzyme A, 50
mM CHES buffer pH 9.5, 0.8 mM NAD*, 0.2 mM DTT and 20 — 100 pL of cell extrac. The re-
action was $tarted by adding 100 pL of freshly prepared 100 mM acetaldehyde solution. A-ALD
activity in the reverse reaction was assayed as described previously (104). Enzyme activities are
expressed as pmol substrate converted per min per mg protein (U-mg protein™). Reaction rates
were proportional to the amounts of cell extraét added.

VIABILITY STAINING
The $taining procedure was performed as described previously (16), using the FungaLight™ CFDA,
AM / Propidium Iodide Yeast Vitality Kit (Invitrogen, Carlsbrad, CA). When membrane integrity is
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Table 3.3. Aerobic maximum specific growth rates on glucose and acetylating acetaldehyde dehydrogenases
activities with acetaldehyde or acetyl-CoA as a subétrate of Saccharomyces cerevisiae $trains carrying differ-
ent acetylating acetaldehyde dehydrogenases. Averages and mean deviations were obtained from duplicate
experiments. The detection limit of the enzyme assays was 2 nmol-min™*-(mg protein)™.

Strain  Relevant genotype Growth (h™) Enzyme activity
(pmol-mg protein™*-min™*)

Acetaldehyde Acetyl-CoA

IME140 ALD2 ALD3 ALD4 ALD5 ALD6  0.33 £ 0.004 N.D* N.D.
IMZ282  aldA 0.03 £ 0.001 N.D. N.D.
IMZ284  aldA dmpF 0.21 £ 0.001 0.31 = 0.06 0.04 = 0.01
IMZ286  aldA mhpF 0.23 £ 0.004 0.19 = 0.01 0.02 = 0.001
IMZ289  aldA adhE 0.22 £ 0.001 0.18 £ 0.04 0.06 = 0.02
IMZ290  aldA eutE 0.27 £ 0.001 7.95 £ 0.33 2.01 £ 0.04
IMZ291  aldA lin1129 0.25 + 0.002 6.57 £ 0.61 1.15+£0.13

*N.D. = not detetted

compromised, propidium iodide can diffuse into the cell and intercalate with DNA, yielding a red
fluorescence. The acetoxymethyl ester of 5-carboxyfluorescein diacetate (CFDA, AM in DMSO)
can permeate through intaét membranes. In metabolically active cells, diacetate- and lipophilic
blocking-groups are cleaved off by cytosolic non-specific esterases, yielding a charged, green flu-
orescent product. The pictures were taken with a fluorescent microscope (Imager-D1, Carl-Zeiss,
Oberkochen, Germany) equipped with Filter Set 09 (FITC LP Ex. BP 450-490 Beamso. FT 510 Em.
LP 515, Carl-Zeiss).

CHITINASE DIGESTION

100 pL of chemostat culture was spun down and resuspended in 100 pL potassium phosphate buffer
(50 mM, pH 6.10) or potassium phosphate buffer (50 mM, pH 6.10) with 1 mg-mL™ of chitinase
(Chitinase from Trichoderma viride, >600 units-mg™, Sigma-Aldrich). The reaction mixture was
incubated for 3 h at 30 °C.

3.3 REsULTS

3.3.1 Heterologous genes encoding A-ALD and PFL reStore fast growth on glucose of Ald~
and acs2/A mutants

To enable analysis of the functional expression of heterologous A-ALD genes, the five
genes encoding acetaldehyde dehydrogenases (ALD2, ALD3, ALD4, ALD5 and ALD6;
(217)) in S. cerevisiae were deleted. In cell extracts of the resulting §train IMK354, NAD-
and NADP-dependent acetaldehyde dehydrogenase activities measured according to
(241) were below the detection limit of the assay of 2 nmol-min™"-mg protein™. Subse-
quently, four different genes encoding A-ALD, (dmpF from Pseudomonas sp., adhE from
Staphylococcus aureus, eutE from E. coli and lin1129 from Listeria innocua) were codon-
optimised for expression in S. cerevisiae and individually introduced in §train IMK354
under the control of the constitutive TDH3 promoter (Table 3.2). A non-codon-optimised
version of E. coli mhpF was also tested. Expression of all te§ted A-ALD variants enabled
fast growth of Ald™ S. cerevisiae on synthetic medium agar plates containing 20 g-L™*
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# cells plated  10° 102 10° 103

Ald* ';-{3'2 ACS2
Ald” acs2A
Ald" dmpF acs2A PFL
T. pseudonana
Ald- mhpF acs2A PFL
C. reinhardltii

Ald-adhE acs2A PFL
E. coli
Ald"eutE acs2A PFL
L. plantarum
IMZ291 IMZ373
Ald"lin1129 chfrZOAn gl;:

aerobic anaerobic

Figure 3.1. Growth of the Ald™ $trains expressing A-ALDs (IMZ284 — IMZ291), the acs2A PFL and PFL-AE
expressing $trains (IMZ369 - IMZ373), the Ald™ reference $train IMZ282, the acs2A reference $train IMZ374 and
Ald* ACS2 reference $train IME140 on synthetic medium agar plates with 20 g-L™* glucose. Plates containing
A-ALD $trains were incubated aerobically for 48 h. Plates containing PFL §trains were incubated anaerobically
for 90 h.

glucose (Figure 3.1, left panel). In shake-flask cultures grown on glucose as sole carbon
source, the specific growth rate of the reference $train IMZ282 (Ald™, empty expression
vector) was 0.03 h™?, which is less than 10 % of the growth rate of the Ald* §train IME140
(empty vector reference, Table 3.1) under the same conditions. Of the Ald™ §trains ex-
pressing heterologous A-ALD genes, §trains IMZ290 (expressing E. coli eutE) and IMZ291
(expressing L. innocua lin1129) showed the highest maximum specific growth rates (0.27
h™* and 0.25 h™', respectively). These growth rates were over 75% of that of the Ald*
reference $train IME140. The high growth rates of these $trains coincided with high ac-
tivities of A-ALD in cell extraéts (Table 3.3). Based on these results, strain IMZ290, which
expresses E. coli eutE, was seleted for further $tudies.

To investigate functional expression of the PFL and PFL-AE genes (those two genes
are further referred to as PFL, unless otherwise §tated) in S. cerevisiae, the acs2A $train
IMK427 was used as a screening platform. As reported previously, deletion of ACS2 com-
pletely abolished growth on glucose plates due to repression and glucose catabolite inac-
tivation of ACS1 and its gene produt (13, 141) (Figure 3.1). Genes encoding PFL and PFL-
AF from five different organisms (Thalassiosira pseudonana, Chlamydomonas reinhardtii,
E. coli, Lactobacillus plantarum and Neocallimastix frontalis) were codon-optimized and
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Figure 3.2. Growth of IMZ383 (Acs™ expressing E. coli PFL) in an anaerobic bioreactor on synthetic medium
with an initial glucose concentrations of 25 g-L™'. The indicated averages and mean deviations are from a single
batch experiment that is qualitatively representative of duplicate batch experiments. Symbols: extracellular
formate (o) and dryweight (V).

expressed in $train IMK427 under the control of the constitutive TPI1 and FBA1 promot-
ers, respectively. To prevent oxygen inactivation of PFL (155), growth was compared
on anaerobic plates with glucose as sole carbon source. Under these conditions, growth
was only observed for $trains IMZ371 and IMZ372, which expressed PFL from E. coli
and L. plantarum, respectively (Figure 3.1). These $trains were therefore used for further
physiological analysis.

3.3.2 Complementation of acsl acs2 double mutants by A-ALD or PFL

Viable S. cerevisiae §trains in which both ACS1 and ACS2 have been inactivated have
not been described in the literature. We therefore investigated whether replacement of
the role of acetyl-CoA synthetase in cytosolic acetyl-CoA synthesis by A-ALD or PFL is
sufficient to enable growth of acsIA acs2A mutants.

Deletion of both ACS genes in $train IMZ290 (Ald™ expressing E. coli eutE) yielded
$train IMZ305, which, in glucose-grown shake-flask cultures, showed a specific growth
rate of 0.26 + 0.01 h™* (79% of the Ald* Acs™ reference $train IME140). Similarly, dele-
tion of ACSI in $trains IMZ371 and IMZ372 (acs2A expressing PFL and PFL-AE from E.
coli and L. plantarum, respectively) resulted in two $trains (IMZ383 and IMZ384) that
were able to grow anaerobically on glucose. Consistent with an essential role of oxygen-
sensitive PFL in acetyl-CoA synthesis, these strains did not grow on glucose aerobically.
Specific growth rates on glucose of the Acs™ PFL-expressing $trains IMZ383 and IMZ384
in anaerobic shake-flask cultures were 0.20 & 0.00 h™* (73% of the Acs* reference §train
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IME140) and 0.14 £ 0.00 h™* (53%), respectively (average values and mean deviations are
from at least two independent experiments). Growth and product formation of §train
IMZ383 on glucose was further $tudied in anaerobic bioreactors (Figure 3.2), in which
its specific growth rate (0.20 & 0.00 h™') was the same as observed in anaerobic shake
flasks. In contrast to the Acs™ reference $train CEN.PK113-7D (data not shown), §train
IMZ383 produced formate throughout exponential growth, with a stoichiometry of 2.5
=+ 0.1 mmol formate per gram biomass dry weight.

Because, in an Acs™ PFL-expressing yeast §train, production of acetyl-CoA and for-
mate via PFL is §toichiometrically coupled, the turnover of cytosolic acetyl-CoA should
at least equal the specific rate of formate production. In S. cerevisiae, cytosolic acetyl-CoA
is required for synthesis of lipids, lysine, methionine, §terols and N-acetylglucosamine as
well as for protein acetylation. Since the synthesis of unsaturated fatty acids and sterols
requires molecular oxygen, these compounds are routinely included in anaerobic growth
media. The cytosolic acetyl-CoA requirement for lipid and lysine synthesis in aerobic
cultures has earlier been estimated at 1.04 mmol acetyl-CoA per gram dry biomass (81).
Based on published pathways and biomass compositions of S. cerevisiae (230), cytoso-
lic acetyl-CoA requirements of methionine and cysteine for protein biosynthesis can be
estimated at a combined 0.05 mmol per gram dry biomass. Additional 0.05 mmol acetyl-
CoA per gram dry biomass is required for the synthesis of glutathione (59) and chitin
synthetis requires another 0.02 mmol N-acetylglucosamine per gram dry biomass (182).
Approximately one sixth of the proteins in the yeast proteome is estimated to be lysine
acetylated (114). Even if all those proteins are simultaneously acetylated this would only
correspond to an additional acetyl-CoA requirement of circa 2.5-103 mmol per gram
dry biomass (including also poly-acetylation), assuming a protein content of 39% (230)
and an average protein molecular weight of 56 kDa. The combined cytosolic acetyl-CoA
requirement is therefore estimated at 1.16 mmol per gram dry biomass. Hence, the ob-
served formate production in the anaerobic cultures of acsIA acs2A PFL-expressing S.
cerevisiae is sufficient to account for the major ‘sinks’ of cytosolic acetyl-CoA in biosyn-
thetic pathways.

3.3.3 Chemostat-based characterization of an Acs~ PFL-expressing S. cerevisiae §train

To analyze the physiological impact of replacing ACS1 and ACS2 by PFL, the reference
$train CEN.PK113-7D (Acs™) and §train IMZ383 (Acs™ expressing E. coli PFL) were grown
in anaerobic, glucose-limited chemostats at a dilution rate of 0.10 h™ (Table 3.4). Strain
IMZ383 showed a 15% lower biomass yield on glucose as well as a proportionally in-
creased ethanol production rate and reduced glycerol production rate relative to the
reference $train. Conversely, acetate production by the PFL-expressing $train was five-
fold higher than in the reference $train (Table 3.4). Formate, which was not detettable in
cultures of the reference $train, was produced by the PFL-expressing $train at a rate of
0.18 mmol-g biomass™-h™. Acetate and formate have previously been shown to cause a
reduction of biomass yields in cultures of S. cerevisiae by uncoupling the plasma mem-
brane pH gradient (1, 231, 324). In anaerobic chemostat cultures, this uncoupling causes
a concomitant increase of the ethanol production rate (1, 231, 324). Production of acetate
and formate therefore offers a plausible explanation for the reduced biomass yield of the
PFL-expressing $train.
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Table 3.4. Physiology of the wild-type $train CEN.PK113-7D and the E. coli PFL expressing $train IMZ383 in
anaerobic chemof$tat cultures with 25 g-L™* glucose, pH 5.0 and a dilution rate of 0.1 h™. Values and $tandard
deviations shown are from three replicates.

Units CEN.PK113-7D IMZ383
Relevant genotype Ald* Acs* Ald* Acs™ PFL
Dilution rate (h 0.099 * 0.004 0.102 + 0.004
Biomass yield (g biomass-g glucose 1) 0.096 + 0.002 0.082 £ 0.002
Qglucose (mmol-g biomass™-h™)  -5.76 £ 0.15 -6.94 + 0.31
Qethanol (mmol-g biomass™ l) 9.51 £ 0.43 11.38 + 0.49
qco, (mmol-g biomass™*-h™)  9.93 £ 0.12 12.01 + 0.37
Qglycerol (mmol-g biomass™-h™") 0.82 + 0.06 0.70 = 0.03
Qlactate (mmol-g biomass™-h™)  0.06 + 0.004 0.04 £ 0.002
Qpyruvate (mmol-g biomass™-h™) 0.01 + 0.004 0.03 + 0.001
Qacetate (mmol-g biomass™-h") 0.02 + 0.003 0.11 £ 0.02
Qformate (mmol g biomass™-h™) N.D* 0.18 + 0.01
Residual glucose (g-'L™) 0.05 + 0.002 0.15 + 0.01
Carbon recovery (%) 104 + 2 100 + 1

*N.D. = not deteéted

Table 3.5. MIPS and GO categories overrepresented in the genes that were significantly differential expressed
(0.5 >= fold change (FC) or FC >= 2, false discovery rate <= 1%) in glucose-limited chemostat cultures of IMZ305
(Ald™ Acs™, expressing E. coli eutE, aerobic) and IMZ383 (Acs™ expressing E. coli PFL, anaerobic) compared to
the reference $train CEN.PK113-7D (Ald* Acs*) grown under the same conditions.

Term id Description k? n p-value

IMZ305 up (148 genes)

MIPS 01.06.06 isoprenoid metabolism 7 41 3.96-107
01.06.06.11 tetracyclic and pentacyclic 7 36 1.62-107
triterpenes (cholesterin, $teroids
and hopanoids) metabolism

32 CELL RESCUE, DEFENSE AND 28 558  8.28-107

VIRULENCE
GO [I° GO0:0006950 response to $tress 13 161 9.46-107
cd GO0:0016125 Sterol metabolic process 7 44 6.36:107

IMZ305 down (212 genes)

MIPS 1 METABOLISM 80 1530  3.75-10°
01.05 C-compound and carbohydrate 37 510 3.76-10°
metabolism

01.06.05 fatty acid metabolism 8 25 8.62107
2 ENERGY 34 360 2.00-10°
02.19 metabolism of energy reserves (e.g. 11 53 9.36:107

glycogen, trehalose)
GO 1 GO:0008152 metabolic process 36 389 1.23-10°8
GO:0006635 fatty acid beta-oxidation 5 9 4.36:10°°
GO0:0055114 oxidation reduction 23 270 2.67-107
c G0:0032787 monocarboxylic acid metabolic 18 155  3.13-10°°

process
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Term id Description k n p-value
GO:0006635 fatty acid beta-oxidation 5 9 4.36-10°°
GO:0009062 fatty acid catabolic process 5 10 8.48-10°°
GO0:0019395 fatty acid oxidation 5 10 8.48-10°°
GO0:0034440 lipid oxidation 5 10 8.48-10°°
GO:0016042 lipid catabolic process 9 43 8.76:10°°
GO:0005975 carbohydrate metabolic process 28 361 1.97-10°
GO:0044242 cellular lipid catabolic process 7 27 2.03-10°
GO0:0044262 cellular carbohydrate metabolic 26 323 211107

process
GO0:0055114 oxidation reduction 25 305  2.26:107
GO0:0044281 small molecule metabolic process 52 916  4.47-107
GO:0009056 catabolic process 42 683  4.77-107
GO:0006631 fatty acid metabolic process 10 65 4.78-107
GO0:0016054 organic acid catabolic process 9 53 5.16:107
GO0:0046395 carboxylic acid catabolic process 9 53 5.16-107
GO0:0015980 energy derivation by oxidation of 16 161 7.88-107

organic compounds

IMZ383 up (71 genes)

MIPS 20.01 transported compounds (substrates) 19 585  1.30-107

32 CELL RESCUE, DEFENSE AND 20 558  1.56-10°
VIRULENCE

GO G0:0006811 ion transport 12 176 412107
GO0:0051186 cofactor metabolic process 10 192 4.49-107
G0:0006879 cellular iron ion homeos$tasis 5 41 8.11-107
G0:0055072 iron ion homeo$tasis 5 41 8.11-107
GO:0006811 ion transport 8 108 2.28-10°

IMZ383 down (29 genes)

MIPS 1 METABOLISM 20 1530 3.58-107
01.01 amino acid metabolism 7 243 8.09-10°
01.01.09.01 metabolism of glycine 4 8 2.38-10
01.01.09.01.02  degradation of glycine 4 6 5.12:10
01.05 C-compound and carbohydrate 13 510 9.58-10°8

metabolism
01.05.05 C-1 compound metabolism 4 8 2.38-10°8
01.05.05.07 C-1 compound catabolism 3 5 8.38-1077
02.16 fermentation 4 48 5.83-107

GO GO:0006730 one-carbon metabolic process 6 16 3.94-10711
G0:0055114 oxidation reduction 8 270 1.83-107°
GO:0006082 organic acid metabolic process 13 397 4.68-107
GO0:0019752 carboxylic acid metabolic process 13 397  4.68-107
GO0:0043436 oxoacid metabolic process 13 397 4.68-107
GO0:0042180 cellular ketone metabolic process 13 410 6.93-107
GO0:0044281 small molecule metabolic process 17 916  3.82-10°
GO:0006544 glycine metabolic process 4 9 4.26-10°8
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Term id Description k n p-value

GO0:0009071 serine family amino acid catabolic 3 5 8.38-107

process

GO:0006730 one-carbon metabolic process 6 76 8.92:107

GO0:0032787 monocarboxylic acid metabolic 7 155  4.33-10°°
process

GO:0009069 serine family amino acid metabolic =~ 4 34 1.45:107
process

GO0:0055114 oxidation reduction 8 305  4.41-10°

GO0:0016054 organic acid catabolic process 4 53 8.63-10

GO0:0046395 carboxylic acid catabolic process 4 53 8.63-107

IMZ305 up N IMZ383 up (8 genes)

MIPS 20.01.01.01.01.01 siderophore-iron transport 2 12 9.02-107
GO ¢ GO0:0006879 cellular iron ion homeo$tasis 3 41 1.35-107
GO:0055072 iron ion homeostasis 3 41 1.35-107
GO:0034755 iron ion transmembrane transport 2 5 1.37-10°
GO:0034220 ion transmembrane transport 3 48 2.18:107
GO:0033212 iron assimilation 2 8 3.83-107
GO0:0030005 cellular di-, tri-valent inorganic 3 72 7.40-107

cation homeostasis
GO0:0055066 di-, tri-valent inorganic cation 3 72 7.40-107
homeoétasis

IMZ305 down N IMZ383 down (8 genes)

MIPS 02.25 oxidation of fatty acids 2 9 493107

IMZ305 down N IMZ383 up (10 genes)

no enrichment

IMZ305 up N IMZ383 down (0 genes)

empty set

2 The number of genes differentially expressed present in the set
b The number of genes of the set present in the whole genome.
GO categories are divided between ¢ the GO leaf categories and d the GO complete categories.

Transcriptome analysis on anaerobic glucose-limited chemostat cultures yielded 71
genes whose transcript levels were higher, and 29 genes whose transcript levels were
lower in IMZ383 (excluding URA3, ACS1 and ACS2) than in the reference $train. The
set of up-regulated genes showed an overrepresentation of the GO categories ion trans-
port, cellular iron ion homeostasis and cofactor metabolic process. The transcriptional
responses of genes involved in iron homeostasis may be related to the assembly in yeast
of PFL-AE, which contains an oxygen-sensitive [4Fe-4S] cluster required for activation
of PFL (173). Additionally, transcript levels of the formate dehydrogenase genes FDH1
and FDH2 were over 25-fold higher in the PFL-expressing $train. Among the genes that
showed lower transcript levels in IMZ383 (Table 3.5), the GO category ‘glycine metabolic
process’ was overrepresented. The four down-regulated genes in this category, GCV1,
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Table 3.6. Physiology of S. cerevisiae §trains CEN.PK113-7D (Ald* Acs*) and IMZ305 (Ald”™ Acs™ expressing
E. coli eutE) in aerobic glucose-limited chemostat cultures at a dilution rate of 0.1 h™. Averages and $tandard
deviations were obtained from three replicates.

Units CEN.PK113-7D IMZ305
Relevant genotype Ald* Acs* Ald™ Acs™ eutE
Dilution rate (b 0.100 + 0.001 0.098 = 0.001
Biomass yield (g biomass-g glucose™)  0.501 + 0.002 0.429 £ 0.009
Qglucose (mmol-g biomass™-h™) -1.10 £ 0.01 -1.27 + 0.02
Qethanol (mmol-g biomass™-h™)  0.00 £ 0.00 0.00 £ 0.00
qco, (mmol-g biomass™-h™) 2.78 £ 0.09 3.52 £ 0.04
qo, (mmol-g biomass™-h™) -2.61 +0.14 -3.36 + 0.02
Qpyruvate (mmol-g biomass™-h™) N.D* N.D.
Qglycerol (mmol-g biomass™-h™) N.D. N.D.
Qacetate (mmol-g biomass™-h™) N.D. N.D.
Residual glucose (gL™) 0.03 + 0.01 0.04 + 0.02
Carbon recovery (%) 102 + 1 98 +2

*N.D. = not deteéted

GCV2, GCV3 and SHM?2 encode proteins that, together with Lpd1, form the glycine cleav-
age system, which contributes to the synthesis of the C;-donor 5,10-methylene tetrahy-
drofolate (5,10-MTHF) in S. cerevisiae (216). The observed down-regulation suggests that
conversion of formate, produced by PFL, to 5,10-MTHF via Mis1 or Ade3 (278, 293) re-
duces the requirement for synthesis of C;-donor compounds via the glycine cleavage
pathway.

3.3.4 Characterization of an Ald~ Acs™ A-ALD expressing S. cerevisiae Strain in
chemostats

The physiology of $train IMZ305 (Ald™ Acs™ expressing E. coli eutE) was §tudied in
aerobic glucose-limited chemostats at a dilution rate of 0.10 h™ and compared to that
of the reference $train CEN.PK113-7D (Ald*Acs"). Under fully aerobic conditions, the
low residual glucose concentration in glucose-limited chemostat cultures at low dilu-
tion rates (< ca. 0.25 h™'), enables a fully respiratory sugar metabolism in wild-type S.
cerevisiae $trains (241, 328). Although the sugar metabolism of both $trains was indeed
completely respiratory (Table 3.6), the biomass yield on glucose of §train IMZ305 was 14%
lower than that of the reference $train. The lower biomass yield was in agreement with
higher rates of oxygen consumption and CO, production (Table 3.6). This lower biomass
yield of $train IMZ305 was unexpected in view of the improved ATP-$toichiometry for
producing cytosolic acetyl-CoA via A-ALD.

Chemostat-based transcriptome analysis yielded 362 genes whose expression levels
were different in §trains CEN.PK113-7D (Ald* Acs™) and IMZ305 (Ald~ Acs™ expressing
E. coli eutE) based on the $tatistical criteria applied in this study. URA3, ALD2, ALD3,
ALD4, ALD5, ALD6, ACS1 and ACS2 were not included in this comparison. Fisher’s ex-
adt te§t analysis indicated the overrepresentation of several functional categories, in-
volved in energy, metabolism (isoprenoids, triterpenes, fatty acids, $terol, lipids, mono-
carboxylic acids, carbohydrates and energy reserves), response to stress and cell res-
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Table 3.7. Steady-state intracellular meatabolites concentrations (pmol-g dry weight-1) and acetaldehyde con-
centration in the broth (mM) in S. cerevisiae cultures of CEN.PK113-7D (Ald* Acs*) and IMZ305 (Ald~ Acs™
expressing E. coli eutE) in aerobic glucose-limited chemostat cultures at a dilution rate of 0.1 h™. Averages and
mean deviations were obtained from two replicates.

Metabolite CEN.PK113-7D IMZ305
Glycolysis

Fructose-1,6-bisphosphate 0.30 * 0.02 1.96 + 0.12
Dihydroxyacetone phosphate ~ 0.19 + 0.02 0.53 + 0.05
2-Phosphoglycerate 0.42 £ 0.05 0.16 £ 0.02
3-Phosphoglycerate 4.41 £ 0.62 2.06 + 0.27
Phosphoenolpyruvate 1.71 £ 0.37 0.29 + 0.06
Pentose phosphate pathway

Ribulose-5-phosphate 0.11 £ 0.03 0.23 £ 0.03
Xylulose-5-phosphate 0.26 £ 0.06 0.54 £ 0.08
Sedoheptulose-7-phosphate 2.60 * 0.46 5.93 + 0.68
Erythrose-4-phosphate 0.00 £ 0.00 0.01 + 0.00
Amino acids

Alanine 2.04 £ 0.05 5.24 + 1.29
Isoleucine 0.27 £0.10 0.66 + 0.11
Histidine 1.79 £ 0.20 4.65 = 0.63
Lysine 3.30 £ 0.50 9.60 £ 1.72
Proline 0.25 + 0.10 0.64 £ 0.16
Threonine 0.55 + 0.10 1.28 £ 0.24
Tyrosine 0.37 £ 0.10 0.93 +0.13
Coenzymes and cofactors

AMP 0.32 + 0.02 0.72 £ 0.16
NAD* 2.65 +0.18 3.04 £ 0.32
NADH 0.15 £ 0.04 0.05 = 0.01
NADP* 0.57 + 0.08 0.78 + 0.07
NADPH 2.70 £ 0.62 2.10 £ 0.72
Other

Glycerol-3-phosphate 0.03 £ 0.02 0.10 * 0.01
Intra- + extracellular

Acetaldehyde 0.002 £ 0.000 0.028 * 0.003

cue, defence and virulence (Table 3.5). To investigate the impact of possible changes in
the levels of acetaldehyde, which is a substrate of both the A-ALD and ALD reactions,
the transcriptome data were compared to those from a previous $tudy on the transcrip-
tional response of S. cerevisiae to acetaldehyde (5). Of a set of 1196 genes that showed
an over 2-fold increase in transcript level upon exposure to acetaldehyde in the §tudy of
Aranda and Del Olmo (5), 56 were also up-regulated in $train IMZ305 relative to the refer-
ence $train. This overlap of the two gene sets was $tatistically highly significant (p-value
4.54-10°) and showed an overrepresentation of the GO category ‘response to §tress’ (p-
value 1-107%). Other genes that were previously reported to be up-regulated in response
to acetaldehyde (e.g. MET8, TPO2 and MUP1 (5)) similarly showed elevated expression
levels in IMZ305. Analysis of combined intracellular and extracellular concentrations
of acetaldehyde in chemostat cultures, using a fast sampling and derivatization proto-
col, showed that acetaldehyde concentrations in cultures of §train IMZ305 were 12-fold
higher than in cultures of the reference $train CEN.PK113-7D (Table 3.7).
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Microscopic analysis of cultures of $train IMZ305 (Ald”Acs™ expressing E. coli eutE)
showed that this §train formed multicellular aggregates. The same atypical morphol-
ogy was observed in shake-flask and chemostat cultures of IMZ290 (Ald™ expressing
E. coli eutE) and IMZ291 (Ald™ expressing L. innocua lin1129) which indicates that it is
not caused by deletion of ACSI and ACS2 and is not dependent on the type of acety-
lating acetaldehyde dehydrogenase. The multicellular aggregates could not be disrupted
by sonication, but were resolved into single cells by incubation with chitinase (data not
shown). Multicellular aggregates were not observed in cultures of $train IMZ383 (Acs™
expressing E. coli PFL and PFL-AE), further indicating that they were specifically linked
to the expression of A-ALD and/or ALD deletion. Viability $taining of chemostat cul-
tures of $train IMZ305 (Ald™ Acs™ expressing E. coli eutE) indicated that integrity of the
plasma membrane was compromised in a significant fraction of the cells in the multicel-
lular aggregates (Figure 3.3).

Cytosolic acetyl-CoA is a key precursor in yeast metabolism as well as a regulator of
several important metabolic enzymes. To investigate whether replacing Acs1 and Acs2
by A-ALD affefted concentrations of key compounds in central carbon metabolism, in-
tracellular metabolite analysis was performed on aerobic, glucose-limited chemostat cul-
tures of §train IMZ305 (Ald™ Acs™ expressing E. coli eutE) and on the reference $train
CEN.PK113-7D (Ald* Acs*). The compounds analysed included acetyl-CoA, intermedi-
ates of glycolysis, pentose phosphate pathway (PPP) and tricarboxylic acid cycle (TCA),
amino acids, nucleotides, coenzymes and trehalose. A full lit of analysed compounds
and measured levels is presented in supplementary materials (Table S3.1). Intracellular
concentrations of most of the compounds, including acetyl-CoA and CoA, were not sig-
nificantly different in the two $trains, suggesting that replacing ACS by A-ALD as main
source of cytosolic acetyl-CoA did not cause major changes in the central metabolic
pathways. However, for a few metabolites a fold-change of at least two was observed
(Table 3.7). Lysine, whose synthesis requires cytosolic acetyl-CoA, was among six amino
acids whose intracellular concentrations were higher in $train IMZ305. Intracellular lev-
els of glycerol-3-phosphate, which forms the backbone of glycerolipids and is thereby
linked to lipid synthesis, another important biosynthetic sink of cytosolic acetyl-CoA,
were also higher in this $train. Further changes in IMZ305 included higher concentra-
tions of four intermediates of the non-oxidative part of the pentose phosphate pathway
and changes in the levels of several glycolytic intermediates (Table 3.7).
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Figure 3.3. Fluorescent micrographs of double §tained cells aggregates formed in chemostat cultures of IMZ305
$train (Ald™ Acs™ expressing E. coli eutE). Cells were $tained with acetoxymethyl ester of 5-carboxyfluorescein
diacetate (CFDA, AM in DMSO, green) and propidium iodide (PI, red) to indicate metabolically active cells and
cells with compromised integrity of the membrane, respectively. The bar corresponds to 20 pm.

3.4 DIscUSSION

Previous $tudies have demonstrated that increasing the availability of cytosolic acetyl-
CoA improved rates of produét formation in S. cerevisiae §trains engineered for produc-
tion of isoprenoids, fatty acids and polyhydroxybutyrate. Some of these §tudies were
based on the overexpression of an acetyl-CoA synthetase that was insensitive to inhi-
bition by acetylation, either alone or in combination with acetaldehyde dehydrogenase
(43, 281). In other $tudies, availability of acetyl-CoA was boosted by expression of murine
ATP-citrate lyase (307) or of a fungal phosphoketolase pathway that generates acetate
(158). These previously §tudied heterologous pathways §till require ATP for synthesis
of cytosolic acetyl-CoA and, moreover, the native pathway via acetyl-CoA synthetase
was §till active in the engineered $trains. The present study demonstrates, for the first
time, that the native pathway for cytosolic acetyl-CoA biosynthesis in S. cerevisiae can
be entirely replaced by heterologous pathways that, at least in terms of pathway stoi-
chiometry, do not involve a net investment of ATP.

In wild-type S. cerevisiae genetic backgrounds, deletion of the two genes encoding
isoenzymes of acetyl-CoA synthetase (ACSI and ACS2) resulted in a complete loss of
viability, which was originally entirely attributed to a key role of acetyl-CoA synthetase
in cytosolic acetyl-CoA synthesis (14, 245). Later studies investigated the role of Acs2,
which has a dual cytosolic and nuclear localization, in histone acetylation (73, 306). Us-
ing a temperature-sensitive allele of ACS2, Takahashi et al. (306) showed that, in glucose-
grown cultures, inactivation of ACS2 caused global histone deacetylation and massive
changes in gene expression, affeting over half of the yeast transcriptome. Using a similar
approach Galdieri and Vancura (88) proposed that reduced nucleocytosolic acetyl-CoA
concentrations primarily affe&t cell physiology via histone deacetylation rather than
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via biosynthetic constraints. The limited and different transcriptome changes in $trains
IMZ305 (Ald™ Acs™ expressing E. coli eutE) and IMZ383 (Acs™ expressing E. coli PFL and
PFL-AE) relative to an Acs* reference §train indicated that, in these §trains, activities
of A-ALD and PFL, respectively, were sufficient to cover acetyl-CoA requirements for
histone acetylation. These results also support the conclusion of Takahashi et al. (306)
that Acs2 affedts histone acetylation via provision of acetyl-CoA rather than via a dire¢t
catalytic or regulatory function in the acetylation process.

In addition to a possible effect on histone acetylation, changes in cytosolic acetyl-
CoA biosynthesis might affect central metabolism via acetylation of non-histone pro-
teins (106, 292, 298) and via its direct participation in key reactions. The fast growth of
the engineered $§trains IMZ305 and IMZ383 suggest that there were no major kinetic
limitations in acetyl-CoA provision. This conclusion was further substantiated by the
minor differences in intracellular metabolite levels of strain IMZ305 relative to a refer-
ence $train. Intracellular acetyl-CoA concentrations in the two §trains, which reflet the
combination of mitochondrial and nucleocytosolic pools, were not significantly differ-
ent. This observation is consi$tent with the conclusion of Cai et al. (29) that intracellular
acetyl-CoA concentrations are subjeét to strong homeostatic regulation. However, the
higher intracellular lysine concentrations in $train IMZ305 might be indicative for in-
creased availability of cytosolic acetyl-CoA in this A-ALD-expressing §train. Despite the
Stoichiometric advantage of the A-ALD pathway with respect to ATP costs for acetyl-
CoA synthesis, the biomass yield on glucose of §train IMZ305 was lower than that of the
Ald" Acs* reference $train. Moreover, $train IMZ305 exhibited a reduced viability and
formation of multicellular aggregates. Transcriptome analysis (Table 3.5) and diret mea-
surements of acetaldehyde (Table 3.7) §trongly suggested that these phenomena were
due to acetaldehyde toxicity. Similar multicellular aggregates observed in S. cerevisiae
cultures exposed to boric acid $tress were attributed to activation of cell wall repair and
overproduction of chitin, thereby disturbing cell division (272). Although whole-broth
concentrations of acetaldehyde in cultures of strain IMZ305 were previously not reported
to be toxic to S. cerevisiae (296), accumulation of acetaldehyde inside cells (297) may have
led to underestimation of intracellular concentrations in our experiments. Matsufuji et
al. (208) recently showed that reaction with glutathione contributes to acetaldehyde tol-
erance. Although the metabolic fate of the resulting acetaldehyde—glutathione adduéts is
unclear regeneration of free glutathione from these adducts may well require metabolic
energy and/or reducing equivalents.

The increased acetaldehyde level in §train IMZ305 could be the result of the lower
affinity for acetaldehyde of A-ALD in comparison to the native non-acetylating acetalde-
hyde dehydrogenases (Table 3.8) (335). Literature data on acetylating acetaldehyde dehy-
drogenases from other organisms suggest that a high Ky for acetaldehyde is a common
characteristic of these enzymes (268, 284). The §tandard free energy change (AG®’, pH 7,
ionic $trength of 0.2 M) of the A-ALD reaction is -13.7 kJ-mol™ (79). If measured intra-
cellular metabolite concentrations (this study) and a cytosolic NAD*/NADH ratio of 100
(30) are assumed, AG’ would be positive at the acetaldehyde concentrations measured
in the reference $train (+7.2 kJ-mol ™), while it would be close to zero (+0.7 kJ-mol™*) at
the higher acetaldehyde concentration measured in $train IMZ305. Increased intracellu-
lar levels of acetaldehyde may therefore not only be a consequence of a low affinity of
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Table 3.8. Kinetic parameters of the acetylating acetaldehyde dehydrogenases EutE from E. coli and Lin1129
from L. innocua and of three out of five acetaldehyde dehydrogenases from S. cerevisiae (Ald2, Ald5 and Aldé).
Activities were assayed as the oxidation of acetaldehyde to acetyl-CoA or acetate, respectively. Data for EutE
and Lin1129 are the average of triplicate measurements on cell extracts from two independent shake-flask
cultures.

Enzyme K., for Vimax (pmollmg V. /K, References
acetaldehyde  protein™-min™*)
(pmol-L™")
EutE 1.5-103 9.4+04 0.006 This study
Lin1129 3.9-103 9.2+13 0.002 This study
Ald2 10 5.2 0.52 (335)
Ald5 58 1.1 0.019 (335)
Aldé 24 24 1 (335)

A-ALD for acetaldehyde, but also be thermodynamically required for acetyl-CoA syn-
thesis via A-ALD. If this interpretation is correct, applicability of this reaction for product
formation in engineered yeast $trains will either require improved tolerance to acetalde-
hyde or further changes in the cytosolic concentrations of acetyl-CoA, NADH and/or
NAD".

Also the biomass yield on glucose of strain IMZ383 (Acs™ expressing E. coli PFL) in
anaerobic cultures was lower than that of an Acs™ reference $train. Weak-acid uncou-
pling by formate, the formation of which was §toichiometrically coupled to growth of
this $train, offers a plausible explanation for this reduced biomass yield (231). To pre-
vent accumulation and possible toxicity, the formate formed in the PFL reaction should
preferably be oxidized to CO, via formate dehydrogenase. Depending on the produ¢t
of interest, this conversion by formate dehydrogenase may also be required for redox
balancing of product formation in engineered pathways. Although FDH1 and FDH?2, en-
coding the two NAD"-dependent formate dehydrogenase isoenzymes in S. cerevisiae,
were transcriptionally $trongly up-regulated in strain IMZ383, in vivo formate dehy-
drogenase activity was apparently not sufficient to oxidize all formate produced. Under
§tandard conditions, formate oxidation (formate + NAD" == CO, + NADH + H") is
thermodynamically feasible (AG> = -13.9 kJ-mol™, pH 7, ionic $trength of 0.2 M (79))
and calculations showed that AG’ is also negative under industrially relevant condi-
tions (data not shown). Inefficient anaerobic oxidation of formate upon overexpression
of FDH1 was previously attributed to the sequential bi-bi two-substrate kinetics of for-
mate dehydrogenase, which leads to a §trongly decreased affinity for formate at low
NAD" concentrations (95).

In S. cerevisiae, several metabolic reactions as well as protein deacetylation, yield free
acetate. Nevertheless, no increased acetate concentrations were observed in cultures of
Strain IMZ305 (Ald™Acs™ E. coli eutE). This observation suggests that small amounts of
acetate can be activated to acetyl-CoA via an Acs-independent pathway. A mitochondrial
CoA transferase encoded by ACHI may, in theory, be responsible for acetate activation,
using succinyl-CoA as CoA donor (80). However, ACHI was not up-regulated, neither
in §train IMZ305 nor in $train IMZ383 (Acs™ expressing E. coli PFL). The latter §train did
show increased production of acetate in comparison with Acs* reference §train, probably
via pyruvate decarboxylase and acetaldehyde dehydrogenase, which were still present
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in this §train. This observation suggests that a possible ACS-independent pathway for
acetate activation in anaerobic S. cerevisiae cultures only has a very low capacity.

3.5 OUTLOOK

This §tudy demonstrates that it is possible to entirely replace the ATP-intensive na-
tive pathway of cytosolic acetyl-CoA formation in S. cerevisiae by two different ATP-
independent routes. Although these metabolic engineering §trategies are §toichiometri-
cally sound, our results show how their application can be kinetically and/or thermo-
dynamically challenging. Before the full potential of the A-ALD and PFL §trategies for
generating cytosolic acetyl-CoA for industrial product formation can be realized, prob-
lems related to acetaldehyde toxicity and formate reoxidation, respectively, will need
to be addressed. Availability of $trains in which A-ALD and/or PFL are the only source
of cytosolic acetyl-CoA will be of great value for their further optimization, either by
targeted genetic modification or by evolutionary approaches. Alternatively, the native
yea$t pathway might be replaced by other mechanisms for cytosolic acetyl-CoA synthe-
sis with an improved ATP stoichiometry, such as ATP-citrate lyase (which requires an
input of one ATP for each pyruvate converted to cytosolic acetyl-CoA) or the combi-
nation of phosphoketolase and phosphotransacetylase. Even before the remaining chal-
lenges are solved, A-ALD and PFL can provide increased fluxes towards produéts that
require cytosolic acetyl-CoA. For some products, this may ultimately even contribute to
the replacement of expensive aerobic processes by cost-effective anaerobic conversions.
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Table S3.1. Primers used in this study.

Number

Name

Sequence 5° — 3’

Primers for knockout cassettes

1749

1750

1769

1770

1773

1774

1777

1778

2616

2617

2622

2623

2687

2688

ALD2,3 KO Fw

ALD2,3 KO Rv

ALD4 KO Fw

ALD4 KO Rv

ALDS5 KO Fw

ALD5 KO Rv

ALD6 KO Fw

ALD6 KO Rv

ACS2-natNT2 KO Fw

ACS2-natNT2 KO Rv

ACS1-AmdS KO Fw

ACS1-AmdS KO Rv

ACS2-HIS3 KO Fw

ACS2-HIS3 KO Rv

GGATGCAATCTTGTCGACACTCACTGATCATATCC
CGAATTTTGCTCAAGCACCAGAGCCGAGGATTCAT
CAGCTGAAGCTTCGTACGC
ACATGGACTGATTTTATTTGTAAATAGTTATCAAC
GCCGGTGTCGCCTGAGAGATAGCTCGAATCAGTCC
GCATAGGCCACTAGTGGATCTG
ATGTTCAGTAGATCTACGCTCTGCTTAAAGACGTC
TGCATCCTCCATTGGTCTCTGCACGGATGCGTAGT
CAGCTGAAGCTTCGTACGC
CACCAGGCTTATTGATGACCTTACTCGTCCAATTT
GGCACGGACCGCTTTGGATCATAGTCATGCAGTTG
GCATAGGCCACTAGTGGATCTG
CAAACGTGGTTAAGACAGAAAACTTCTTCACAACA
TTAACAAAAAGCCAAACATGAGCCATAAGTGTCTC
CAGCTGAAGCTTCGTACGC
TGTTTATCATACATACCTTCAATGAGCAGTCAACT
CGGGCCTGAGTTACTCGCGCTTATGCGATATAGTT
GCATAGGCCACTAGTGGATCTG
ACTATCAGAATACAATGACTAAGCTACACTTTGAC
ACTGCTGAACCAGTCTCTAAGCCGACAGGAGTCTC
CAGCTGAAGCTTCGTACGC
TATGACGGAAAGAAATGCAGGTTGGTACATTACAA
CTTAATTCTGACAGCTACCGAGTCAGCAGTTCAGG
GCATAGGCCACTAGTGGATCTG
ACAGAAAAGGAGCGAAATTTTATCTCATTACGAAA
TTTTTCTCATTTAAGCCAGCTGAAGCTTCGTACGC
TGTTATACACAAACAGAATACAGGAAAGTAAATCA
ATACAATAATAAAATCGCATAGGCCACTAGTGGAT
C
TTACAACTTGACCGAATCAATTAGATGTCTAACAA
TGCCAGGGTTTGACAGCGCAATTAACCCTCACTAA
AG
TGCTATGTCGCCCTCTGCCGTACAATCATCAAAAC
TAGAAGAACAGTCAACTATAGGGCGAATTGGGTAC
CG
ACAGAAAAGGAGCGAAATTTTATCTCATTACGAAA
TTTTTCTCATTTAAGCAGCTGAAGCTTCGTACGC
TGTTATACACAAACAGAATACAGGAAAGTAAATCA
ATACAATAATAAAATGCATAGGCCACTAGTGGATC
TG

91
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Number

Name

Sequence 5’ — 3’

2929

2930

ACS1-LEU2 KO Fw

ACS2-LEU2 KO Rv

AGCAAAACCAAACATATCAAAACTACTAGAAAGAC
ATTGCCCACTGTGCTCAGCTGAAGCTTCGTACGC
AACACACGAAAAAAAAAAAGTCGTCAATATAAAAA
GGAAAGAAATCATCAGCATAGGCCACTAGTGGATC
TG

Primers for verification of knockouts

9

10
1076
1077
1751
1752
1771
1772
1775
1776
1779
1780
1781
1782
2618
2619
2620
2621
2624
2625
2626
2627
2927
2928

KanA
Kan B

LEU2_prom5’.K.ladtis

LEU2_3’Klactis
LEU2_Ctrl Fw
LEU2_Ctrl Rv
ald4 Ctrl Fw
ald4 Ctrl Rv
ald5 Ctrl Fw
ald5 Ctrl Rv
aldé6 Ctrl Fw
ald6 Ctrl Rv
hph NT1 Fw / 2
hph NT1Rv / 2
acs2 CtrlFw
acs2 KO Ctr IRv
Nat Ctr]l Fw
Nat Ctrl Rv
acs1 Ctrl Fw
acs1 Ctrl Rv
AmdS Ctrl Fw
AmdS Ctrl Rv
ACS1 KO ¢&rl Fw
ACS1 KO ¢&irl Rv

CGCACGTCAAGACTGTCAAG
TCGTATGTGAATGCTGGTCG
CACGTGACTGCGCTGAATTG
AGCTTCCCTACCTGACACTAAC
AACGCCCTATGATGTTCCCG
ACACGGAACAGGGATGCTTG
GCGGGTGTAGGTAAGCAGAA
ACGGTAAGGTCTTGCCATCT
CGCGGAGCCTTTAGAATACC
GTACAGTCCCGATAATGGCA
AAGCCTGGCGTGTTTAACAA
GAAGGCACAAGCCTGTTCTC
TACTCGCCGATAGTGGAAAC
CAGAAACTTCTCGACAGACG
TACCCTATCCCGGGCGAAGAAC
CCGATATTCGGTAGCCGATTCC
GCCGAGCAAATGCCTGCAAATC
GGTATTCTGGGCCTCCATGTCG
ATCATTACAACTTGACCGAATC
CCTCGGTGGCAAATAGTTCTCC
TGGCTATCGCTGAAGAAGTTGG
CTTCCCAAGATTGTGGCATGTC
AAACTGGGCGGCTATTCTAAGC
AGCAGCTCGGTTATAAGAGAAC

Primers for verification of plasmid presence

586
1153
1368

1369

1372
1373
2038
2039
2040
2041
2042
2043
1642
2675

p426GPD Fw
GPDp Fw
mhpF Fw

mhpF Rv

dmpF Fw
dmpF Rv

adhE S. aureus Fw

adhE S. aureus Rv
EutE E.coli Fw
EutE E.coli Rv
Lin1129 Fw
Lin1129 Rv
pRS426 Fw

pTPI1 Rv

CATTCAGGCTGCGCAACTG
GACCCACGCATGTATCTATCTC
GGGGACAAGTTTGTACAAAAAAGCAGGCTATGAGT
AAGCGTAAAGTCGCCATTATCGG
GGGGACCACTTTGTACAAGAAAGCTGGGTGTTCAT
GCCGCTTCTCCTGCCTTGC
CATTGATTGCGCCATACG
CCGGTAATATCGGAACAGAC
TATCGGTGACATGTACAAC
TTGCTTGTAGTCGTAAGAAG
GAACCAACAAGACATCGAAC
ACGATTCTGAAAGCGTCAAC
GGAACAATTGGTTAAGAAGG
ATAGAGAAACCGTCAGTCAA
TTTCCCAGTCACGACGTTG
CCGCACTTTCTCCATGAGG
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Number Name Sequence 5’ — 3’

2677 PpRS426 Rv CTTCCGGCTCCTATGTTGTG

Primers for cloning

3384 pTPI1 Fw (pRS424) ACGGCCAGTGAGCGCGCGTAATACGACTCACTATA
GGGCGAATTGGGTACCGGGCCCCCCCTCGAGAAGG
ATGAGCCAAGAATAAG

3385 tGND2 Rv GAATTCCGTTTAGTGCAATATATTGGAGTTC

3386 pFBA1 Fw (tGND2) AAATCGAGTAGAATCTAGCCATAGTCTTTC

3387 tPMA1 Ry( pRS424) CCTCACTAAAGGGAACAAAAGCTGGAGCTCCACCG
CGGTGGCGGCCGCTCTAGAACTAGTGGATCCAAAC
GTGTGTGTGC

Table $3.2. Full li§t of measured $teady-state intracellular metabolites concentrations (pmol-(g dry weight)™)
in S. cerevisiae cultures of CEN.PK113-7D (Ald* Acs*) and IMZ305 (Ald~ Acs™ expressing E. coli eutE) in aerobic
glucose-limited chemostat cultures at a dilution rate of 0.10 h™'. Averages and mean deviations were obtained
from two replicates.

Metabolite CEN.PK113-7D IMZ305
Glycolysis

2-Phosphoglycerate 0.42 + 0.05 0.16 + 0.02
3-Phosphoglycerate 441+ 0.62 2.06 + 0.27
Dihydroxyacetone phosphate ~ 0.19 + 0.02 0.53 £ 0.05
Fructose-6-phosphate 0.73 £ 0.17 0.84 + 0.17
Fructose-1,6-bisphosphate 0.30 £ 0.03 1.96 £ 0.11
Glucose 0.84 £ 0.03 1.14 £ 0.11
Glucose-6-phosphate 3.16 £ 0.54 3.62 £ 0.62
Glyceraldehyde phosphate 0.03 £ 0.00 0.05 £ 0.01
Phopshoenolpyruvate 1.71 £ 0.37 0.29 + 0.06
Pyruvate 0.29 + 0.06 0.40 + 0.04
Tricarboxylic acid cycle

a-Ketoglutarate 0.29 * 0.08 0.40 * 0.08
Citrate 6.87 = 0.56 10.57 £ 0.53
Fumarate 0.10 + 0.02 0.16 + 0.03
Isocitrate 0.17 + 0.04 0.30 £ 0.04
Malate 0.63 = 0.14 1.05 + 0.10
Succinate 0.15 £ 0.10 0.21 + 0.08
Pentose phosphate pathway

6-Phosphogluconate 0.65 £ 0.05 0.95 £ 0.10
Erythrose-4-phosphate 0.00 = 0.00 0.01 + 0.00
Ribose-5-phosphate 0.28 £ 0.03 0.41 £ 0.06
Ribulose-5-phosphate 0.11 £ 0.03 0.23 £ 0.03
Sedoheptulose-7-phosphate 2.60 £ 0.46 5.93 + 0.68
Xylulose-5-phosphate 0.26 + 0.06 0.54 £ 0.08
Amino acids

Alanine 2.04 + 0.48 5.24 + 1.29
Asparagine 1.26 £ 0.27 1.32 £ 0.15

Aspartate 4.05 + 1.04 4.38 + 0.35
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Metabolite CEN.PK113-7D IMZ305
Cysteine 0.08 + 0.01 0.15 + 0.01
Glutamate 34.49 + 7.26 44.95 + 8.97
Glutamine 9.53 + 2.08 10.63 £ 2.17
Glycine 0.28 = 0.05 0.47 £ 0.06
Histidine 1.79 £ 0.25 4.65 £ 0.63
Isoleucine 0.27 £ 0.07 0.66 £ 0.11
Leucine 0.17 £ 0.04 0.26 £ 0.05
Lysine 3.30 £ 0.50 9.60 + 1.72
Methionine 0.03 + 0.01 0.03 + 0.00
Ornithine 4.03 £ 0.41 5.12 + 0.56
Phenylalanine 0.19 + 0.05 0.36 + 0.03
Proline 0.25 £ 0.06 0.64 + 0.16
Serine 0.56 + 0.12 0.86 £ 0.12
Threonine 0.55 £ 0.14 1.28 + 0.24
Tryptophane 0.11 + 0.02 0.16 + 0.03
Tyrosine 0.37 £ 0.07 0.93 £ 0.13
Valine 1.12 £ 0.29 2.02 £ 0.49
Coenzymes and cofactors

Acetyl-CoA 0.17 + 0.03 0.21 + 0.04
ADP 1.57 £ 0.08 2.19 £ 0.21
AMP 0.32 £ 0.02 0.72 £ 0.16
ATP 7.80 + 0.41 9.07 £ 0.97
CoA 0.19 £ 0.08 0.23 £ 0.02
FAD 0.09 £ 0.00 0.12 £ 0.01
NAD* 2.65 £ 0.18 3.04 £ 0.32
NADH 0.15 £ 0.04 0.05 £ 0.01
NADP* 0.57 £ 0.08 0.78 + 0.07
NADPH 2.70 £ 0.62 2.10 £ 0.72
Other

Glucose-1-phosphate 0.15 + 0.03 0.18 + 0.03
Glycerol-3-phosphate 0.03 + 0.02 0.10 = 0.01
Trehalose 93.56 + 6.79 50.33 £ 4.71
Trehalose-6-phosphate 0.23 £ 0.03 0.42 £ 0.02
UDP-Glucose 2.62 + 0.29 2.78 £ 0.16
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Abstract

Pyruvate and acetyl-coenzyme A, located at the interface between glycolysis and
TCA cycle, are important intermediates in yeast metabolism and key precursors for
industrially relevant produéts. Rational engineering of their supply requires knowl-
edge of compensatory reactions that replace predominant pathways when these are
inactivated. This §tudy investigates effetts of individual and combined mutations
that inactivate the mitochondrial pyruvate-dehydrogenase (PDH) complex, extrami-
tochondrial citrate synthase (Cit2) and mitochondrial CoA-transferase (Ach1) in Sac-
charomyces cerevisiae. Additionally, §trains with a constitutively expressed carnitine
shuttle were conétructed and analyzed. A predominant role of the PDH complex in
linking glycolysis and TCA cycle in glucose-grown batch cultures could be func-
tionally replaced by the combined activity of the cytosolic PDH bypass and Cit2.
Strongly impaired growth and a high incidence of respiratory deficiency in pdalA
achl1A $trains showed that synthesis of intramitochondrial acetyl-CoA as a metabolic
precursor requires activity of either the PDH complex or Achl. Conétitutive overex-
pression of AGP2, HNM1, YAT2, YAT1, CRC1 and CAT2 enabled the carnitine shuttle
to efficiently link glycolysis and TCA cycle in L-carnitine-supplemented, glucose-
grown batch cultures. Strains in which all known reactions at the glycolysis-TCA
cycle interface were inactivated §till grew slowly on glucose, indicating additional
flexibility at this key metabolic junction.

Published in: FEMS Yeast Research (2016) 16:fow017.
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4.1 INTRODUCTION

In many organisms, the Embden-Meyerhof variant of glycolysis catalyzes oxidation of
glucose to pyruvate. The subsequent oxidative decarboxylation of pyruvate yields acetyl
coenzyme A (acetyl-CoA), which can be fully oxidized to carbon dioxide in the tricar-
boxylic acid (TCA) cycle. In addition to their roles as dissimilatory pathways, glycolysis
and TCA cycle provide key biosynthetic precursors. Both of these ‘textbook’ pathways
have been intensively $tudied but, even in the intensively §tudied eukaryotic model or-
ganism Saccharomyces cerevisiae, their interface is less well understood.

Cytosolic pyruvate can be imported into the mitochondrial matrix via the trans-
porters Mpcl, 2 and/or 3 (23, 116). Dire¢t oxidative decarboxylation by the mitochon-
drial pyruvate-dehydrogenase (PDH) complex yields acetyl-CoA in the mitochondrial
matrix (pyruvate + NAD* + CoA —— acetyl - CoAp,;; + NADH + H™ + CO;). Null mu-
tants in PDA1, which encodes the essential E1 subunit of the PDH complex, show a
reduced growth rate in aerobic batch cultures on glucose synthetic media (338). More-
over, they exhibit an increased frequency of respiratory-deficient mutants and loss of
mitochondrial DNA (338). Alternatively, acetyl-CoA can be formed in the cytosol of
S. cerevisiae via a reaction sequence known as the PDH bypass (122, 244), consisting
of pyruvate decarboxylase (pyruvate —— acetaldehyde + CO,), acetaldehyde dehy-
drogenase (acetaldehyde + NAD" + H,0 —— acetate + NADH + H") and acetyl-CoA
synthetase (acetate + ATP + CoA —= acetyl-CoAcy; + AMP + PP;). Glucose-grown
cultures of S. cerevisiae, which unlike many other eukaryotes does not contain ATP-
citrate lyase (20), depend on this route for synthesis of acetyl-CoA in the nucleocytosolic
compartment, where it aéts as a precursor for synthesis of lipids, N-acetylglucosamine,
Sterols and lysine (81, 82, 230) and as acetyl donor for protein acetylation (114, 306). An
observed 13% reduction of the biomass yield on glucose of pdalA mutants in aerobic,
glucose-limited chemostat cultures was quantitatively consistent with rerouting of res-
piratory pyruvate metabolism via the cytosolic, ATP-consuming PDH bypass (245). The
nucleocytosolic localization of acetyl-CoA synthetase in S. cerevisiae (14, 142, 244, 306)
implies that the PDH bypass cannot direétly generate intramitochondrial acetyl-CoA.
Two mechanisms might link glycolysis and the TCA cycle in PDH-negative S. cerevisiae
mutants (Figure 4.1). Firtly, cytosolic acetyl-CoA might fir§t be converted to citrate via
the extramitochondrial citrate synthase isoenzyme Cit2 (Figure 4.1) (152, 321), followed
by uptake of citrate via the mitochondrial transporter Ctp1 (147). Alternatively, a trans-
port or shuttle mechanism might catalyze translocation of cytosolic acetyl-CoA into the
mitochondria.

In many eukaryotes, the carnitine shuttle is responsible for translocation of acetyl
moieties across organellar membranes. The carnitine shuttle involves cytosolic and or-
ganellar acetyl-CoA:carnitine O-acetyltransferases (acetyl—-CoA + L-carnitine ——=
acetyl - L - carnitine + CoA) (15). In S. cerevisiae, acetyl-L-carnitine can be transported
across the mitochondrial membrane by the mitochondrial acetyl-carnitine translocase
Crcl (84, 160, 233, 258). The three acetyl-carnitine transferases in S. cerevisiae have dif-
ferent subcellular localizations: Cat2 is peroxisomal and mitochondrial (69), Yat1 is lo-
calised to the outer mitochondrial membrane (271) and Yat2 is reported to be cytosolic
(129, 159, 305). Since S. cerevisiae cannot synthesize L-carnitine de novo, activity of the
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Figure 4.1. Mechanisms important for the provision of acetyl moieties in Saccharomyces cerevisiae mitochon-
dria. In glycolysis glucose is converted to pyruvate, which can be transported into the mitochondria via the
mitochondrial pyruvate carriers Mpc1, Mpc2 and Mpc3, followed by its conversion to acetyl-CoA via the pyru-
vate dehydrogenase (PDH) complex. Alternatively, pyruvate can be converted to cytosolic acetyl-CoA via the
pyruvate dehydrogenase bypass. Cytosolic acetyl-CoA can be condensed with oxaloacetate via Cit2 to form
citrate, which can be exchanged with, for example, mitochondrial oxaloacetate, and hence fuel the TCA cycle.
Acetate from the cytosol can also be activated to mitochondrial acetyl-CoA via Achl by transfer of the CoA
group from succinyl-CoA to acetate. Only when cells are supplemented with L-carnitine, the carnitine shuttle
can transport cytosolic acetyl units into the mitochondria. Abbreviations: a-KG, a-ketoglutarate; Acs1, Acs2,
acetyl-CoA synthetase; Achl, CoA transferase; ADH, alcohol dehydrogenase; ALD, acetaldehyde dehydroge-
nase; CAT, carnitine acetyltransferase; Cit2, citrate synthase; Crc1, acetyl-carnitine translocase; Mpc1, Mpc2,
Mpc3, mitochondrial pyruvate carrier; OAA, oxaloacetate; PDC, pyruvate decarboxylase; PDH, pyruvate de-
hydrogenase complex.

carnitine shuttle is $tritly dependent on uptake of exogenous carnitine via the Hnm1
transporter, whose expression is regulated by Agp2 (4, 257, 258, 305). Strong transcrip-
tional repression of the carnitine shuttle §tructural genes by glucose (69, 151, 271) would
seem to prevent an important contribution in glucose-grown batch cultures, even when
carnitine is present.

At lea$t two metabolic processes in S. cerevisiae are $tritly dependent on intrami-
tochondrial acetyl-CoA. Although the bulk of lipid synthesis in S. cerevisiae occurs in
the cytosol, long-chain fatty acids needed for lipoic acid biosynthesis are exclusively
synthesized in the mitochondrial matrix (24). Additionally, arginine biosynthesis re-
quires catalytic amounts of intramitochondrial acetyl-CoA (138). The ability of pdalA
mutants to grow on glucose in synthetic media lacking L-carnitine indicates that, in
addition to the PDH complex, S. cerevisiae must contain at least one other mechanism
for mitochondrial acetyl-CoA provision. Achl, a key candidate for this role, was first
described as an acetyl-CoA hydrolase (28, 181). Later, it was demonstrated to have in
fact a much higher in vitro activity for the transfer of the CoA group from various
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acyl-CoA substrates to other organic acids (80). One such reaction involves the transfer
of the CoA-group from succinyl-CoA to acetate, forming acetyl-CoA (succinyl - CoA +
acetate == acetyl - CoA + succinate). This Ach1 catalyzed reaction could generate mi-
tochondrial acetyl-CoA from acetate, derived from the PDH bypass, and mitochondrial
succinyl-CoA, derived from the TCA cycle (via the «-ketoglutarate dehydrogenase com-
plex) or via ATP-dependent activation of succinate by succinyl-CoA ligase (succinate +
ATP + CoA == succinyl - CoA + ADP + Pi). Although a role of Ach1 in mitochondrial
acetyl-CoA synthesis has been shown before (68, 80, 225), its significance in glucose-
grown batch cultures of wild-type and mutant S. cerevisiae $trains remains to be eluci-
dated.

The aim of the present §tudy is to assess the relative importance of different alterna-
tive reactions active at the interface of glycolysis and TCA cycle in S. cerevisiae §trains
that lack a functional PDH complex. To this end, we reinvestigated growth of pdalA S.
cerevisiae on glucose in synthetic medium and analysed the effets of additional null mu-
tations in ACHI and CIT2 on growth rate, respiratory competence and metabolite for-
mation. Moreover, we investigate whether constitutive expression of carnitine-shuttle
genes enables the carnitine shuttle to function as an effective link between glycolysis
and TCA cycle in glucose-grown batch cultures supplemented with L-carnitine.

4.2 MATERIALS AND METHODS

GROWTH MEDIA

Yeast-extract/peptone (YP) medium was prepared with demineralized water, 10 g-L™* Bacto yeast
extract (BD, Franklin Lakes, NJ, USA) and 20 g-L* Bacto peptone (BD). Synthetic medium with
ammonium as nitrogen source (SM-ammonium) was prepared according to Verduyn et al. (326).
Synthetic medium with other nitrogen sources was prepared similarly, but with 38 mM K,SO,
instead of (NH,),SO, and with 38 mM urea (SM-urea), 76 mM L-glutamate (SM-glutamate). These
modifications were made to maintain equivalent concentrations of nitrogen and sulfate relative
to the original medium description. Media with these alternative nitrogen sources were terilized
with 0.2 um bottle-top filters (Thermo Fisher Scientific, Waltham, MA, USA). Solid media were
prepared by addition of 20 g-L™* agar (BD) prior to heat $terilization of the medium for 20 min at
121 °C.

STRAINS, GROWTH CONDITIONS AND STORAGE

The S. cerevisiae $trains used in this §tudy (Table 4.1) share the CEN.PK genetic background (71,
222). Shake-flask cultures were grown at 30 °C in 500 mL flasks containing 100 mL SM-ammonium
with 20 g-L™* glucose, in an Innova incubator shaker (New Brunswick Scientific, Edison, NJ, USA)
set at 200 rpm. Stock cultures were grown in YP medium with 20 g-L™* glucose. For §trains IMK640,
IMK641, IMX710 and IMX744, 2% (v/v) ethanol was used as carbon source to prevent loss of respira-
tory competence. Frozen $tocks were prepared by adding 30% (v/v) glycerol to exponentially grow-
ing cultures and $tored in 1 mL aliquots at -80 °C. To induce sporulation, §trains were pre-grown
in YP medium with 10 g-L™* potassium acetate, followed by incubation in sporulation medium
(demineralized water, 20 g-L™* potassium acetate, pH 7.0) (75).

STRAIN AND PLASMID CONSTRUCTION

S. cerevisiae $trains were transformed according to Gietz and Woods (97). Mutants were selected
on solid YP medium, supplemented with 20 g-L* glucose and the appropriate antibiotic, 200
mg-L™* G418 (InvivoGen, San Diego, CA, USA) or 100 mg-L™' nourseothricin (Jena Bioscience,
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Table 4.1. Saccharomyces cerevisiae §trains used in this study and their relevant genotypes.

Name Relevant genotype Parental §train(s)  Origin

CEN.PK113-7D  MATa P. Kétter

IMK439 MATwx ura3A:loxP-kanMX-loxP CEN.PK113-1A (100)

IMX585 MATa caniA::cas9-natNT2 CEN.PK113-7D (200)

CEN.PK541-1A  MATa pdalA::loxP-kanMX-loxP This §tudy

CEN.PK542-1A  MATu cit2A::loxP-kanMX-loxP This study

CEN.PK544-4D  MATa pdaiA:loxP-kanMX-loxP This study
cit2A::loxP-kanMX-loxP

IMK627 MATa ach1A::loxP-natNT2-loxP CEN.PK113-7D This §tudy

IMK629 MATuw cit2A::loxP-kanMX-loxP CEN.PK542-1A This §tudy
ach1A::loxP-natNT2-loxP

IMK640 MATa pda1A::loxP-kanMX-loxP CEN.PK541-1A This study
ach1A::loxP-natNT2-loxP

IMK641 MATa pdai1A::loxP-kanMX-loxP CEN.PK544-4D This study

cit2A::loxP-kanMX-loxP
ach1A:loxP-natNT2-loxP

IMX710 MATa canl1A::cas9-natNT2 pdalA ach1A IMX585 This study

IMX744 MATa canl1A::cas9-natNT2 pdalA achlA IMX710 This study
sgalA:{CARN}

IMD015 MATa ura3A:loxP-kanMX-loxP x MATa URA3 IMK439 x IMX744  This $tudy
canlA::cas9-natNT2 pdalA achlA
sgalA:{CARN}

IMX868 MATo caniA:cas9-natNT2 URA3 PDA1 ACH1 IMD015 This study

sgalA:{CARN}
“CARN], pIDH3-AGPZ-1AGP2 pPGKI-HINMI-tHNMI pADHI-YATZ-{YATZ pPGII-YATI-{YATI pIPII-
CRC1-tCRC1 pTEF1-CAT2-tCAT2

Jena, Germany). SM containing 10 mM acetamide as the sole nitrogen source (SM-acetamide) was
used for selection of the amdSYM marker (288). Deletion cassettes for PDAI and CIT2 were con-
structed with a PCR-based method using pUGS6 as template (108), using primer pairs 9087 & 9088
and 9089 & 9090, respectively. Thus amplified kanMX cassettes were used to replace the target
genes in the prototrophic diploid $train CEN.PK122 (MATa/MATe). Transformants were verified
for correct gene replacement by diagnostic PCR (Table S4.2). After sporulation and tetrad dissec-
tion, the haploid deletion $trains CEN.PK541-1A (MATa pda1A) and CEN.PK542-1A (MATx cit2A)
were obtained. To obtain a §train with both CIT2 and PDA1 deleted, $trains CEN.PK541-1A and
CEN.PK542-1A were crossed. After tetrad dissection, spores showing the non-parental ditype for
the kanMX marker were analysed by diagnostic PCR to confirm corret deletion of both genes,
resulting in $train CEN.PK544-4D (MATa pdalA cit2A). Deletion of ACH1I in §trains CEN.PK113-
7D, CEN.PK542-1A, CEN.PK541-1A and CEN.PK544-4D was achieved by integration of the natNT2
marker into its locus. The natNT2 cassette was PCR amplified from pUG-natNT2 (164) with primer
pair 3636 & 3637. Correct deletion was verified by colony PCR (195) using the primers shown in
Table S4.2, resulting in strains IMK627, IMK629, IMK640 and IMK641, respectively.

IMX710 was constructed by removing PDA1 and ACHI in $train IMX585 using the CRISPR/-
Cas9 system, by introduction of a plasmid containing two guideRNA (gRNA) cassettes, targeting
PDA1and ACH1. The plasmid was constructed as described before (200), with primers 5794 & 6159
to incorporate the appropriate target sites and with pROS13 as a backbone, resulting in plasmid
PUDE340. Strain IMX585 was transformed with plasmid pUDE340 together with the repair frag-
ments that were obtained by annealing primers 6157 & 6158 (PDA1 deletion) and 6160 & 6161
(ACH1 deletion). After confirmation of the gene deletions using diagnostic PCR (Table S4.2), plas-
mid pUDE340 was removed as described before (200), resulting in $train IMX710.

Strain IMX744 was obtained by placing the genes encoding the carnitine shuttle proteins (HNM1,
AGP2, CRC1, YAT1, YAT2 and CAT2), under control of §trong constitutive promoters and integrat-
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ing them into the SGA1locus. SGA1encodes a glucoamylase that is not expressed during vegetative
growth of S. cerevisiae (342). Its inactivation was therefore considered to be neutral under the con-
ditions employed in this §tudy. For this purpose, the constitutive promoters pTPI1, pTDH3, pADH],
pTEF1, pPGK1 and pPGI1 were amplified by PCR from plasmids pUD301 — pUD306 (167) (Table S4.1
and S4.3). The ORFs of the six genes involved in the carnitine shuttle, together with their termi-
nator sequences, were amplified from the CEN.PK113-7D genome and fused to the constitutive
promoters with fusion PCR (344) (See Table S4.3 for primers and templates). Gene cassettes were
ligated in pJET1.2 (Life Technologies, Carlsbad, CA, USA) and the resulting plasmids (pUD366 —
pUD371; Table 4.1) were verified by Sanger sequencing (BaseClear BV, Leiden, The Netherlands).
The plasmid with the gRNA cassette targeting SGA1 (pUDR119) was constructed by Gibson Assem-
bly of the pMEL11 backbone (200), obtained by PCR with pMEL11 as a template and using primers
5792 & 5980, and the gRNA cassette, obtained by PCR with primers 5979 & 7023 using the same
template. Strain IMX710 was transformed with plasmid pUDR119 and the six gene cassettes, ampli-
fied from plasmids pUD366 — pUDE371 with PCR using primers as indicated in Table S4.3. The six
gene cassettes were concatenated via in vivo homologous recombination, mediated by 60 bp over-
lapping sequences, and after a Cas9 induced double-§trand break, integrated into the SGA1 locus.
After confirmation of correét integration by diagnostic PCR (for primers see Table, pUDR119 was
removed as described before (200), resulting in §train IMX744 (MATa caniA:cas9-natNT2 pdalA
achlA sgalA:pTDH3-AGP2-tAGP2 pPGK1-HNM1-tHNM1 pADHI1-YAT2-tYAT2 pPGI1-YAT1-tYAT1
pTPI1-CRC1-tCRC1 pTEF1-CAT2-tCAT?2). The set of genes that are involved in the carnitine shuttle
and introduced in the SGA1locus are further referred to as {CARN}. IMX868 was obtained by cross-
ing, sporulation and spore dissection. Strain IMX744 (MATa) was crossed with IMK439 (MATx) by
selecting for diploids on YP medium with 20 g-L™* glucose, G418 and nourseothricin. The resulting
diploid IMD015 was sporulated and the asci were disseted on YP with 20 g-L* glucose using a
micromanipulator (Singer Instruments, Watchet, UK). One spore with the desired genotype (PDA1
ACH1 URA3 sgalA:{CARN}) was §tocked as IMX868.

MOLECULAR BIOLOGY TECHNIQUES

PCR amplification with Phusion® Hot Start II High Fidelity Polymerase (Thermo Fisher Scien-
tific) was performed according to the manufacturer’s instructions using HPLC- or PAGE-purified
oligonucleotide primers (Sigma-Aldrich). Diagnostic PCR was done via colony PCR on randomly
picked yeast colonies, using DreamTaq (Thermo Fisher Scientific) and desalted primers (Sigma-
Aldrich). DNA fragments obtained by PCR were separated by gel electrophoresis on 1% (w/v)
agarose gels (Thermo Fisher Scientific) in TAE buffer (Thermo Fisher Scientific) at 100 V for
30 min. Alternatively, fragments were purified using the GenElute™ PCR Clean-Up Kit (Sigma-
Aldrich). Plasmids were isolated from Escherichia coli with Sigma GenElute™ Plasmid kit (Sigma-
Aldrich) according to the supplier’s manual. Yeast genomic DNA was isolated using a YeaS-
tar Genomic DNA kit (Zymo Research) or using an SDS/LiAc-based lysis protocol (195). E. coli
DH5« (18258-012, Life Technologies) was used for chemical transformation or for electropora-
tion. Chemical transformation was done according to Inoue et al. (133). Electrocompetent DH5cc
cells were prepared according to Bio-Rad’s protocol, with the exception that during the prepara-
tion of competent cells, E. coli was grown in LB medium without NaCl. Electroporation was done
in a 2 mm cuvette (165-2086, Bio-Rad, Hercules, CA, USA) using a Gene Pulser Xcell Electropora-
tion System (Bio-Rad), following the manufacturer’s protocol.

GROWTH STUDIES ON UREA AND L-GLUTAMATE AS NITROGEN SOURCE

Growth $tudies were conduéted at 30 °C in 500-mL flasks. To prevent nutrient carry over from
Stock cultures, §trains were pre-grown in two sequential shake flasks in which biomass formation
was not limited by the amount of carbon source but by the nitrogen source. To this end, 200-pL cell
suspension from frozen stocks were inoculated in 100 mL SM-glutamate with a decreased initial
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L-glutamate concentration of 1.5 mM and with 20 g-L™* glucose. After reaching $tationary phase,
biomass was centrifuged (4 °C, 5 min at 3,000 g). The pellet was washed twice with demineralised
water, resuspended in demineralised water and used to inoculate a second shake flask with the
same medium. After reaching $tationary phase, the same procedure was performed and a final set
of shake flasks, containing either 100 mL SM-urea or SM-glutamate and 20 g-L™* glucose, was inoc-
ulated for growth rate determination,. Where indicated, L-carnitine (Sigma-Aldrich) was added at
a final concentration of 0.4 g-L™*. Optical density at 660 nm was measured at regular time intervals
with a Libra S11 spectrophotometer (Biochrom, Cambrige, UK).

BATCH AND CHEMOSTAT CULTURES IN BIOREACTORS

Controlled batch and chemostat cultures were grown at 30 °C in 2-L bioreactors (Applikon,
Schiedam, The Netherlands) with working volumes of 1 L. Pre-cultures for batch cultivation were
grown in shake flasks containing 100 mL SM-urea and 20 g-L™* glucose. Pre-cultures for chemostat
experiments were grown in shake flasks with 100 mL SM-glutamate and 20 g-L™* glucose. Before
inoculation of the bioreactors, pre-cultures were washed once with demineralised water. During
the batch phase in bioreactors, cells were grown in SM-ammonium (326) with 20 g-L™* glucose
and 0.3 g-L™* antifoam Pluronic PE 6100 (BASF, Ludwigshafen, Germany). When a rapid decrease
in CO, production indicated glucose depletion, continuous cultivation was initiated at a dilution
rate of 0.05 h™'. During this chemostat phase, cells were grown on SM-ammonium with 7.5 g-L™
glucose and 0.15 g-L™* antifoam Pluronic PE 6100. Culture pH was maintained at 5.0 by automatic
addition of 2 M KOH. Where indicated, 0.04 g-L™ L-carnitine was added to a §terilized bioreactor
or medium vessel from a filter-§terilized stock of 40 g-L™'. To ensure fully aerobic conditions, the
bioreactors were sparged with 500 mL-min™ air and $tirred at 800 rpm.

ANALYTICAL METHODS AND CALCULATIONS

Chemostat steady-state samples were taken between 7 and 12 volume changes after inoculation.
Chemostats with CEN.PK113-7D were assumed to be in $teady $tate when, after at least five vol-
ume changes, carbon dioxide production rates changed by less than by 4% over 2 volume changes.
Due to selective pressure in the chemostats, IMK640 did not reach this requirement and was sam-
pled after 7-12 volume changes. Dry weight measurements, HPLC analysis of supernatants and
off-gas analysis were performed as described previously (162). Biomass-specific production rates
of ethanol were correéted for evaporation as described previously (104). Samples for analysis of
extracellular metabolite concentrations (e.g. residual glucose) were taken with the $tainless-steel-
bead rapid-quenching method (207). HPLC quantification of acetaldehyde measurements were
performed as described previously (11) with some modifications (166). For aerobic batch cultures,
maximum specific growth rates (L) in the glucose phase were calculated via linear regression
of the natural logarithm of at least five ODg¢9 measurements. Biomass yield on substrate (Y, in
g dry weight-(mmol glucose)™*) and product yields on substrate (Y;/; in mol-(mol glucose)™) were
calculated via linear regression on at least three experimental data points, with an interval of at
least 2 h. Maximum biomass-specific glucose consumption rates (g5 ) were calculated by divid-
ing Wmax by Yy/s and maximum biomass specific production rates were calculated by multiplying
the ratio of produced compound over produced biomass by [i,,¢, based on the assumption that
growth $toichiometries remained constant during the exponential growth phase.

DETERMINATION OF ACCUMULATION OF RESPIRATORY DEFICIENT MUTANTS

Shake flasks with YP and 2% (v/v) ethanol were inoculated from frozen §tocks. Stationary-phase
cultures were used to inoculate new 100-mL shake flasks, with 20 mL SM-glutamate and 20 g-L™*
glucose at an estimated initial ODgg, of 0.001. After 12 generations (based on ODgy4, measure-
ments), ~100 cells per plate were applied on solid YP medium containing 20 g-L™ glucose. Colonies
were replica plated on YP with 2% ethanol and YP with 20 g-L™ glucose. The number of colonies on

101




102

ALTERNATIVE REACTIONS AT THE INTERFACE OF GLYCOLYSIS AND TCA CYCLE IN YEAST

each medium was counted and the fraction of respiratory-deficient mutants was estimated from
the fraction of the colonies that grew on YP-glucose medium but not on YP-ethanol medium. Two
independent plating experiments were performed for each $train, with 10 plates per experiment.

CARNITINE ACETYLTRANSFERASE ENZYME ASSAY

Culture samples (corresponding to ca. 62.5 mg dry weight), harvested from exponentially growing
shake flasks cultures on SM-ammonium with 20 g-L™ glucose, were washed, §tored and prepared as
described previously (241). Cell extracts were prepared with a FastPrep-24 machine (M.P. Biomed-
icals, Irvine, CA, USA) using 4 bursts of 20 s at a speed of 6.0 m-s™ with 30 s cooling intervals
at 0 °C as described before (162). After removal of cells and debris by centrifugation (4 °C, 20
min at 48,000 g), the supernatant was used for enzyme assays. Carnitine acetyl-transferase activ-
ity was measured at 30 °C on a Hitachi model U-3010 spectrophotometer (Sysmex, Norderstedt,
Germany) by monitoring absorbance at 412 nm, which is proportional to the amount of free CoA
(85). The reaction mixture, with a final volume of 1 mL, contained 100 mM Tris-HCI (pH 8), 0.5
mM acetyl-CoA, 0.1 mM DTNB and cell extraét. The reaction was started by adding 40 pL of 1 M
L-carnitine solution, to a final concentration of 40 mM. Enzyme activities were calculated using
Beer’s law with an extinction coefficient () for TNB?™ of 14.15 mM™-cm™ (252). To determine
the quality of the cell extraéts, and thereby to eliminate poor extract quality as the cause of the
absence of carnitine acetyltransferase activity in some cultures, activity of glucose-6-phosphate
dehydrogenase was determined as described previously (241). Reaction rates were proportional
to the amounts of cell extract added. Enzyme activities were measured in cell extraéts from two
independently grown shake flask cultures. Protein concentrations in cell extracts were determined
with the Lowry method (197).

43 RESULTS
4.3.1 Determination of the specific growth rates of pdalA, cit2A and ach1A mutants

Studying the interface between glycolysis and the TCA cycle in S. cerevisiae is compli-
cated by the different possible fates of mitochondrial acetyl-CoA: dire¢t use for synthesis
of arginine, leucine and lipoate; complete dissimilation via the TCA cycle; and genera-
tion of TCA-cycle intermediates as biosynthetic precursors. Only the first of these fates
is §trictly dependent on availability of intramitochondrial acetyl-CoA. To assess the rel-
evance of the PDH complex, Cit2 and Ach1 (Figure 4.1) for the three processes indicated
above, specific growth rates of deletion mutants were determined in glucose synthetic
medium with either urea or glutamate as the nitrogen source. Of these two nitrogen
sources, only glutamate can yield «-ketoglutarate and, thereby, provide an alternative
source of TCA-cycle intermediates as biosynthetic precursors.

In glucose-grown cultures with glutamate as the nitrogen source, only §trains IMK640
(pdalA achiA) and IMK641 (pdalA cit2A ach1A) showed substantially lower specific
growth rates than the reference strain CEN.PK113-7D, while single deletions of PDA1,
CIT2 or ACH1 did not affet growth (Table 4.2). In S. cerevisiae, activity of either the PDH
complex or Achl therefore appears to be enough to provide sufficient intramitochondrial
acetyl-CoA for synthesis of arginine, leucine and lipoate. Consistent with the hypothe-
sis that mitochondrial acetyl-CoA availability is limiting growth, addition of L-carnitine,
which enables supply of intramitochondrial acetyl-CoA via the carnitine shuttle, led to a
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Table 4.2. Effet of removing key reactions at the interface between glycolysis and TCA cycle interface on the
specific growth rate on glucose. Strains were grown in shake flask cultures on synthetic medium with 20 g-L™*
glucose with either 38 mM urea or 76 mM glutamate as the sole nitrogen source. Where indicated, L-carnitine
was added at a final concentration of 400 mg-L™*. The data represent averages of at leat two independent
experiments. In all cases the mean deviation was < 0.01 h™. Background bars represent growth rates relative
to the highest observed value (0.38 h™).

Strain Relevant genotype Specific growth rate (h™)
N-source
urea glutamate urea glutamate
w/0 L-carnitine w/ L-carnitine

CEN.PK113-7D PDA1 CIT2 ACHI 0.35 0.37 0.35 0.38
CEN.PK541-1A  pdalA CIT2 ACHI 0.19 0.34 0.19 0.33
CEN.PK542-1A PDA1 cit2A ACH1 0.34 0.36

IMK627 PDA1 CIT2 achlA 0.34 0.36

IMK629 PDA1 cit2A achlA 0.34 0.36

IMK640 pdalA CIT2 achlA 0.10 0.09 0.13 0.16
CEN.PK544-4D  pdalA cit2A ACH1 0.05 0.33 0.09 0.33
IMK641 pdalA cit2A ach1A 0.04 0.09 0.09 0.17

67 — 94% increase of the specific growth rates of the pdalA achiA and pdalA cit2A ach1A
mutants (Table 4.2).

With urea as a nitrogen source, CEN.PK541-1A (pdalA) showed a 45% lower specific
growth rate than the reference $train, while IMK627 (ach1A) showed near wild-type
growth rates. This result is consistent with an earlier report, based on glucose-limited
chemostat cultures, that the PDH complex is the predominant link between glycolysis
and TCA cycle in S. cerevisiae (245). Similar specific growth rates of the IMK640 (pdalA
achlA) §train on urea and glutamate media suggested that the observed reduction in
those growth rates in comparison to the reference §train was not caused by a shortage
of TCA-cycle intermediates. Additional disruption of CIT2 ($train IMK641, pdalA cit2A
achl1A) led to even slower growth on urea, while the growth rate on glutamate medium
was the same as that of the pdalA achiA $train. This observation indicates that Cit2 is in-
volved in funnelling TCA-cycle intermediates into the mitochondria in the pdaiA achiA
$train during growth on urea medium. Additionally, strain CEN.PK544-4D (pdalA cit2A)
showed §trongly impaired growth on urea media (0.05 h™), but near wild-type rates
on glutamate (0.34 h™). Together with the observation that with glutamate as a nitro-
gen source, CEN.PK544-4D (pdalA cit2A ACH1) shows much faster growth than IMK641
(pdalA cit2A ach1A), these growth experiments support the conclusion that Ach1 is suf-
ficiently active to cover the major requirement for intramitochondrial acetyl-CoA as a
precursor of arginine, leucine and lipoate biosynthesis. However, Achl cannot meet the
entire demand of acetyl-CoA for dissimilation via the TCA cycle and for the generation
of TCA-cycle intermediates and intramitochondrial acetyl-CoA as metabolic precursors.
The residual growth of §train IMK641 (pdaIA cit2A ach1A, 0.04 h™ on urea medium) indi-
cates that, in S. cerevisiae, at least one other mechanism can generate intramitochondrial
acetyl-CoA.
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Table 4.3. Effect of removing key reactions at the glycolysis-TCA cycle interface on loss of respiratory com-
petence in S. cerevisiae. After initial growth in YP with 2% (v/v) ethanol, cells were transferred to SM with 20
gL glucose and 76 mM glutamate as nitrogen source. After 12 generations, the cultures were plated on YP
with 20 g-L™* glucose. After colonies were observed, the plates were replica plated on YP with 2% (v/v) ethanol
and YP with 20 g-L™ glucose. Percentages of cells unable to grow on YP with 2% (v/v) ethanol are based on
independent duplicate experiments, with 10 plates per §train per experiment and ~100 cells per plate. Standard
deviations are based on 20 plates per $train.

Strain Relevant genotype Respiratory deficient cells (%)

CEN.PK113-7D PDA1 CIT2 ACHI1 0.00% + 0.00%
CEN.PK541-1A  pdalA CIT2 ACH1 0.12% + 0.31%

CEN.PK542-1A PDA1 cit2A ACH1 0.15% + 0.37%
IMK627 PDA1 CIT2 achlA 0.16% + 0.40%
IMK629 PDA1 cit2A achlA 0.14% + 0.45%
IMK640 pdalA CIT2 achlA 93.88% + 4.29%
CEN.PK544-4D  pdalA cit2A ACH1 0.07% £ 0.21%
IMK641 pdalA cit2A achlA 92.13% + 1.85%

4.3.2  Strains with decreased availability of mitochondrial acetyl-CoA show increased loss
of respiration

An increased incidence of respiratory deficient mutants, often associated with loss of mi-
tochondrial DNA (rho™ petites) has been observed for several mutants in genes encoding
components of the mitochondrial fatty-acid synthase system (109, 117, 314). Moreover,
$trains with reduced mitochondrial malonyl-CoA synthesis due to absence of the mito-
chondrial acetyl-CoA carboxylase Hfal exhibit a decreased lipoate content and loss of
respiratory competence (121). An increased incidence of rtho® petites has also been ob-
served in Pdh™ $trains (338). To investigate the impacts of deleting PDA1, CIT2 and/or
ACH]1 on respiratory competence, we analysed loss of the ability to grow on the non-
fermentable carbon source ethanol, after 12 generations of growth on synthetic medium
with 20 g-L™* glucose and glutamate. Most trains showed a low incidence of respiratory-
deficient cells (Table 4.3). However, the two $trains in which both routes of mitochon-
drial acetyl-CoA provision were disrupted, IMK640 (pdalA achiA) and IMK641 (pdalA
cit2AA ach1A), displayed a spectacularly high incidence of respiratory deficient cells (94%
and 92%, respectively). This result strengthened the conclusion that presence of either
an active PDH complex or of Achl is essential for sufficient supply of intramitochon-
drial acetyl-CoA and that the role of Cit2 in pdalA mutants (Table 4.2) is limited to the
provision of TCA-cycle intermediates.

4.3.3 L-Carnitine supplementation enables respiratory growth in glucose-limited cultures
of a pdalA achlA S$train

As the pdalA achlA genotype stimulates loss of respiratory competence, IMK640 (pda 1A
ach1A) was further characterized in aerobic, glucose-limited chemostat cultures at a dilu-
tion rate of 0.05 h™'. Under these conditions, sugar dissimilation of wild-type S. cerevisiae
Strains is fully respiratory (63, 119). Conversely, strain IMK640 (pdalA achiA) showed
respirofermentative sugar metabolism under these conditions, as evident from the pro-
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Table 4.4. Physiology of the S. cerevisiae reference §train CEN.PK113-7D and IMK640 (pdalA ach1A) in aerobic
glucose-limited chemostat cultures with or without 40 mg-L™* L-carnitine at a dilution rate of 0.05 h™. Averages
and mean deviations from CEN.PK113-7D and IMK640 were obtained from respectively two and four repli-
cates. The respiratory quotient is the absolute value of qco,/qo,. Biomass specific consumption (qgjucose) and
production rates (qproduat) are expressed in mmol-gpy, *-h™* and the biomass yield on glucose (Yy) in g-g™.

CEN.PK113-7D IMK640
(PDA1 ACHI) (pdalA ach1A)
Units w/o L-carnitine w/o L-carnitine = w/ L-carnitine

Biomass dry weight  g-L™ 3.46 £ 0.12 1.07 + 0.08 2.72 £ 0.04
Yy gg’ 0.49 + 0.01 0.15 + 0.01 0.37 + 0.01
Respiratory quotient 1.06 + 0.02 1.64 = 0.13 0.97 + 0.08
Gglucose mmol-g?h™  -0.57 * 0.01 -1.87 + 0.1 -0.74 + 0.03
qo, mmol-g™-h™  -1.49 + 0.05 -2.55 £ 0.19 -2.24 £ 0.33
Qethanol mmol-g-h™  0.00 + 0.00 1.26 + 0.16 0.03 + 0.04
qco, mmol-g-h™  1.57 + 0.03 4.17 + 0.18 2.13 £ 0.10
pyruvate mmol-g™h™  0.00 + 0.00 0.03 % 0.01 0.00 + 0.00
Gelycerol mmol-g-h™  0.00 + 0.00 0.03 = 0.01 0.00 + 0.00
Qacetate mmol-g-h™  0.00 + 0.00 0.15 + 0.02 0.00 + 0.00
Qsuccinate mmol-g™h™  0.00 + 0.00 0.10 + 0.05 0.02 + 0.00
Qitrate mmol-g>h™  0.00 + 0.00 0.07 % 0.01 0.00 + 0.00
Qacetaldehyde mmol-g*-h? N.D* 0.13  0.01 0.00 + 0.00°
Residual glucose mmol-L™ 0.13 £ 0.06 0.49 * 0.02 0.18 £ 0.06

*N.D., not determined.
! Average from three replicates.
2 Average from two replicates.

duction of ethanol and a 69% lower biomass yield on glucose compared to the reference
$train (Table 4.4).

In aerobic, glucose-limited chemostat cultures, the genes encoding the multiple com-
ponents of the carnitine shuttle are derepressed (Figure S4.1). When such cultures of
$train IMK640 (pdalA ach1A) were supplemented with L-carnitine, their physiology be-
came fully respiratory, indicated by the absence of ethanol production, a decreased res-
piratory quotient and an increased biomass yield on glucose (Table 4.4). The 24% lower
biomass yield of §train IMK640 relative to the PDA1 ACH1 reference $train (Table 4.4)
is consistent with increased ATP consumption as a result of redirection of respiratory
pyruvate dissimilation via the PDH bypass (245).

4.3.4 ConSltitutive expression of the carnitine shuttle enables fast growth of a pdalA ach1A
Strain on glucose

Under glucose-limited conditions, $train IMK640 (pdalA achiA) does not show a mito-
chondrial acetyl-CoA deficiency when L-carnitine is added to the medium (Table 4.4).
However, in glucose-grown batch cultures of this $train, L-carnitine addition did not
support wild-type growth rates (Table 4.2), suggesting that the flux through the carni-
tine shuttle was limiting mitochondrial acetyl-CoA provision and thereby growth un-
der these conditions. To test this hypothesis, expression cassettes were construted with
each of the components of the carnitine shuttle (HNM1, AGP2, CRC1, YAT1, YAT2 and
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Table 4.5. Effect of the constitutive expression of carnitine shuttle genes on growth of pdalA achlA S. cere-
visiae. Strains were grown in shake flasks with synthetic medium and 20 g-L™* glucose. As a nitrogen source,
either 38 mM urea or 76 mM glutamate was used. Where indicated, L-carnitine was added at a final concentra-
tion of 400 mg-L™*. The data represent averages of at least two independent experiments. In all cases the mean
deviation was < 0.01 h™'. Background bars represent growth rates relative to the highest observed value (0.37

).

Strain  Relevant genotype Specific growth rate (h™)
N-source
urea glutamate wurea glutamate
w/o L-carnitine w/ L-carnitine
IMX585 PDA1 ACHI1 0.35 0.37 0.34 0.37
IMX710  pdalA achlA 0.10 0.10 0.13 0.13
IMX744  pdalA achlA Carnitine shuttlef’ 0.08 0.09 0.27 0.25

CAT?2) placed under the control of a §trong, constitutive promoter. The resulting six cas-
settes were integrated into the SGA1 locus of $train IMX710 (pdalA achlA) resulting
in $train IMX744 (pdalA achIA sgalA:{CARN}). Enzyme assays showed a high activity
of carnitine acetyltransferase activity in cell extraéts of glucose-grown batch cultures
of the constitutively expressing carnitine shuttle §train IMX744 (3.56 + 0.20 pmol-(mg
protein) ' min™'), while activity in reference $train IMX710 (pdalA achlA) was below
the detection limit (< 0.01 pmol-(mg protein)'-min™). Without r-carnitine supplemen-
tation, §train IMX744 showed similar growth rates as the pdalA achlIA reference $train
IMX710, irrespective of the nitrogen source (Table 4.5). However, when L-carnitine was
added to the medium, the growth rate of IMX744 reached up to 79% of that of the PDA1
ACH]1 reference $§train IMX585. These data show that in, the presence of L-carnitine, con-
Stitutive expression of the carnitine-shuttle genes indeed enables efficient transport of
acetyl-units from the cytosol into the mitochondria in glucose-grown batch cultures.

435 A constitutively expressed carnitine shuttle does not affeét respiro-fermentative
metabolism in PDA1 ACHI S. cerevisiae

S. cerevisiae is a Crabtree-positive yeast, using alcoholic fermentation as the predomi-
nant catabolic route in aerobic, glucose-grown batch cultures (55). To test whether an
alternative entry into the TCA cycle via PDH bypass and carnitine shuttle might af-
fect the distribution of glucose carbon over respiration and fermentation in aerobic,
glucose-grown batch cultures of S. cerevisiae, we con$truéted the PDA1 ACH1 reference
Strain IMX868, which constitutively expressed the carnitine-shuttle genes. Enzyme as-
says in glucose-grown batch cultures confirmed overexpression of the carnitine acetyl-
transferases, showing an activity of 3.01 + 0.03 pmol-(mg protein)*-min™!, while ac-
tivity in the reference $train IMX585 was below the detection limit (< 0.01 pmol-(mg
protein)*-min'). Strain IMX868 (PDA1 ACH1 sgalA:{CARN}) was grown in aerobic
bioreactor batch cultures with glucose as the carbon source, in the presence and ab-
sence of L-carnitine (Figure 4.2). During growth on glucose, the $train showed similar
growth rates (0.39 £ 0.00 h™') as the reference $train CEN.PK113-7D (0.37 £ 0.01 h™
(201)), when no 1-carnitine was added. Upon r-carnitine supplementation, the growth
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Figure 4.2. Impa¢t of the constitutive expression of the carnitine shuttle on aerobic growth of S. cerevisiae
on glucose in batch cultures. Growth of IMX868 (CARN) was analyzed in aerobic bioreactors on synthetic
medium with an initial glucose concentration of 20 g-L™ without (a) or with 40 mg-L™ r-carnitine (b). Data
shown in the graphs are from single batch experiments for each condition. Independent duplicate experiments
for each condition gave essentially the same results. Biomass specific consumption (qs) and production rates
(qeton) are expressed in mmol-gDW™-h™, while yields are expressed in g-g™.

rate slightly decreased, to 0.36 & 0.00 h™*. Biomass and ethanol yields were highly simi-
lar in the absence and presence of L-carnitine, indicating that the presence of an active
carnitine shuttle does not affe¢t the balance between respiration and fermentation in
aerobic batch cultures of S. cerevisiae.

4.4 DISCUSSION

Pyruvate and acetyl coenzyme A are key precursors for a wide variety of industrially
relevant compounds produced by engineered S. cerevisiae strains (170, 186, 244, 280). De-
sign and implementation of metabolic engineering $trategies to improve fluxes towards
these precursors not only requires knowledge of flux distribution in wild-type $trains,
but also on compensatory ‘back-up’ pathways that become active when the mechanisms
that carry the majority of the flux in wild-type cells are inactivated by genetic modifica-
tion or by changing process conditions.

In previous work, the PDH complex was shown to be the predominant link between
glycolysis and TCA cycle in slow growing, glucose-limited aerobic chemostat cultures,
in which sugar dissimilation is exclusively respiratory (245, 338). In aerobic, glucose-
grown batch cultures S. cerevisiae employs alcoholic fermentation as the main dissimi-
latory pathway (55, 64, 239). In such cultures, the major role of the TCA cycle is not the
dissimilation of pyruvate, but the provision of precursors for assimilation. The near-wild
type growth rates of a cit2A achlIA §train and the impaired growth of a pdalA §train in
glucose-grown cultures with urea as the nitrogen source show that the combination of
mitochondrial pyruvate uptake via the recently discovered Mpc1/Mpc2 ‘MpcFerm’ mi-
tochondrial carrier complex (12) and its conversion by the PDH complex to acetyl-CoA

0Oglucose,methanol (mM)
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is also the main entry into the TCA cycle during aerobic batch cultivation of S. cerevisiae
on glucose (Table 4.2).

By growing S. cerevisiae on glutamate as the sole nitrogen source, we were able to dis-
sect the role of the PDH complex in the biosynthesis of TCA cycle intermediates from
its role in the direct provision of intramitochondrial acetyl-CoA. In glucose-grown batch
cultures of S. cerevisiae, glucose catabolism is almost completely fermentative (64). Con-
sequently, in glucose-urea medium, in which no direct precursors of TCA-cycle interme-
diates are available, the majority of the flux through the PDH complex will be directed
towards the synthesis of TCA cycle-derived metabolic precursors. Under these condi-
tions, cytosolic synthesis of citrate via Cit2 was shown as a key compensatory mecha-
nism in the absence of a functional PDH complex, as evident from the very slow growth
of the pdalA cit2A $train, which could be almost completely restored to wild-type lev-
els when TCA-cycle intermediates were externally supplied by using glutamate instead
of urea as the nitrogen source (Table 4.2). The lack of a marked phenotype of a cit2A
$train in glucose-grown batch cultures indicates that Cit2 does not have a major role in
fueling the TCA cycle in wild-type cells. However, its transcriptional regulation pattern
(CIT2 is transcribed in glucose-grown batch cultures but repressed by glutamate; (150))
suggests that under certain conditions Cit2 may contribute to synthesis of TCA-cycle
intermediates and/or cytosolic acetyl-CoA homeostasis in the presence of a functional
PDH complex. This is consistent with previous findings that CIT2 expression is con-
trolled by the retrograde regulation pathway, a communication pathway between the
nucleus and mitochondria (42, 188, 193). As a result of retrograde regulation, functional
expression of CIT2 is up-regulated when respiratory capacity is reduced or absent, and
when the TCA cycle is blocked (42, 188).

Cit2 is localised to the peroxisomes when proliferation of these organelles is induced
by oleate (183). Its localisation under other growth conditions is ambiguous, with sev-
eral subcellular fractionation studies indicating an at least partial cytosolic localization
in glucose-grown cultures (66, 236, 251). A clear carbon-source-dependent localisation
has previously been shown for the MLS1-encoded malate synthase, whose location is
peroxisomal in oleate-induced cultures but cytosolic during growth on ethanol (176).
Glucose-grown cultures of S. cerevisiae harbour only very few, small peroxisomes (310).
Moreover, Acs2, the only active acetyl-CoA synthetase isoenzyme in the presence of ex-
cess glucose due to the glucose repression of ACSI and glucose catabolite inactivation
of Acsl, is nucleocytosolic (13, 142). Since peroxisomal membranes are impermeable to
acetyl-CoA (257), our results trongly indicate that, in pdalA $trains in glucose-grown
batch cultures, Cit2 is at least partially localised to the same compartment as Acs2. Al-
though condition-dependent subcellular localization of Cit2 requires further $tudy, the
key role of Cit2 as a compensatory enzyme in pdalA mutants is fully consistent with a
cytosolic localization in glucose-grown cultures.

Previous research on Achl mostly focused on its role during growth on ethanol and
acetate, either as sole carbon sources or in their metabolism after the diauxic shift in
glucose-grown cultures (28, 68, 80, 181, 225). Strains with ACH1 deleted show impaired
growth at high acetate concentrations, although growth on medium with ethanol is not
affected (28, 80). Post-diauxic shift achIA cultures show increased extracellular acetate
accumulation and a reduced life span (68, 225). ACH1 has been reported to be repressed



4.4 DISCUSSION

by glucose (181), but in case of the reference strain CEN.PK113-7D, high mRNA levels
are found in cultures grown under conditions of glucose repression (157). Our growth
experiments with glutamate as the nitrogen source indicated that Achl can replace the
PDH complex in pdalA trains as the source of intramitochondrial acetyl-CoA for syn-
thesis of arginine, leucine and lipoic acid (Table 4.2). The impact of the impaired mito-
chondrial acetyl-CoA synthesis in pdalA achlA $trains became apparent from a strongly
reduced growth rate and a spectacularly high incidence of respiratory deficient cells in
glucose-grown batch cultures (Table 4.3). A much less pronounced loss of respiratory de-
ficiency was observed in previous experiments with pdalA $trains (338), which can now
be interpreted from a partial compensation by Achl. The strong impact of the pdalA
achlA $trains on respiratory competence resembles the phenotypes of $trains impaired
in mitochondrial fatty acid synthesis (109, 117, 314), which has been proposed to be es-
sential for respiratory complex assembly (177) and requires mitochondrial acetyl-CoA.
The frequent, irreversible loss of respiratory competence in these cells requires special
measures in genetic modification and maintenance of pdalA achlA §trains. Use of non-
fermentable carbon sources, as applied in this §tudy, and/or inclusion of L-carnitine in
growth media offer simple measures to minimize the frequency of respiratory-deficient
mutants in stock cultures.

Glutamate also restores growth of Kluyveromyces lactis pdalA $trains to near-wild
type levels (345), suggesting that this yeast also harbours at least one compensatory
pathway for synthesis of intramitochondrial acetyl-CoA. Indeed, the K. lactis genome
harbours a gene with 82% sequence identity of its gene produt with Achl (65). A re-
cent study has demonstrated that, in addition to providing acetyl-CoA in the mitochon-
drial matrix, Achl can also play a role in another compensatory process. In pyruvate-
decarboxylase-negative $trains, where the PDH bypass cannot meet the cellular demand
for cytosolic acetyl-CoA, Achl can generate acetate from mitochondrial acetyl-CoA. Af-
ter its export to the cytosol and activation to acetyl-CoA, this enables growth of Pdc™ S.
cerevisiae on glucose without addition of a C; source (44). These orthogonal roles suggest
that Achl can play an important, flexible role in cytosolic and mitochondrial acetyl-CoA
homeostasis. The ubiquitous presence of sequences homologous to ACH1 in a large group
of fungal genomes (28, 80, 336, 337), indicates that this role may be widespread among
fungi.

An S. cerevisiae §train in which the PDH complex, Ach1 and Cit2 were all absent §till
showed a low, residual growth rate (Table 4.2). This observation indicates that S. cere-
visiae harbours either another mechanism for intramitochondrial acetyl-CoA synthesis
or a pathway that circumvents its necessity. One explanation could be a partial target-
ing of an acetyl-CoA synthetase isoenzyme to the mitochondrial matrix. Although most
Studies indicate an extramitochondrial localisation of Acs1 and Acs2 (129, 151, 159, 306),
there are also reports that Acsl is localised to the mitochondria (153, 174). However,
deletion of the ACS1 ORF in IMK641 (resulting in a pdalA cit2A achl1A acsI1A genotype)
did not result in a lower growth rate than already observed for the pdalA cit2A achiA
$train (data not shown). Based on enzymatic analysis, it was previously hypothesised
that S. cerevisiae may harbour a 2-oxoacid dehydrogenase to catabolyse branched-chain
amino acids to mitochondrial acetyl-CoA (62). However, after this yeast was sequenced,
it became clear that it does not contain the genes encoding the subunits for this complex
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(98, 222). The residual growth rate of the pdalA cit2A achiA $train illustrates that, even
at the interface of the two moét intensively §tudied pathways in central metabolism, our
knowledge of pathway topology remains incomplete.

In contrast to the situation in S. cerevisiae (Table 4.2), L-carnitine addition restored
growth of a K. lactis pdalA $train to near wild-type levels (345), suggesting that, in the
latter yeast, the carnitine shuttle genes are not, or not as §trongly, repressed by glucose
as in the former. Indeed, under glucose-derepressed conditions in chemostat cultures,
L-carnitine addition could restore respiratory growth of an S. cerevisiae pdalA achlA
$train in glucose-limited chemostats (Table 4.4). ConStitutive expression of the genes in-
volved in the carnitine shuttle §trongly §timulated growth of a pdalA achIA §train in
the presence of L-carnitine (Table 4.5), indicating that there are no post-translational or
allosteric regulation mechanisms that prevent this shuttle from operating in glucose-
containing media. However, the incomplete (77%) recovery of the wild-growth rate may
refle¢t a remaining limitation in this pathway in S. cerevisiae. This study demonstrates,
for the first time, that the entire carnitine shuttle in this yeast can be functionally over-
expressed. We therefore also investigated its impact in a ‘wild type’ PDA1 ACHI CIT2
reference $train (Figure 4.2). This experiment indicated that a mere facilitation of the
entry of acetyl-CoA into the TCA cycle does not affect the balance between respiration
and fermentation in aerobic, glucose-grown batch cultures of S. cerevisiae. Glucose re-
pression of other key genes in respiratory glucose metabolism, e.g. those encoding TCA
cycle and mitochondrial respiratory chain proteins, constrains the respiratory capacity
under these conditions (77, 92). We anticipate that S. cerevisiae $trains with a constitu-
tively expressed carnitine shuttle will prove to be valuable tools for studies on metabolic
engineering of de novo L-carnitine synthesis in this yeast (83) and on the requirements
for in vivo reversibility of the mitochondrial carnitine shuttle (322, 330).
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Figure S4.1. mRNA levels from genes involved in the carnitine shuttle, based on chemostat cultures with
glucose or ethanol as a carbon source. During nitrogen-limited conditions, the high (residual) glucose levels
cause glucose repression. ADH2 is included for comparison with a typical glucose-repressible gene. Data are
obtained from (157). The bars indicate log, of the mRNA levels during growth on glucose with nitrogen as the
limiting element (blue), during growth with carbon as the limiting element with either glucose (red) or ethanol
(green) as the substrate.

Table S4.1. Plasmids used in this study

Name Relevant characteristics Origin
pUG-natNT2  Template for natNT2 cassette (164)
pUD301 pUC57 + pTPI1-pdhA E. faecalis-tTEF1 (167)
pUD302 pUC57 + pTDH3-pdhB E. faecalis-tCYC1 (167)
pUD303 pUCS57 + pADH1-aceF E. faecalis-tPGI1 (167)
pUD304 pUCS57 + pTEF1-lpd E. faecalis-tADH1 (167)
pUD305 pUC57 + pPGK1-IplA E. faecalis-tPMA1 (167)
pUD306 pUC57 + pPGI1-IplA2 E. faecalis-tPYK1 (167)
pMEL11 2pm ampR amdSYM gRNA-CAN1Y (200)
pROS13 2pm ampR kanMX gRNA-CAN1Y gRNA-ADE2Y  (200)
pUDE340 2pum ampR kanMX gRNA-PDA1 gRNA-ACHI This §tudy
pUDR119 2pm ampR amdSYM gRNA-SGA1 This §tudy
pUD366 pJET1.2 + pTDH3-AGP2-tAGP2 This §tudy
pUD367 pJET1.2 + pPGK1-HNM1-tHNM1 This §tudy
pUD368 pJET1.2 + pADHI-YAT2-tYAT2 This study
pUD369 pJET1.2 + pPGI1-YAT1-tYAT1 This study
pUD370 pJET1.2 + pTPI1-CRCI-tCRC1 This $tudy

pUD371 pJET1.2 + pTEF1-CAT2-tCAT2 This study
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Table S4.2. Primers used in this study.

Number

Name

Sequence 5’ — 3’

PDA1 deletion

9087 PDA1-S1B
9088 PDA1-S2B
CIT2 deletion

9089 CIT2-S1
9090 CIT2-S2

ACHI1 deletion

3636

3637

ACHI1KOf

ACHI1KOr

CACAATTGGTCCGCGGGTTAGGAGCTGTTCTTCGC
ACTCCCAGCTGAAGCTTCGTACGC
AGCTTTGACTTCAGCTTCAGTGGCAATACCTAGAT
CAATCGCATAGGCCACTAGTGGATCTG

ATGACAGTTCCTTATCTAAATTCAAACAGAAATGT
TGCATCAGCTGAAGCTTCGTACGC
CTATAGTTTGCTTTCAATGTTTTTGACCAATTCCT
TGTATGCATAGGCCACTAGTGGATCTG

GCGGCAAAACAAACAACACATTTCTTTTITTTICTITT
TTCACATATTGCACTAAAGAAGCTTCGTACGCTGC
AGGTCGAC
ATTTCCTTTCTTTTTTTTGTTAAATACTCATCTCT
CGGTTTGCGCACAAACACCGCATAGGCCACTAGTG
GATCTG

Primers for CRISPR/Cas9 gene editing

5792
5794

5979
5980
6157

6158

6159

6160

6161

pCAS9 fw
pCAS9 target pdal fw

Primer_gRNA_426_fw
Primer $§tRNA_426_rv
PDA1 repair fw

PDA1 repair rv

ACH1 gRNA

ACHI1 repair fw

ACHI1 repair rv

GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAG
TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGT
GAAAGATAAATGATCTACCGGGATCAGACATAGAA
GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC
TAGTCCGTTATCAAC
TATTGACGCCGGGCAAGAGC
CGACCGAGTTGCTCTTG
TGTTTATCTCTCTTCTGATTCCTCCACCCCTTCCT
TACTCAACCGGGTAAATGTCGCATCTTAATCGTAA
GGAAAAATAAAATAATAGTGCTGTGATCGCATGAT
ATTCTTCCCTGGAAG
CTTCCAGGGAAGAATATCATGCGATCACAGCACTA
TTATTTTATTTTTCCTTACGATTAAGATGCGACAT
TTACCCGGTTGAGTAAGGAAGGGGTGGAGGAATCA
GAAGAGAGATAAACA
GTGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAG
TGAAAGATAAATGATCCGAGGCAACGGCCATTAAA
GGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAG
GACAATAGCGGCAAAACAAACAACACATTTCTTTIT
TTTCTTTTTCACATATTGCACTAAATGTTTGTGCG
CAAACCGAGAGATGAGTATTTAAAAAAAAAAGAAA
GGAAATGATATGATT
AATCATATCATTTCCTTTCTTTTITTTTTTAAATAC
TCATCTCTCGGTTTGCGCACAAACATTTAGTGCAA
TATGTGAAAAAGAAAAAAAGAAATGTGTTGTTTGT
TTTGCCGCTATTGTC



SUPPLEMENTARY MATERIALS

Number

Name

Sequence 5’ — 3’

7023

RV_sgal_gRNA

GTTGATAACGGACTAGCCTTATTTTAACTTGCTAT
TTCTAGCTCTAAAACGAAGAATTCCAGTGGTCAAT
GATCATTTATCTTTCACTGCGGAGAAGTTTCGAAC
GCCGAAACATGCGCA

Confirmation of PDA1, CIT2 and ACH]1 deletion

9091
9092
9093
9094
9095
9096
3146

3147

3770
3771

K1-A

K2

PDA1-A1
PDA1-A4

CIT2-A1

CIT2-A4

ROSP031 DG PDA1
KO fw

ROSP032 DG PDA1
KO rv
ACH1kocheck2f
ACH1kocheck2r

GGATGTATGGGCTAAATGTACG
GTITTCATTTGATGCTCGATGAG
GCAACAGCAGCCACCTGC
AAGAACCTCTACAGCAGAGG
CATACGCGTATGCAACCGT
AGTACGCTAGCCAAGGCAG
ATCGCGCGTGTACATGTC

GCGGCTATTTTCCGGTCTG

CGGGCTTACATTAGCACAC
GCAAGAAAAAACAACGCATTGG

Construction of cassettes for constitutive expression of genes involved
in the carnitine shuttle

3051

3274
3277
3283
3285
3289
3354
3355
3844
4068
4187
4224
4583
5231
5917

6221
6374
6486
6498
7334

7335

ROSP015 TEF1
promoter rv

Fus Tag I-fw

Fus Tag C rv

Fus Tag C fw

Fus Tag J fw

Fus Tag F fw
D-fw

J-Re

rev 1dox

Nicl amp Fwd
FUS SGA1 -fw
SGA1 outside rv
IlvC new tag fwd
D-Tag Rev
Primer_pPGK1_rv

Sc_ADH1_P_FW
TDH3_P_FW
Sc_TPI1_P_RV
Sc_PGI_P_FW
AGP2 fw (ol TDH3)

CAT2 fw ol pTEF1

TTTGTAATTAAAACTTAGATTAGATTGC

TATTCACGTAGACGGATAGGTATAGC
CTAGCGTGTCCTCGCATAGTTCTTAGATTG
ACGTCTCACGGATCGTATATGC
GGCCGTCATATACGCGAAGATGTC
CATACGTTGAAACTACGGCAAAGG
ACGCATCTACGACTGTGGGTC
CGACGAGATGCTCAGACTATGTG
TGCCGAACTTTCCCTGTATG
GCCTACGGTTCCCGAAGTATGC
TTACAATATAGTGATAATCGTGGACTAGAG
TTGATGTAAATATCTAGGAAATACACTTG
ACGCATCTACGACTGTGGGTCC
AATCACTCTCCATACAGGG
TGTTTTATATTTGTTGTAAAAAGTAGATAATTACT
TCC
TGTATATGAGATAGTTGATTGTATGCTTGGTATAG
TTTGTTTGTTTATGTGTGTTTATTCGAAACTAAG
TTTTAGTTTATGTATGTGTTTTTTGTAGTTATAGA
TTTAAGCAAG
TTTTAGGCTGGTATCTTGATTCTAAATCG
GTTTTAAAACACCAAGAACTTAGTTTCGAATAAAC
ACACATAAACAAACAAAATGACAAAGGAACGTATG
ACCATC
CTTCTTGCTCATTAGAAAGAAAGCATAGCAATCTA
ATCTAAGTTTTAATTACAAAATGAGGATCTGTCAT
TCGAGAAC
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Number Name Sequence 5’ — 3’

7336 CRC1 fw ol pTPI1 GTTTGTATTCTTTTCTTGCTTAAATCTATAACTAC
AAAAAACACATACATAAACTAAAAATGTCTTCAGA
CACTTCATTATCAG

7337 HNM1 fw ol pPGK1 CTCTTTTTTACAGATCATCAAGGAAGTAATTATCT
ACTTTTTACAACAAATATAAAACAATGAGTATTCG
GAATGATAATGCTTC

7338 pTDHS3 fw ol tag I TATTCACGTAGACGGATAGGTATAGCCAGACATCA
GCAGCATACTTCGGGAACCGTAGGCATAAAAAACA
CGCTTTTTCAGTTCG

7339 tAGP2 ol (pSGA1) TTTACAATATAGTGATAATCGTGGACTAGAGCAAG
ATTTCAAATAAGTAACAGCAGCAAAAAATGTAACG

TTTAGCATTTGATAG
7340 tCAT2 ol tSGA1 TATATTTGATGTAAATATCTAGGAAATACACTTGT

GTATACTTCTCGCTTTTCTTTTATTTAATGATCAG
TATGTATTCGTAAGCC

7341 tCRC1 rv ol tag F CATACGTTGAAACTACGGCAAAGGATTGGTCAGAT
CGCTTCATACAGGGAAAGTTCGGCATTATACTGTA
ATCAGCCCACGTTG

7342 tHNM1 fw ol tag C CTAGCGTGTCCTCGCATAGTTCTTAGATTGTCGCT
ACGGCATATACGATCCGTGAGACGTTTTAATCCCC
TATATATCAAACTGTTAATAC

7343 tYAT1 rv ol tag F TGCCGAACTTTCCCTGTATGAAGCGATCTGACCAA
TCCTTTGCCGTAGTTTCAACGTATGGGTGTGTGGA
GGGGTGAAAG

7344 tYAT2 rv ol tag C ACGTCTCACGGATCGTATATGCCGTAGCGACAATC
TAAGAACTATGCGAGGACACGCTAGGTCTACCTCT
AATGCGCGATG

7345 YAT1 fw ol pPGI GAATTTTAATACATATTCCTCTAGTCTTGCAAAAT
CGATTTAGAATCAAGATACCAGCCTAAAAATGCCA
AACTTAAAGAGACTACCC

7346 YAT2 fw ol pADH1 CTTTTTCTGCACAATATTTCAAGCTATACCAAGCA
TACAATCAACTATCTCATATACAATGTCAAGCGGC
AGTACTATTG

Confirmation of correct integration of genes involved in carnitine shuttle (IMX744)

7486 AGP2_5 GGCTTACCACGTCCAACAAGATTC

4223 SGA1 outside fw CTTGGCTCTGGATCCGTTATCTG

2916 I_FW (PDH construct GCAGGTATGCGATAGTTCCTCAC

&rl)

3362 Tag I forward (2) CCAGGCAGGTTGCATCACTC

7705 1_YAT2_check GCAGTCGTGTGGGTAGAAAG

7704 1_HNM1_check CGGCCTCTGACGTTGAACTC

2669 m-PCR-HR2-RV GCGCGTGGCTTCCTATAATC

3363 Tag K forward AGTGTTGTATGTACCTGTCTATTTATACTG

7707 1_YAT1_check CTGTTGTCCGGCTACGATTAC

7706 1_CRC1_check GGTGTGGAGATGACTCATTC

7509 CAT2_1 TTCCGCCCAATAGTGTTCCC
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Number Name Sequence 5’ — 3’
2909 D_RV (PDH con$truct CCCGCTCACACTAACGTAGG
&rl)
7479 Q_OutsideSGA_RV GGACGTTCCGACATAGTATC
7514 CAT2_6 ATGGTGTCGATCGTCATTTC
7479 Q_OutsideSGA_RV GGACGTTCCGACATAGTATC
4229 Sequence SGA1 2 rv TGGTCGACAGATACAATCCTGG
Table S4.3. Primers and templates used to conétruct the cassettes with genes involved in the carnitine shuttle
Construct Template(s) Primers Resulting fragment Comment
I-pTDH3- pUD302 6374,7338 1-pTDH3
AGP2-tAGP2 (ol CEN.PK113-7D 7339,7334  AGP2-tAGP2 (ol pSGA1
pSGAI) and pTDH3)
AGP2-tAGP2 (ol pSGA1  4187,3274 1-pTDH3-AGP2-tAGP2 Fusion PCR
and pTDH3) (ol pSGAI)
I-pTDH3
I-pPGK1- pUD305 5917, 4068  I-pPGK1
HNM1-tHNM1-C CEN.PK113-7D 7342, 7337  HNM1-tHNM1-C (ol
pPGK1)
HNM1-tHNM1-C (ol 3277, 4068 I-pPGK1- Fusion PCR
pPGK1) HNM1-tHNM1-C
I-pPGK1
J-pADH1- pUD303 6221,3355 J-pADHI
YAT2-tYAT2-C CEN.PK113-7D 7344, 7346  YAT2-tYAT2-C (ol
pADH]I)
YAT2-tYAT2-C (ol 3355,3283  J-pADHI-YAT2-tYAT2-C  Fusion PCR
pADHI)
J-pADH1
J-pPGI1- pUD306 6498, 3285  J-pPGI1
YATI1-tYAT1-F CEN.PK113-7D 7343, 7345 YAT1-tYATI-F (ol
pPGII)
YAT1-tYATI-F (ol 3844, 3285  J-pPGI1-YATI-tYATI-F Fusion PCR
pPGII)
J-pPGI1
D-pTPI1- pUD301 6486, 3354  D-pTPI1
CRC1-tCRC1-F CEN.PK113-7D 7341,7336  CRCI1-tCRCI-F (ol
pTPII)
CRC1-tCRCI-F (ol 3289, 4583 D-pTPII-CRC1-tCRC1-F  Fusion PCR
pTPII)
pTPII-D
D-pTEFI- pUD304 3051, 5231 D-pTEF1
CAT2-tCAT2 (ol CEN.PK113-7D 7340, 7335  CAT2-tCAT2 (ol tSGA1
tSGA1I) and pTEFI)
CAT2-tCAT2 (ol tSGA1 4224,5231 D-pTEFI1-CAT2-tCAT2 Fusion PCR

and pTEFI)
D-pTEF1

(ol tSGAI)







REQUIREMENTS FOR
CARNITINE-SHUTTLE-MEDIATED

TRANSLOCATION OF MITOCHONDRIAL

ACETYL MOIETIES TO THE YEAST [ 3
CYTOSOL CHAPTER '

Harmen M. van Rossum, Barbara U. Kozak, Matthijs S. Niemeijer, James C. Dykstra, Marijke
A H. Luttik, Jean-Marc G. Daran, Antonius J.A. van Maris and Jack T. Pronk

Abstract

In many eukaryotes, the carnitine shuttle plays a key role in intracellular trans-
port of acyl moieties. Fatty-acid grown Saccharomyces cerevisiae cells employ this
shuttle to translocate acetyl units into their mitochondria. Mechanistically, the carni-
tine shuttle should be reversible, but previous $tudies indicate that carnitine-shuttle-
mediated export of mitochondrial acetyl units to the yeast cytosol does not oc-
cur in vivo. This apparent unidirectionality was investigated by constitutively ex-
pressing genes encoding carnitine-shuttle-related proteins in an engineered S. cere-
visiae §train, in which cytosolic acetyl coenzyme A (acetyl-CoA) synthesis could be
switched off by omitting lipoic acid from growth media. Laboratory evolution of
this $train yielded mutants whose growth on glucose, in the absence of lipoic acid,
was L-carnitine dependent, indicating that in vivo export of mitochondrial acetyl
units to the cytosol occurred via the carnitine shuttle. The mitochondrial pyruvate-
dehydrogenase complex was identified as the predominant source of acetyl-CoA
in the evolved $trains. Whole-genome sequencing revealed mutations in genes in-
volved in mitochondrial fatty-acid synthesis (MCTI), nuclear-mitochondrial commu-
nication (RTG2) and encoding a carnitine acetyl-transferase (YATZ2). Introduction of
these mutations into the non-evolved parental $train enabled L-carnitine-dependent
growth on glucose. This §tudy indicates intramitochondrial acetyl-CoA concentra-
tion and constitutive expression of carnitine-shuttle genes as key factors in enabling
in vivo export of mitochondrial acetyl units via the carnitine shuttle.

Importance This study demonstrates, for the first time, that Saccharomyces cere-
visiae can be engineered to employ the carnitine shuttle for export of acetyl moieties
from the mitochondria and, thereby, to act as the sole source of cytosolic acetyl-CoA.
Further optimization of this ATP-independent mechanism for cytosolic acetyl-CoA
provision can contribute to efficient, yeast-based production of industrially relevant
compounds derived from this precursor. The $trains constructed in this study, whose
growth on glucose depends on a functional carnitine shuttle, provide valuable mod-
els for further functional analysis and engineering of this shuttle in yeast and other
eukaryotes.

Accepted manuscript.
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5.1 INTRODUCTION

In eukaryotes, metabolic compartmentation necessitates mechanisms for translocation
of metabolites between cellular compartments. Acetyl coenzyme A (acetyl-CoA) is an
important precursor in cytosolic and mitochondrial biosynthetic pathways and, more-
over, is involved in cellular regulation by acting as acetyl donor for acetylation of nuclear
and cytosolic proteins (89, 219, 220, 238, 306). Eukaryotes have evolved several mecha-
nisms for synthesis and intracellular transport of acetyl-CoA within and between cellular
compartments. One of these, the carnitine shuttle, plays a key role in translocation of
acetyl units between cellular compartments during growth of Saccharomyces cerevisiae
on fatty acids (15, 86, 257).

In contra$t to the situation in mammals, in which fatty-acid pf-oxidation also occurs
in mitochondria, this process is confined to peroxisomes in S. cerevisiae (118). Further
metabolism of acetyl-CoA, the major product of fatty acid p-oxidation, requires transport
of its acetyl moiety from peroxisomes to other cellular compartments (15). This trans-
port is initiated by a peroxisomal carnitine acetyltransferase, which transfers the acetyl
moiety of acetyl-CoA to L-carnitine, yielding acetyl-L-carnitine and coenzyme A. Acetyl-
L-carnitine is then transported to other compartments, where carnitine acetyltrans-
ferases catalyze the reverse reaction, thereby regenerating acetyl-CoA and L-carnitine.

In S. cerevisiae, six proteins have been reported to contribute to the in vivo function-
ality of the carnitine shuttle. In contrast to many other eukaryotes, including mam-
mals (319) and the yeast Candida albicans (302), S. cerevisiae lacks the genes required
for r-carnitine biosynthesis (257, 305). As a consequence, operation of the carnitine
shuttle in S. cerevisiae depends on import of exogenous L-carnitine via the Hnm1 plasma-
membrane transporter (4), whose expression is regulated by the plasma-membrane pro-
tein Agp2 (4, 258). The three carnitine acetyltransferases in S. cerevisiae (15) have differ-
ent subcellular localizations: Cat2 is active in the peroxisomal and mitochondrial matri-
ces (69), Yatl is localized to the outer mitochondrial membrane (271) and Yat2 has been
reported to be cytosolic (129, 159, 305). The inner mitochondrial membrane contains an
(acetyl-)carnitine translocase, Crcl (84, 160, 233, 258), while export of acetyl-L-carnitine
from peroxisomes has been proposed to occur via diffusion through channels in the per-
oxisomal membrane (103).

Catabolism of the acetyl-CoA generated during growth of S. cerevisiae on fatty acids
involves the mitochondrial TCA cycle. Conversely, during growth on glucose, the mi-
tochondria aét as an important source of acetyl-CoA, with the pyruvate-dehydrogenase
(PDH) complex catalyzing the predominant acetyl-CoA generating reaction (244, 318).
The carnitine-acetyltransferase reaction is, in principle, mechanistically and thermody-
namically reversible (AGR*” = -1.1 kJ-mol™ in the direction of acetyl-L-carnitine forma-
tion (79)). This observation suggests that the carnitine shuttle should not only be able
to import acetyl units into the mitochondria, but also to export them from the mito-
chondrial matrix to the cytosol. Therefore, based on in vitro experiments, it was initially
hypothesized that the carnitine shuttle was responsible for export of acetyl moieties from
yea$t mitochondria (160). Further studies, however, indicated the PDH bypass, which en-
compasses the concerted action of pyruvate decarboxylase, acetaldehyde dehydrogenase
and acetyl-CoA synthetase (122), to be responsible for cytosolic acetyl-CoA provision in
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Figure 5.1. Cytosolic acetyl-CoA metabolism in (engineered) Saccharomyces cerevisiae §trains. A In wild-type
$trains, cytosolic acetyl-CoA is produced via the PDH bypass, consisting of pyruvate carboxylase, acetaldehyde
dehydrogenase and acetyl-CoA synthetase. B Replacing the native route of acetyl-CoA synthesis by the Entero-
coccus faecalis PDH complex requires the extracellular addition of lipoic acid for activation of the E2 subunit of
the cytosolically expressed bacterial PDH complex. C In the evolved $trains IMS0482 and IMS0483, extracellular
L-carnitine is imported into the mitochondria via the Hnm1 transporter at the plasma membrane and the Crcl
transporter at the inner mitochondrial membrane. Pyruvate is imported into the mitochondria, following its
oxidative decarboxylation by the native mitochondrial PDH complex. The acetyl moiety is then transferred to
L-carnitine, followed by export of acetyl-L-carnitine to the cytosol. There, carnitine acetyltransferases move the
acetyl moiety back to CoA, yielding cytosolic acetyl-CoA. Abbreviations: PDC, pyruvate decarboxylase; ALD,
acetaldehyde dehydrogenase; Achl, CoA transferase; Acs, Acs1, Acs2, acetyl-CoA synthetase; Agp2, regulator;
CAT, carnitine acetyltransferase; Crcl, acetyl-carnitine translocase; Hnm1, carnitine transporter; LplA, LplA2,
lipoylation proteins; Mpc1, Mpc2, Mpc3, mitochondrial pyruvate carrier; OAA, oxaloacetate; PDH, pyruvate
dehydrogenase complex.

glucose-grown S. cerevisiae cultures (244) (Figure 5.1A). Several additional observations
argue againsét an in vivo role of the carnitine shuttle in export of acetyl moieties from
mitochondria to cytosol in glucose-grown cultures. In wild-type S. cerevisiae, transcrip-
tion of genes involved in the carnitine shuttle is §trongly glucose repressed (69, 151,
271), which precludes a significant contribution to cytosolic acetyl-CoA provision in
glucose-grown batch cultures. Moreover, even in derepressed, glucose-limited chemo-
Stat cultures, supplementation of growth media with L-carnitine cannot complement the
growth defect of $trains lacking a functional PDH bypass, which is caused by an inabil-
ity to synthesize cytosolic acetyl-CoA (203). Hence, based on currently available data,
the carnitine shuttle of S. cerevisiae appears to operate unidirectionally (i.e. transporting
acetyl moieties into the mitochondria) during growth on glucose.

The goal of the present §tudy is to investigate the molecular basis for the apparent
unidirectionality of the yeast carnitine shuttle. To this end, we $§tudied growth on glu-
cose of an S. cerevisiae §train in which the carnitine shuttle is constitutively expressed.
We recently demonstrated that constitutive expression of the components of the carni-
tine shuttle enables efficient transport of acetyl moieties from cytosol to mitochondria
in glucose-grown, L-carnitine-supplemented batch cultures (318). In the present study,
overexpression of the carnitine-shuttle proteins was combined with replacement of the
native S. cerevisiae pathway for cytosolic acetyl-CoA synthesis by a cytosolically ex-
pressed bacterial PDH complex (167). In the resulting $train, cytosolic acetyl-CoA syn-
thesis could be switched off at will by omitting lipoic acid from growth media. After lab-
oratory evolution, mutations required for L-carnitine-dependent growth in the absence
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of lipoic acid were identified by whole-genome sequencing and functionally analyzed
by their introduction in the non-evolved parental $train.

5.2 MATERIALS AND METHODS
5.2.1 Growth media

Yeast-extract/peptone (YP) medium contained 10 g-L* Bacto yeast extract (BD, Franklin Lakes, NJ,
USA) and 20 g-L™ Bacto peptone (BD) in demineralized water. Synthetic medium with ammonium
as nitrogen source (SM-ammonium), was prepared according to Verduyn et al. (326). Synthetic
medium with urea as nitrogen source (SM-urea) contained 38 mM urea (SM-urea) and 38 mM
K,S0y instead of (NH4),SO4. SM-ammonium was autoclaved at 121 °C for 20 min, SM-urea was
Sterilized using 0.2 pm bottle-top filters (Thermo Fisher Scientific, Waltham, MA, USA). Solid media
were prepared by addition of 20 g-L™ agar (BD), prior to autoclaving at 121 °C for 20 min. Where
indicated, urea was added after heat-sterilization of the solid media from a filter-sterilized 100-fold
concentrated Stock solution.

5.2.2  Strains, growth conditions and $torage

All S. cerevisiae $trains used in this §tudy (Table 5.1) share the CEN.PK genetic background (71,
222). Shake-flask cultures in 500-mL flasks with 100 mL SM-urea and 20 g-L™* glucose were grown
at 30 °C in an Innova incubator shaker (New Brunswick Scientific, Edison, NJ, USA) set at 200
rpm. Stock cultures were grown in YP medium with 20 g-L™* glucose. Where indicated, lipoic acid
was added to $terile media to a concentration of 50 ng-L™'. A 50 mg-L™ $tock solution of lipoic
acid was prepared by dissolving 5 g-L™* (#)-a-lipoic acid (Sigma-Aldrich, St. Louis, MO, USA) in
ethanol and diluting the resulting solution 100 fold in sterile demineralized water. L-Carnitine
(Sigma-Aldrich) was added to §terile media from a 40 g-L™* filter-§terilized $tock solution at the
concentration indicated. Frozen §tock cultures of yeast strains were prepared by adding glycerol
(-30% v/v) to exponentially growing shake-flask cultures and freezing 1-mL aliquots at -80 °C.

5.2.3 Plasmid construction

GuideRNA (gRNA) plasmids for CRISPR/Cas9-based genome editing (Table S5.1) were constructed
as described previously (200). In short, double-gRNA cassettes were PCR-amplified using the
primer(s) indicated in Tables S1 and S2. Plasmid backbones containing the desired marker gene
were obtained by PCR with primer 6005, using the appropriate pROS plasmid (Table S5.1) as a tem-
plate. The two fragments were then assembled into a plasmid with the Gibson Assembly kit (New
England Biolabs, Ipswich, MA, USA) or NEBuilder HiFi DNA Assembly Cloning kit (New England
Biolabs). Multi-copy plasmids carrying wild-type and mutated YAT2 variants were based on the
PRS426 expression vector (48). pADHI-YAT2-tYAT2 and pADHI-YAT2C173C-tYAT2 fragments were
PCR amplified from $trains IMX745 and IMS0482, respectively, using primers 8902 & 8903 and then
inserted into the EcoRI-Xhol-linearized pRS426 backbone with the NEBuilder HiFi DNA Assembly
Cloning kit. After transforming the resulting plasmids to E. coli and confirmation of their DNA
sequences by Illumina sequencing, this yielded pUDE390 (2 pm ori URA3 pADHI1-YAT2-tYATZ)
and pUDE391 (2 pm ori URA3 pADHI-YAT2C173C_tYAT2). A multi-copy plasmid carrying the CAT2
gene under control of the TDH3 promoter was similarly obtained by assembling a pRS426 back-
bone with a CAT2 PCR fragment using Gibson Assembly. The TDH3 promoter and CYCI termi-
nator sequences were synthesized and assembled into the pRS426 vector by GenScript (Piscat-
away, NJ, USA). The resulting plasmid was linearized by PCR amplification using primers 3627



5.2 MATERIALS AND METHODS

& 3921. The CAT2 ORF was amplified via PCR from CEN.PK113-7D genomic DNA using primers
5948 & 5949. Gibson Assembly of the two fragments yielded pUDE336 (2 pm ori URA3 pTDH3-
CAT2-His;~tCYC1).

5.2.4 Strain conStruction

S. cerevisiae $trains were transformed according to Gietz and Woods (97) and transformants se-
leéted on solid YP medium with 20 g-L™ glucose. Appropriate antibiotics were added at the fol-
lowing concentrations: G418 (InvivoGen, San Diego, CA, USA), 200 mg-L™; hygromycin B (In-
vivoGen), 200 mg-L™'; nourseothricin (Jena Bioscience, Jena, Germany), 100 mg-L™. Lipoic acid
was added as indicated above. Throughout the text we refer to chromosomally integrated gene
clusters with four-capital acronyms surrounded by curly brackets (based on the common practice
in set theory for indicating a collection of elements). A mutation in a gene that is part of the cluster
is indicated within the curly brackets. For example, {CARN, YAT2C17%C} refers to the {CARN} set in
which the YAT2 gene carries a C173G nucleotide change.

Unless indicated otherwise, genetic engineering was done using CRISPR/Cas9 (200). The plat-
form §train with consétitutive expression of the genes involved in the carnitine shuttle (HNM1,
AGP2, CRC1, YAT1, YAT2 and CAT2) was constructed by modification of the previously constructed
$train IMX719 (200), which had ACS1and ACS2 replaced by the genes required for an active, lipoy-
lated cytosolic Enterococcus faecalis PDH complex {PDHL}. Analogous to a previous description
(318), the genes involved in the carnitine shuttle were placed under the control of §trong consti-
tutive promoters and integrated into the SGA1 locus of $train IMX719, resulting in §train IMX745
(acs1A acs2A:{PDHL} sgalA:{CARN}) (Table 5.1). To remove the E. faecalis PDH genes {PDHL}
or the set of carnitine shuttle expression cassettes {CARN} from §trains IMS0482 and IMS0483,
either plasmid pUDRO72 (to remove {PDHL}) or pUDR073 (to remove {CARN}) was transformed
together with a repair fragment obtained by annealing oligonucleotides 7349 & 7350 or oligonu-
cleotides 8012 & 8013 (Table S5.2), respectively, resulting in §trains IMW074 — IMW077. Deletion
of PDA1 and ACHI in $trains IMS0482 and IMS0483 was done by transformation with pUDR047
(with oligonucleotides 6157 & 6158) and pUDR085 (with oligonucleotides 6160 & 6161), resulting
in §trains IMW078 — IMW082. To introduce the MCT175#¢ mutation, plasmid pUDR080 and a re-
pair fragment obtained by annealing oligonucleotides 8417 & 8418 was transformed into $train
IMX745 (Table 5.1), resulting in Strain IMX847. Similarly, the RTG2%°%T mutation was introduced
in $train IMX745 by transforming plasmid pUDR078 and oligonucleotides 8430 & 8431, resulting
in §train IMX849. Double mutations MCT1764C RTG25%%T were introduced in IMX745 using plas-
mid pUDR079 using oligonucleotides 8417 & 8418 and 8430 & 8431, resulting in $train IMX852.
To selectively introduce the YAT2¢!73C mutation in the ADHI-promoter-driven gene and not the
YATZ-promoter driven gene (at chromosome V), the SNP was introduced in {CARN} via a two-§tep
$trategy. Firét, a synthetic CRISPR target site was introduced by transformation of §trains IMX745,
IMX847, IMX849 and IMX852 with plasmid pUDR073 and oligonucleotides 8621 & 8622, thereby
removing part of the ADHI promoter and part of the YAT2 ORF. Next, the fragment containing
the YAT2¢173¢ mutation was PCR amplified from the IMS0482 genome using primers 8618 & 8619
and co-transformed with plasmid pUDR105, introducing the YAT2¢17*C mutation and resulting in
$trains IMX907, IMX909, IMX911 and IMX913. In all these cases, after introduction of the desired
mutations, the double gRNA plasmids were removed, followed by confirmation of the SNPs by
Sanger sequencing (BaseClear BV, Leiden, The Netherlands) using the primers indicated in Ta-
ble S5.2. The ORFs of YATZ (the copy present in {CARN}), RTG2 and MCT1 were deleted from the
genome of, respectively, strains IMX852, IMX909 and IMX911 by transforming the following plas-
mids and repair fragments: $train IMX852, plasmid pUDR073 and oligonucleotides 8874 & 8875;
$train IMX909, plasmid pUDR078 and oligonucleotides 8428 & 8429; and $train IMX911, plasmid
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pUDRO080 and oligonucleotides 8415 & 8416. After gene knockout was confirmed by diagnostic
PCR (Table S5.2), the resulting $trains were named IMX932 — IMX934, respectively.

The pADHI1-YAT2-tYATZ variants were integrated in the cas9-bearing reference $train IMX585.
pADHI-YAT2-tYAT2 (wild-type) and pADHI-YAT2C73C_tYAT2 cassettes were amplified with PCR
using primers 8647 & 8648 from genomic DNA of §trains IMX745 and IMS0482, respectively. The
resulting cassettes had overlaps with the promoter and terminator of SGA1, enabling integration
into the SGA1 locus. Cas9 was directed to the SGA1 locus using the gRNA plasmid pUDR119 (Ta-
ble S5.1), following integration of the cassette by in vivo homologous recombination. After con-
firmation of correct integration and sequence by PCR and Sanger sequencing, plasmid pUDR119
was removed as described earlier (200), resulting in §trains IMX923 and IMX925, respectively. To
get the multi-copy-based YAT2 and CAT2 expressing §trains, plasmids pUDE336, pUDE390 and
pUDE391 were transformed to CEN.PK113-5D, resulting in $trains IME233, IME320 and IME321,
respectively (Table 5.1).

Deletion of CAT2 and YAT], to get $train CEN.PK215-4A (cat2A yat1A), was carried out by trans-
formation of a kanMX marker cassette, obtained by PCR using pUG6 as template (108) with the
primers 9237 & 9238 for the CAT2 deletion cassette and primers 9239 & 9240 for the YATI dele-
tion cassette. The amplified kanMX cassettes were used as selectable markers to replace the target
genes in the prototrophic diploid $train CEN.PK122. Transformants were verified for corre¢t gene
replacement by diagnostic PCR (Table S5.2). After sporulation and tetrad dissection, the corre-
sponding haploid deletion §trains, CEN.PK194-2C (MATa cat2A) and CEN.PK196-2C (MATw yat1A),
were obtained. To obtain a $§train with both CAT2 and YAT1I deleted, §trains CEN.PK194-2C and
CEN.PK196-2C were crossed. After tetrad dissection, spores were subsequently analyzed by di-
agnostic PCR to confirm corret deletion of both genes, resulting in §train CEN.PK215-4A (cat2A
yat1A) (Table 5.1).

5.2.5 Molecular biology techniques

PCR amplification with the Phusion® Hot Start I High Fidelity Polymerase (Thermo Fisher Scien-
tific), was performed according to the manufacturer’s instructions, using HPLC- or PAGE-purified
oligonucleotide primers (Sigma-Aldrich). Diagnostic colony PCR was performed on randomly
picked transformed colonies, using DreamTaq (Thermo Fisher Scientific) and desalted primers
(Sigma-Aldrich). DNA fragments obtained by PCR were separated by gel electrophoresis on 1%
(w/v) agarose gels (Thermo Fisher Scientific) in TAE buffer (Thermo Fisher Scientific). Alterna-
tively, fragments were purified using the GenElute™ PCR Clean-Up Kit (Sigma-Aldrich). Plas-
mids were isolated from E. coli with Sigma GenElute Plasmid kit (Sigma-Aldrich) according to
the supplier’s manual. Yeast genomic DNA was isolated using a YeaStar Genomic DNA kit (Zymo
Research) or using an SDS/LiAc-based lysis protocol (195). E. coli XL1-Blue (GE Healthcare Life
Sciences, The Netherlands) was used for chemical transformation or for electroporation. Chemi-
cal transformation was done according to Inoue et al. (133). Electroporation was done in a 2 mm
cuvette (165-2086, Bio-Rad, Hercules, CA, USA) using a Gene Pulser Xcell Electroporation System
(Bio-Rad), following the manufacturer’s protocol. Electrocompetent E. coli cells were prepared ac-
cording to the same protocol, with the exception that, during preparation of competent cells, E.
coli was grown in LB medium without sodium chloride.

5.2.6 Laboratory evolution

Strain IMX745 was inoculated in 500-mL shake flasks, containing 100 mL SM-urea with 20 g-L™
glucose and 400 mg-L™" L-carnitine. When §tationary phase was reached, 1-3 mL of culture was
transferred to a new shake flask. After 6-7 serial shake flask transfers, 8 individual cells were iso-
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lated from each evolution experiment using a micromanipulator (Singer Instruments, Watchet, UK)
and placed on SM-urea plates with 20 g-L™* glucose and 400 mg-L™ L-carnitine. For each evolution
experiment, one colony was selected and restreaked once, yielding §trains IMS0482 (evolution line
1) and IMS0483 (evolution line 2) (Table 5.1).

5.2.7 DNA sequencing and sequence analysis

After isolation of genomic DNA (164) of $trains IMX745, IMS0482 and IMS0483, 350-bp insert li-
braries were con$tructed and paired-end sequenced (100 bp reads) with an Illumina HiSeq 2500
sequencer (Baseclear BV, Leiden, The Netherlands). At least 500 Mb of sequence data, correspond-
ing to a ca. 40-fold coverage, was generated for each $train. Plasmids pUDE390 and pUDE391 were
sequenced in-house using the Illumina MiSeq platform (San Diego, CA, USA). After quantification
of plasmid DNA with the Qubit 2.0 fluorometer (Thermo Fisher Scientific), DNA libraries were
prepared using the Nextera XT DNA kit (Illumina). 300 bp paired-end reads of plasmid DNA gen-
erated on the MiSeq platform were mapped to an in silico-generated plasmid sequence using the
Burrows-Wheeler Alignment tool (184) and processed with Pilon (332). Sequence reads of genomic
DNA were mapped onto the CEN.PK113-7D genome (222), supplemented with sequences contain-
ing the modified SGA1, ACS2 and CANT loci, using the Burrows-Wheeler Alignment tool (184).
Data were further processed with Pilon (332) and sequence variations were extra‘ted from the Pi-
lon output file “.changes’. Uniqueness of sequence differences in §trains IMS0482 and IMS0483 were
manually confirmed by comparison with §train IMX745 using the Integrative Genomics Viewer
(311). Copy number variations in $§trains IMS0482 and IMS0483, relative to §train IMX745, were
determined with the Poisson-mixture model based algorithm Magnolya (223). Raw sequencing
data of $trains IMX745, IMS0482 and IMS0483 are deposited at the NCBI Sequence Read Archive
(www.ncbinlm.nih.gov/sra) under BioProject ID PRINA313402.

5.2.8  Growth Studies in shake flasks and using spot plate assays

For growth studies in shake flasks and using spot plates, §trains were pre-grown in shake flasks
with SM-urea and 20 g-L™ glucose with lipoic acid or L-carnitine, where appropriate. For growth
Studies in shake flasks, cells were washed twice with synthetic medium (326) and transferred to
new shake flasks with SM-urea, 20 g-L™* glucose and 40 mg-L™ L-carnitine or 50 ng-L™ lipoic
acid, where indicated. Growth rates were based on ODg4, measurements using a Libra S11 spec-
trophotometer (Biochrom, Cambrige, UK). Culture viability was estimated with the FungaLight
AM-CFDA (acetoxymethyl ester 5-carboxyfluorescein diacetate)/propidum iodide yeast viability
kit (Invitrogen, Carlsbrad, CA) and a Cell Lab Quanta SC MPL flow cytometer (Beckman Coulter,
Woerden, Netherlands) as described previously (16). For the preparation of spot plates, pre-cultures
were washed once with synthetic medium and diluted in synthetic medium to an ODg of 0.273
(corresponding to 2-10° cells-mL™). 5 uL. samples of a dilution series, containing an estimated
2-10°, 2-10* and 2-10° cells per mL, were spotted on SM-urea agar plates with 20 g-L™ glucose and
L-carnitine (400 mg-L™) or lipoic acid (50 ng-L™) as indicated.

5.2.9 Enzyme activity assays

Cell extraéts were prepared as described before (318) from mid-exponentially growing cultures.
The growth medium was SM-ammonium with either 20 g-L™* glucose or 2% (v/v) ethanol as carbon
source and, where required, lipoic acid. Activities in cell extralts of carnitine-acetyltransferase
activity (318) and glucose-6-phosphate dehydrogenase (241) (the latter activity was used to verify
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the quality of cell extracts), were assayed spectrophotometrically as described previously (318).
Protein concentrations in cell extraéts were determined with the Lowry method (197).

5.3 REsULTS

5.3.1 Constitutive expression of carnitine-shuttle genes does not rescue growth on glucose
of acs1A acs2A S. cerevisiae.

Interpretation of previous studies on the role of the carnitine shuttle in glucose-grown
cultures of S. cerevisiae is complicated by the $trong glucose repression of the $truc-
tural genes encoding carnitine acetyltransferases and acetyl-carnitine translocase (69,
151, 157, 271). To re-examine whether the carnitine shuttle can translocate acetyl units
from mitochondria to cytosol, a $train was constructed in which provision of cytoso-
lic acetyl-CoA could be made §trictly dependent on a conétitutively expressed carnitine
shuttle. Its construction (Figure 5.2A) $tarted with a §train in which cytosolic acetyl-CoA
metabolism had been modified by replacing the acetyl-CoA synthetase genes ACSI and
ACS2 by the 6-gene {PDHL} cluster ((200), Table 5.1), which enables functional expres-
sion in the yeast cytosol of the E. faecalis PDH complex (Figure 5.1B). This $train provided
an experimental model in which cytosolic acetyl-CoA synthesis could be switched off at
will by omitting lipoic acid from growth media. Functionality of alternative (introduced)
routes to cytosolic acetyl-CoA could thus be tested by omitting lipoic acid and checking
for growth. Expression cassettes were constructed in which the yeast carnitine-shuttle
genes (AGP2, CAT2, CRC1, HNM1, YAT1 and YAT2) were controlled by $trong, consti-
tutive promoters. The resulting six DNA fragments were assembled and integrated as
a single cluster ({(CARN}; Figure 5.2B; Table 5.1) into the genome of the §train carrying
the {PDHL} cluster. Consistent with an earlier $tudy on cytosolic expression of the E.
faecalis PDH complex in S. cerevisiae (167), growth of the resulting $train IMX745 (acsIA
acs2A:{PDHL} sgalA:{CARN}) on glucose synthetic medium depended on addition of
lipoic acid to the growth medium.

Table 5.1. Saccharomyces cerevisiae $trains used in this study.

Name Relevant genotype? Parental Origin
strain(s)

CEN.PK113-7D MATa P. Kotter

IMX585 MATa canl1A:cas9-natNT2 CEN.PK113-7D  (200)

IMX719 MATa canl1A:cas9-natNT2 acs1A IMX585 (200)
acs2/A:{PDHL}?

IMX868 MATx canlA:cas9-natNT2 (318)
sgalA:{CARNJ®

IMX745 MATa caniA:cas9-natNT2 acs1A IMX719 This study
acs2A:{PDHL} sgal1A:{CARN}

IMS0482 MATa caniA:cas9-natNT2 acs1A IMX745 This §tudy
acs2A:{PDHL} sgal1A:{CARN}

IMS0483 MATa cani1A::cas9-natNT2 acs1A IMX745 This §tudy

acs2A:{PDHL} sgalA:{CARN}
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Name Relevant genotype? Parental Origin
strain(s)

IMW074 MATa cani1A::cas9-natNT2 acs1A IMS0482 This $tudy
acs2A:{PDHL} sgalA

IMW075 MATa cani1A::cas9-natNT2 acs1A acs2/ IMS0482 This $tudy
sgalA:{CARN}

IMW076 MATa cani1A::cas9-natNT2 acs1A IMS0483 This $tudy
acs2A:{PDHL} sgalA

IMW077 MATa cani1A::cas9-natNT2 acs1A acs2A IMS0483 This study
sgalA:{CARN}

IMW078 MATa cani1A::cas9-natNT2 acs1A IMS0482 This study
acs2A:{PDHL} sgalA:{CARN} achIA

IMW079 MATa caniA:cas9-natNT2 acs1A IMS0482 This study
acs2A:{PDHL} sga1A:{CARN} pdalA

IMW081 MATa caniA:cas9-natNT2 acs1A IMS0483 This study
acs2/A:{PDHL} sgalA:{CARN} ach1A

IMW082 MATa caniA:cas9-natNT2 acs1A IMS0483 This §tudy
acs2A:{PDHL} sga1A:{CARN} pdalA

IMX847 MATa cani1A::cas9-natNT2 acs1A IMX745 This §tudy
acs2A:{PDHL} sgalA:{CARN} MCT17641G

IMX849 MATa cani1A::cas9-natNT2 acs1A IMX745 This §tudy
acs2A:{PDHL} sgalA:{CARN} RTG29%05T

IMX852 MATa can1A::cas9-natNT2 acsIA IMX745 This $tudy
acs2A:{PDHL} sgalA:{CARN} MCT17641G
RTG26503T

IMX907 MATa cani1A::cas9-natNT2 acs1A IMX745 This $tudy

acs2A:{PDHL} sgalA:{CARN,
PADHI-YAT2C1736}

IMX909 MATa cani1A::cas9-natNT2 acs1A IMX847 This study
acs2A:{PDHL} sgalA:{CARN,
PADHI-YAT2C1730%) MCT17641C

IMX911 MATa caniA:cas9-natNT2 acs1A IMX849 This study
acs2A:{PDHL} sgalA:{CARN,
PADHI-YAT2¢1736y RTG26503T

IMX913 MATa caniA:cas9-natNT2 acs1A IMX852 This §tudy
acs2/A:{PDHL} sgal1A:{CARN,
PADHI-YAT2C1736G) MCT17041G RTG26503T

IMX932 MATa cani1A::cas9-natNT2 acs1A IMX3852 This §tudy
acs2A:{PDHL} sga1A:{CARN,yat2A}
MCT1 T641G RTG2G503T

IMX933 MATa can1A::cas9-natNT2 acs1A IMX909 This $tudy

acs2A:{PDHL} sga1A:{CARN,
PADH1-YAT2C1736)y MCT1T#1C rigan

IMX934 MATa caniA::cas9-natNT2 acs1A IMX911 This $tudy
acs2A:{PDHL} sgalA:{CARN,
PADHI-YAT2C1730} mct1A RTG26503T

IMX923 MATa can1A::cas9-natNT2 IMX585 This study
sgalA:pADH1-YAT2-tYAT2
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Name Relevant genotype? Parental Origin
strain(s)
IMX925 MATa cani1A::cas9-natNT2 IMX585 This $tudy
sgalA:pADHI-YAT2“17C tYAT2
CEN.PK122 MATa/ MATo P. Kotter
CEN.PK194-2C  MATa cat2A::loxP-KanMX4-loxP CEN.PK122 This $tudy
CEN.PK196-2C ~ MATa yat1A::loxP-KanMX4-loxP CEN.PK122 This study
CEN.PK215-4A  MATa cat2A::loxP-KanMX4-loxP CEN.PK194-2C  This $tudy
yat1A::loxP-KanMX4-loxP x
CEN.PK196-2C
CEN.PK113-5D  MATa ura3-52 P. Kotter
IME140 MATa ura3-52 pA26GPD (2 pm ori URA3) ~ CEN.PK113-5D  (166)
IME320 MATa ura3-52 pUDE390 (2 pm ori URA3 CEN.PK113-5D  This §tudy
PADHI1-YAT2-tYAT2)
IME321 MATa ura3-52 pUDE391 (2 pm ori URA3 CEN.PK113-5D  This $tudy
PADHI-YAT2C1 736 tYAT2)
IME233 MATa ura3-52 pUDE336 (2 pm ori URA3 CEN.PK113-5D  This §tudy

pTDH3-CAT2-Hisg-tCYCI)
aThe RTG2°°%T mutation translates into a Rtg2"™ 8L protein, MCT17#C in M&1M21*W and
YAT2¢173Y in Yat2P58R
YPDHL}, PDH E. faecalis, pADH1-aceF-tPGI1 pPGI1-IplA2-tPYK1 pPGK 1-IplA-tPMA1
pTDH3-pdhB-tCYC1 pTEF1-lpd-tADH1 pTPI1-pdhA-tTEF1
¢{CARN}, pTDH3-AGP2-tAGP2 pPGK1-HNM1-tHNM1 pADH1-YAT2-tYAT2 pPGI1-YAT1-tYAT1
pTPI1-CRC1-tCRC1 pTEF1-CAT2-tCAT2

Enzyme activities in cell extracts of §train IMX745 showed a carnitine acetyltrans-
ferase (CAT) activity of 3.2 £ 0.1 pmol-(mg protein)*-min™', while activities in ex-
tracts of the parental $train IMX719 (acsIA acs2A:{PDHL}) and of the reference $train
IMX585 (ACS1 ACS2) were below the detection limit of the assay (< 0.01 pmol-(mg
protein)™*-min™"). Growth of $train IMX745 was not observed when lipoic acid was re-
placed by L-carnitine or when both growth factors were omitted from the glucose syn-
thetic medium (Figure 5.3). This result demonstrated that, even when constitutively ex-
pressed, the S. cerevisiae carnitine shuttle cannot export acetyl units from mitochondria
at a rate that is sufficient to meet cytosolic acetyl-CoA requirements in an acsiIA acs2A
Strain background.

5.3.2  Laboratory evolution yields mutants in which the carnitine shuttle provides cytosolic
acetyl-CoA.

To investigate whether laboratory evolution can enable the carnitine shuttle to sup-
port export of acetyl units from the mitochondrial matrix, a laboratory evolution ex-
periment was $tarted with Strain IMX745 (Acs™ {PDHL} {CARN}) by starting two inde-
pendent shake-flask cultures on synthetic medium with 20 g-L™* glucose and 400 mg-L™*
L-carnitine (Figure 5.2C). Following two weeks of incubation, growth was observed in
both shake flasks and after 6 to 7 subsequent transfers (corresponding to ca. 70 genera-
tions) single-cell lines were isolated from each experiment, resulting in strains IMS0482
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Figure 5.2. Conétruction of a lipoic-acid-dependent, carnitine-shuttle-constitutive S. cerevisiae $train and its
laboratory evolution for lipoic-acid-independent, carnitine-dependent growth. A In a previous $tudy (200), the
{PDHL} cluster, consisting of 6 cassettes required for cytosolic expression of a functional Enterococcus faecalis
pyruvate-dehydrogenase complex and flanked by 60 bp sequences was assembled in vivo via homologous
recombination (indicated with black crosses) and introduced in ACS2 after introduction of a Cas9-induced
double-$trand break. ACSI was removed using a 120 bp DNA repair fragment (figure adapted from (200)).
B In this §train, the {CARN} cluster, consisting of 6 cassettes for conétitutive expression of carnitine-shuttle
genes, was similarly in vivo assembled and introduced into the SGA1 locus, resulting in §train IMX745 (acs1A
acs2A:{PDHL} sgalA:{CARN}). Activity of the E. faecalis PDH in the yeast cytosol is lipoic-acid dependent
(167). C As §train IMX745 did not show L-carnitine-dependent growth when lipoic acid was omitted from
growth media, an evolution experiment was initiated using synthetic medium with 20 g-L™* glucose (SMD)
and 400 mg-L™ L-carnitine.

and IMS0483. These evolved S$trains readily grew on glucose synthetic medium supple-
mented with either lipoic acid or 1-carnitine, but did not grow when both compounds
were omitted from the medium (Figure 5.3). In shake-flask cultures on glucose synthetic
medium, addition of L-carnitine supported specific growth rates of 0.14 h™* (IMS0482) and
0.10 h™ (IMS0483) (Table 5.2). When the synthetic gene cluster encoding the E. faecalis
PDH complex {PDHL} was removed from the evolved $trains, growth of the resulting
Strains on glucose could no longer be supported by lipoic-acid addition and, instead,
became uniquely dependent on r-carnitine (Figure 5.4). Conversely, deletion of the six
carnitine-shuttle expression cassettes {CARN} from the evolved $trains abolished their
L-carnitine-dependent growth, leaving the $trains uniquely dependent on lipoic acid
(Figure 5.4). Together, these results unequivocally show that, in the evolved $trains, ex-
port of the acetyl moiety of mitochondrially produced acetyl-CoA via the constitutively
expressed carnitine shuttle supported cytosolic acetyl-CoA provision (Figure 5.1C).
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Figure 5.3. Growth on glucose of S. cerevisiae $trains in the presence and absence of lipoic acid and L-carnitine.
S. cerevisiae $trains were pre-grown in shake flasks on synthetic medium with 20 g-L™ glucose ($train IMX585),
supplemented with lipoic acid (§train IMX745) or L-carnitine ($trains IMS0482 and IMS0483) and spotted on
glucose synthetic medium plates without lipoic acid or L-carnitine (left panel), with lipoic acid (middle panel)
and with r-carnitine (right panel). Plates were incubated for 100 h at 30 °C. Relevant §train descriptions are
given in the figure.

Table 5.2. Specific growth rates of different acsIA acs2A S. cerevisiae $trains on glucose in the presence of
L-carnitine. Acs™ S. cerevisiae §trains were grown on glucose synthetic medium lacking lipoic acid, thereby
blocking synthesis of cytosolic acetyl-CoA via heterologously expressed bacterial pyruvate dehydrogenase
complex. Strains were grown in shake flasks with 20 g-L™* glucose; media were supplemented with 40 mg-L™
L-carnitine. Data represent averages of two independent experiments for each $train. With the exception of
$train IMX909, which showed biphasic growth, the average deviation of the mean specific growth rate was <
0.01 h™ in all experiments.

Strain Short description®  Growth rate
(h™)

IMX745 Unevolved $train no growth?

IMS0482 Evolution line 1 0.14

IMS04383 Evolution line 2 0.10

IMX909 M&1L214V Rig2 0.10 — 0.06°
YatzPSSR

IMX913 MétH14W 0.14
RthWIGSL YatzPSSR

4All §trains harbour the {PDHL} and {CARN} gene sets.
Composition of these gene sets is described in the
Materials and methods section.

bGrowth was only observed in the presence of lipoic acid
(0.29h™).

¢Shake-flask cultures of $train IMX909 showed
decelerating growth rates from mid-exponential phase
onwards.

5.3.3  The mitochondrial PDH complex is the predominant source of acetyl-CoA in evolved,
L-carnitine-dependent acs1A acs2A Strains.

In S. cerevisiae, mitochondrial acetyl-CoA can be generated by the native, mitochondrial
PDH complex and by the mitochondrial succinyl-CoA:acetate CoA-transferase Ach1 (80,
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Figure 5.4. Growth on glucose of S. cerevisiae §trains in the presence and absence of lipoic acid and L-carnitine.
S. cerevisiae $trains were pre-grown in shake flasks on synthetic medium with 20 g-L™* glucose, supplemented
with lipoic acid ($trains IMW074 and IMW076) or L-carnitine (§trains IMW075 and IMW077) and spotted on
glucose synthetic medium plates without lipoic acid or L-carnitine (left panel), with lipoic acid (middle panel)
and with L-carnitine (right panel). Plates were incubated for 100 h at 30 °C. Relevant §train descriptions are
given in the figure.
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Figure 5.5. Growth on glucose of S. cerevisiae $trains in the presence of lipoic acid or L-carnitine. S. cerevisiae
$trains were pre-grown in shake flasks on synthetic medium with 20 g-L™* glucose, supplemented with lipoic
acid and spotted on glucose synthetic medium plates with lipoic acid (left panel) or with L-carnitine (right
panel). Plates were incubated for 100 h at 30 °C. Relevant $train descriptions are given in the figure.

244, 318). To study which of these reactions provided mitochondrial acetyl-CoA in the
evolved $trains IMS0482 and IMS0483, the mitochondrial PDH complex was inactivated
by deleting PDA1(245, 338) and Ach1 activity was abolished by disrupting ACH1. In both
evolved §trains, deletion of PDA1 abolished r-carnitine-dependent growth on glucose,
while ACH1 disruption did not have a detectable impact on growth (Figure 5.5). These
results demonstrate that, in glucose-grown batch cultures of the evolved strains, the S.
cerevisiae PDH complex is the predominant source of mitochondrial acetyl-CoA and, via
the constitutively expressed carnitine shuttle, of cytosolic acetyl-CoA.

129




130

REVERSAL OF THE CARNITINE SHUTTLE FOR CYTOSOLIC ACETYL-COA PROVISION IN YEAST

5.3.4 Whole-genome sequencing and reverse engineering of evolved L-carnitine-dependent
Strains.

To identify the mutations that enabled L-carnitine-dependent growth of the evolved
carnitine-dependent acsIA acs2A §trains, the genomes of §trains IMS0482 and IMS0483
(Acs™ {PDHL} {CARN}, isolated from evolution lines 1 and 2, respectively) and of their
parental $train IMX745 (Acs™ {PDHL} {CARN}) were sequenced. Analysis of single-
nucleotide changes and insertions/deletions (indels) in open-reading frames revealed
only three mutations in $train IMS0482 (evolution line 1) and four in $train IMS0483
(evolution line 2), relative to the parental $train (Table 5.3). Analysis of copy number
variations showed that $train IMS0482 carried a duplication of chromosome X (data not
shown). Chromosome X did not carry either of the two synthetic gene clusters, nor any
of three mutated genes. No copy-number variations relative to the parental §train were
detected in $train IMS0483.

Both evolved §trains carried mutations in MCT1, which is predicted to encode the mi-
tochondrial malonyl-CoA:ACP transferase that catalyzes the second $tep of mitochon-
drial fatty-acid synthesis (159, 250, 273). In IMS0482, the MCT17#1G mutation caused
an amino-acid change from leucine to tryptophan at position 214 and in IMS0483 a
MCT1%%°?T mutation caused a premature §top codon at position 98. Strain IMS0482 car-
ried an additional mutation in RTG2, which resulted in a W168L amino-acid change. Rtg2
is involved in communication between mitochondria and nucleus and deletion of RTG2
negatively affects activity of citrate synthase (oxaloacetate + acetyl-CoA + H,O — cit-
rate + CoA; (189, 283)). A third mutation in $train IMS0482 was found in the introduced
expression cassette for YAT2, which has been reported to encode a cytosolic carnitine
acetyltransferase (305) and caused a P58R amino-acid change in the evolved §train. In
Strain IMS0483, the abovementioned MCT1°?*’T mutation was accompanied by single-
nucleotide changes in the coding regions of RPO21 and STB2 and a deletion of either
HXTé6 or HXT7. Since the protein produéts of these three genes did not show an obvi-
ous relation with mitochondrial metabolism (Table 5.3), further analysis was focused on
the mutations found in $train IMS0482 which, moreover, exhibited the highest specific
growth rate on glucose of the two evolved $trains (Table 5.2).

5.3.5 Mutations in MCT1, RTG1 and YAT?2 together enable in vivo reversal of the mito-
chondrial carnitine shuttle.

To investigate their biological relevance, the three mutations found in evolved S$train
IMS0482 were introduced individually and in different combinations into the non-
evolved parental §train IMX745 (Acs™ {PDHL} {CARN}). As expected, all resulting $trains
grew on synthetic medium with glucose and lipoic acid. However, on solid medium, only
Strains IMX909 (M&1-214W Rig2 Yat2P>®R) and IMX913 (M¢t11214W RigaW168L y,oP58R)
showed L-carnitine-dependent growth (Figure 5.6), suggesting that both M&1-214W and
Yat2P?8R were essential for the acquired phenotype. On spot plates, no clear impaét of
the mutation in RTG2 was observed after 100 h of incubation (Figure 5.6). For a quanti-
tative analysis of the impact of the Rtg2"V 18l mutation on specific growth rates, trains
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Table 5.3. Mutations in evolved S. cerevisiae $trains with L-carnitine-dependent provision of cytosolic acetyl-
CoA. Mutations in the open-reading frames of the laboratory-evolved §trains IMS0482 and IMS0483 were iden-
tified by comparing whole genome sequence data to those of the unevolved parental $train IMX745. Descrip-
tions of gene function were obtained from the Saccharomyces Genome Database website (45).

Gene Nu- Amino Description
cleotide acid
change change
IMS0482
RTG2 G503T W168L Sensor of mitochondrial dysfunction; regu-

lates the subcellular location of Rtglp and
Rtg3p, transcriptional activators of the retro-
grade (RTG) and TOR pathways; Rtg2p is in-
hibited by the phosphorylated form of Mks1p

MCT1 T641G L214W Predi¢ted malonyl-CoA:ACP transferase; pu-
tative component of a type-II mitochondrial
fatty acid synthase that produces intermedi-
ates for phospholipid remodeling

YAT2 C173G P58R Carnitine acetyltransferase; has similarity
to Yatlp, which is a carnitine acetyltrans-
ferase associated with the mitochondrial
outer membrane

IMSo0483

RPO21 A2507G Y836C RNA polymerase II largest subunit B220;
part of central core; phosphorylation of C-
terminal heptapeptide repeat domain regu-
lates association with transcription and splic-
ing factors; similar to bacterial beta-prime

HXT6 or HXT7  gene deletion High-affinity glucose transporter; member of
the major facilitator superfamily, nearly iden-
tical to Hxt7p, expressed at high basal levels
relative to other HXTs, repression of expres-
sion by high glucose requires SNF3;

STB2 C1073A P358Q Protein that intera¢ts with Sin3p in a two-
hybrid assay; part of a large protein complex
with Sin3p and Stblp; STB2 has a paralog,
STB6, that arose from the whole genome du-
plication

MCT1 C292T Q98* Predi¢ted malonyl-CoA:ACP transferase; pu-
tative component of a type-II mitochondrial
fatty acid synthase that produces intermedi-
ates for phospholipid remodeling

IMX909 (Mt 1214W Rtg2 Yat2P?8R) and IMX913 (Mét1-214W RigaW168L yat2P38R) were
grown in shake-flask cultures on synthetic medium with glucose and r-carnitine (Ta-
ble 5.2; Figure 5.7). Strain IMX909 showed decelerating exponential growth profile with
growth rates of 0.10 h™ - 0.06 h™, while $train IMX913 exhibited monophasic exponen-
tial growth at a specific growth rate of 0.14 h™', which resembled the specific growth
rate of evolved $train IMS0482 (Figure 5.7). This result showed that all three mutations
in the laboratory-evolved $train IMS0482 contributed to its acquired phenotype. Expo-
nentially growing cultures of the reverse engineered strain IMX913 on synthetic medium
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Figure 5.6. Growth on glucose of S. cerevisiae $trains in the presence of lipoic acid or L-carnitine. S. cerevisiae
$trains were pre-grown in shake flasks on synthetic medium with 20 g-L™* glucose, supplemented with lipoic
acid and spotted on glucose synthetic medium plates with lipoic acid (left panel) or with L-carnitine (right
panel). Plates were incubated for 100 h at 30 °C. Relevant $train descriptions are given in the figure.

with glucose and 1-carnitine exhibited a high viability (> 99 %), resembling that of the
reference $train IMX585.

To investigate whether the mutations in MCT1, RTG2 and YAT?Z, acquired by $train
IMS0482 during laboratory evolution, might have caused a complete loss of function,
three Acs™ {PDHL} {CARN} §trains were constructed in which deletion of one of the
three genes was combined with the acquired point mutations of the remaining two
genes. The resulting three §trains IMX932, IMX933 and IMX934 all showed growth af-
ter 100 h incubation on solid medium with glucose and lipoic acid (Figure 5.6). How-
ever, §trains IMX934 (Acs™ {PDHL} {CARN, Yat2">®%} mcr1A Rtg2W1o8h) and IMX932
(Acs™ {PDHL} {CARN,yat2A} Mét1214W RtgaW168Ly were unable to grow on medium
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Figure 5.7. Growth curves of S. cerevisiae trains IMX585 (Acs™ reference), IMX745 (Acs™ {PDHL} {CARN}),
IMS0482 (Acs™ {PDHL} {CARN}, evolution line 1), IMX909 (Acs™ {PDHL} {CARN,pADH1-YAT2C173%} MCT176416)
and IMX913 (Acs™ {PDHL} {CARN,pADH1-YAT251736} MCT1741¢ RTG26593T) on glucose synthetic medium with
or without L-carnitine. All §trains were pre-grown in liquid synthetic medium with 20 g-L™* glucose and lipoic
acid, washed with synthetic medium and transferred to new shake flasks with synthetic medium, 20 g-L™*
glucose. A Cultures supplemented with L-carnitine, B cultures without L-carnitine. The indicated averages and
mean deviations are from single shake flask experiments that are quantitatively representatives of duplicate
experiments.

with L-carnitine, while §train IMX933 (Acs™ {PDHL} {CARN,Yat2P>8R} M 11214 rtg2A)
did show L-carnitine-dependent growth (Figure 5.6). This result indicated that the
amino-acid changes in the M&1:2"*W and Yat2P*®R variants did not result in com-
plete loss of function. Interestingly, the genetic context of the other evolved Strain
IMS0483, in which MCTI contained a premature §top codon, did appear to enable
carnitine-dependent growth in the absence of a functional M¢t1 protein. The slightly
lower L-carnitine-dependent growth of §train IMX933 (Acs™ {PDHL} {CARN, Yat2P%8R}
M&124W 1492A) as compared to a congenic §train expressing the mutant Rtg2V168L
variant, suggests that this amino acid change does not lead to a completely non-
functional protein.

5.3.6 Enzyme assays do not confirm carnitine-acetyltransferase activity of Yat2.

The prior classification of Yat2 as a cytosolic carnitine acetyltransferase was based on
its homology with other carnitine-acetyltransferase genes and on a reported 50 % de-
crease of carnitine-acetyltransferase activity (not normalized for protein content) in cell
extracts of ethanol-grown cultures of a yat2A $train (84, 129, 159, 305). To compare
carnitine-acetyltransferase activities of Yat2 and Yat2P**R, YAT2 and YAT2¢'73C genes
under control of the constitutive ADHI promoter were introduced in reference genetic
backgrounds. Since the native YATI, YAT2 and CAT2 carnitine acetyltransferases are
repressed by glucose, enzyme assays on cell extracts of glucose-grown batch cultures
should only reflect activity of these constitutively expressed YAT2 genes. Surprisingly,
no detectable (< 0.01 pmol-(mg protein) ™ -min™") carnitine-acetyltransferase activity was
found in such experiments with strains expressing the wild-type or evolved alleles of
YAT2 from single-copy or multi-copy, pADH1-controlled expression cassettes (Table 5.4).
The same negative results were obtained with the carnitine-acetyltransferase assay pro-
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Table 5.4. Specific carnitine-acetyltransferase activities in cell extraéts of S. cerevisiae $trains. Strains were
grown in shake flasks containing synthetic medium with either 20 g-L™* glucose or 2% (v/v) ethanol as carbon
source and harvested in mid-exponential phase. Carnitine-acetyltransferase activities in cell extraéts were
obtained from duplicate growth experiments and shown as average + mean deviation. The detection limit of
the enzyme assay was 0.01 pmol-(mg protein-min)™.

Strain Short description Carbon Carnitine-
source acetyltransferase
medium activity

(umol-(mg
protein)*-min™")
IMX585 reference §train glucose B.D.
IMX868 {CARN}? glucose 2.69 £ 0.51
IMX923 sgalA:pADHI1-YAT2 glucose B.D.
IMX925 sgalA:pADHI-YAT2C173C glucose B.D.
IME140 empty multi-copy plasmid glucose B.D.
IME320 multi-copy plasmid pADHI-YAT2 glucose B.D.
IME321 multi-copy plasmid pADHI-YAT2€77%¢  glucose B.D.
IME233 multi-copy plasmid pTDH3-CAT2 glucose 4.24 £ 0.52
CEN.PK113-7D  CAT2 YAT1 YAT2 ethanol 1.75 £ 0.02
CEN.PK215-4A  cat2A yat1A YAT2 ethanol B.D.
IMX745 {CARN} glucose 3.19 £ 0.14
IMS0482 {CARN} evolution line 1 glucose 2.39 £ 0.05
IMX852 {CARN,pADHI-YAT2} MCT17641G glucose 2.92 +0.73
RTGZGSO3T

IMX913 {CARN,pADHI-YAT2C17% MCTI™*1G  glucose 3.11 +0.71
RTG2G503T

IMX932 {CARN, yat2A} MCT17641G RTG20%03T glucose 2.82 + 0.44

2Composition of the {CARN} gene set is described in the Materials and methods section.

cedure described by Swiegers et al. (305). In contrast, strains IMX868 (sgalA:{CARN})
and IME233 (multi-copy plasmid with constitutively expressed CAT2) showed high ac-
tivities (Table 5.4). To exclude the theoretical possibility that Yat2 is subjeét to glucose-
catabolite inactivation, a yatIA cat2A YAT2 $train (CEN.PK215-4A) was con$tructed
and subsequently tested under glucose-derepressed, respiratory growth conditions.
However, also in ethanol-grown cultures of this $train the Yat2-dependent carnitine-
acetyltransferase activity remained below the detection limit. Under the same condi-
tions, the reference $train CEN.PK113-7D showed a carnitine-acetyltransferase activity
of 1.75 pmol-(mg protein)™*-min™" (Table 5.4).

Possible explanations for our inability to dete¢t Yat2-dependent -carnitine-
acetyltransferase activity include: (i) Yat2 is only active within a heteromeric complex
with another carnitine acetyltransferase; (ii) Yat2 is a catalytically inactive regulator
of other carnitine acetyltransferases, and (iii) assay conditions and/or Yat2 protein
instability preclude accurate measurement of in vitro Yat2 carnitine-acetyltransferase
activity. In the fir§t two scenarios, the mutated form of Yat2 might §till show a detectable
impact on total carnitine-acetyltransferase activity. However, while enzyme assays on
cell extracts of $trains IMX745 ({PDHL} {CARN}), IMS0482 ({PDHL} {CARN} evolution
line 1), IMX852 ({PDHL} {CARN, Yat2} M 1214V RtgaW168L) 1MX913 ({PDHL} {CARN,
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Yat2P8R) M@ 18214W RigaW168Ly and IMX932 ({PDHL} {CARN, yat2A} Mét 1214V
Rtg2V168Ly al] showed substantial carnitine-acetyltransferase activities, these did not
show marked differences between the various $trains (Table 5.4).

5.4 DiscussioN
5.4.1 Requirements for reversal of the mitochondrial carnitine shuttle

To our knowledge, this study is the first to demonstrate that the carnitine shuttle can con-
nedt the mitochondrial acetyl-CoA pool to cytosolic, acetyl-CoA-consuming pathways
in a eukaryote. Three requirements had to be met to enable export of acetyl units from
mitochondria of glucose-grown S. cerevisiae. L-Carnitine, which cannot be synthesized
by S. cerevisiae (257, 305), needed to be added to growth media. Furthermore, glucose re-
pression of key genes encoding carnitine-shuttle proteins had to be circumvented, which
in this study was done by expression from constitutive promoters. While these first two
criteria also have to be met to enable the carnitine shuttle to effectively import acetyl
units into mitochondria (15, 257, 305, 318), its operation in the reverse direction addi-
tionally required mutations in the yeast genome.

Single-amino-acid changes in three proteins (Mé&t1-214W Rtg2aW168L and Yat2PR) to-
gether enabled export of acetyl-units from mitochondria via a constitutively expressed
carnitine shuttle. M1 is predicted to encode mitochondrial malonyl-CoA:ACP trans-
ferase (273), which is required for mitochondrial fatty-acid synthesis. This process uses
mitochondrial acetyl-CoA as a precursor and might therefore compete for this sub-
Strate with the carnitine shuttle. Rather than acetyl-CoA itself, M¢t1 uses malonyl-CoA,
formed by the mitochondrial acetyl-CoA carboxylase Hfal (121), as a substrate. Inhibi-
tion of Hfal by malonyl-CoA, a property shared by several acetyl-CoA carboxylases (49,
148), could decrease its ability to compete for acetyl-CoA when M1 functions subopti-
mally. Rtg2, a sensor protein involved in the retrograde regulation pathway for nuclear-
mitochondrial communication (189), was previously shown to affect levels of mitochon-
drial citrate synthase (283), which also uses mitochondrial acetyl-CoA as a sub$trate. We
therefore propose that, in the evolved §trains, mutations in MCT1and RTG2 improved the
driving force and/or kinetics of the export of acetyl units via the mitochondrial carnitine
shuttle by negatively affecting pathways that compete for its substrate, intramitochon-
drial acetyl-CoA.

Mutations in mitochondrial lipid synthesis were previously shown to affect carnitine-
shuttle activity in human cells. When mitochondrial B-oxidation of fatty acids in hu-
man cells is compromised, acyl-carnitines are exported from the mitochondria to the
cytosol and can even be found in blood plasma (234, 330). Especially when yeast
carnitine-shuttle genes can be functionally replaced by their human orthologs (132), the
L-carnitine-dependent $trains described in this study provide interesting platforms for
Studying the role of the carnitine shuttle in healthy and diseased human cells. Many eu-
karyotes use a citrate-oxaloacetate shuttle, consisting of mitochondrial citrate synthase,
a mitochondrial citrate transporter and cytosolic ATP-dependent citrate lyase, for ex-
port of acetyl units from their mitochondria (20, 26, 131). Conversion of mitochondrial
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acetyl-CoA to acetate, followed by its export and cytosolic ATP-dependent activation
to acetyl-CoA, occurs in Trypanosoma brucei (253). The latter mechanism also supports
slow growth of pyruvate-decarboxylase-negative S. cerevisiae mutants, which cannot
use the PDH bypass for cytosolic acetyl-CoA synthesis (44). The ATP requirement of
these naturally occurring acetyl-CoA shuttles is consistent with our hypothesis that in
vivo concentrations of acetyl-CoA in cytosol and mitochondria of wild-type yeast cells
do not allow outward translocation of acetyl units via the energy-independent carnitine
shuttle. Quantification of trade-offs between ATP-efficiency and in vivo kinetics of cy-
tosolic acetyl-CoA provision via different pathways requires analysis of mitochondrial
and cytosolic acetyl-CoA pools in wild-type and engineered $trains. Such Studies will,
however, have to await development of techniques for accurate measurement of acetyl-
CoA concentrations in different cellular compartments.

YAT2, the third gene in which a point mutation stimulated carnitine-dependent
growth of acsIA acs2A $trains, was reported to encode a carnitine acetyltransferase
(305). Yat2 shows sub$tantial sequence identity with the two other yeast carnitine-
acetyltransferases (28% and 22% amino acid sequence identity with Yatl and Cat2, re-
spectively (337)). However, Yat2 is substantially longer than Yat1 and Cat2, by 236 and
253 amino acids, respectively and its 169 amino-acid C-terminal sequence is only con-
served in some closely related orthologs within the Saccharomycetaceae (127). The mu-
tation in YATZ is intriguing because Cat2 (active in the mitochondrial and peroxisomal
matrices) and Yat1 (active in the cytosol) should in theory suffice to form a functional
mitochondrial carnitine shuttle. Prompted by its essential role in reversal of the mito-
chondrial carnitine shuttle in evolved §train IMS0482, we sought to compare enzyme
kinetics of wild-type Yat2 and Yat2P>®R, Our inability to detec activity of either Yat2 iso-
form in cell extrats does not rule out that these proteins are carnitine acetyltransferases.
Combined with the impat of a mutation in YAT2 on in vivo carnitine-shuttle activity,
this result underlines the need for further biochemical characterization of Yat2.

5.4.2 (Energetic) implications of the carnitine shuttle in cytosolic acetyl-CoA provision for
biotechnological applications.

In the native S. cerevisiae pathway for cytosolic acetyl-CoA synthesis, cytosolic acetate is
activated by the Acs1 and/or Acs2 acetyl-CoA synthetases (14, 142, 244, 306). This activa-
tion involves hydrolysis of ATP to AMP and pyrophosphate which, when pyrophosphate
is subsequently hydrolyzed to inorganic phosphate, is equivalent to the hydrolysis of 2
moles of ATP to ADP and inorganic phosphate. Cytosolic acetyl-CoA is an important pre-
cursor for many industrially relevant compounds and much effort has been invested in
metabolic engineering of alternative, more ATP-efficient pathways for cytosolic acetyl-
CoA supply into S. cerevisiae. Examples of such $trategies include cytosolic expression of
heterologous phosphoketolase and phosphotransacetylase, acetylating acetaldehyde de-
hydrogenase, pyruvate-formate lyase and a heterologous pyruvate-dehydrogenase com-
plex (166, 167, 291). The present study demonstrates that reversal of the mitochondrial
carnitine shuttle can directly link acetyl-CoA synthesis via the mitochondrial PDH com-
plex, the predominant source of acetyl-CoA in aerobic, glucose-grown S. cerevisiae cul-
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tures (245), to provision of cytosolic acetyl-CoA. The low specific growth rates of the
evolved and reverse engineered L-carnitine-dependent §trains indicate that this novel
Strategy for engineering cytosolic acetyl-CoA provision in S. cerevisiae requires opti-
mization before industrial implementation can be considered. Progress in this direc-
tion would provide a §trong incentive to engineer a complete L-carnitine biosynthesis
pathway in S. cerevisiae. Despite recent advances (83), synthesis of the key precursor
trimethyl-lysine in S. cerevisiae remains an important metabolic engineering challenge.

Export of acetyl units from mitochondria via the carnitine shuttle may also be rele-
vant for eukaryotic cell factories other than S. cerevisiae. Oleaginous eukaryotes such
as the yeast Yarrowia lipolytica employ the mitochondrial PDH complex and a citrate-
oxaloacetate shuttle to provide cytosolic acetyl-CoA for lipid synthesis (20, 192). The
citrate-oxaloacetate shuttle requires 1 ATP for each molecule of mitochondrial pyru-
vate converted into cytosolic acetyl-CoA. Eliminating this ATP requirement could fur-
ther improve the ATP-efficiency of lipid synthesis and, consequently, the lipid yield in
oleaginous eukaryotes.

5.5 OUTLOOK

By demonstrating in vivo reversibility of mitochondrial carnitine shuttle, a ubiqui-
tous mechanism in eukaryotes, this Study provides new leads for investigating and
understanding the role of this shuttle in yea$t and other eukaryotes. The ‘switchable’
L-carnitine-dependent yeast §trains described here provide valuable experimental plat-
forms for functional analysis of the native yeast carnitine shuttle, for heterologous com-
plementation $tudies on carnitine-shuttle components from other eukaryotes and for
engineering of a complete L-carnitine biosynthesis pathway into S. cerevisiae (83). After
further optimization of the kinetics, the ‘reverse’ mitochondrial carnitine shuttle offers
a potential new §trategy for energetically efficient synthesis of cytosolic acetyl-CoA as a
precursor for a wide range of biotechnologically relevant compounds by eukaryotic cell
factories.
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SUPPLEMENTARY MATERIALS

Table S5.1. GuideRNA plasmids used in this study. For amplification of the double guideRNA cassette, a pROS
plasmid (200) was used as a template with the primer(s) as indicated.

Plasmid Target(s) Target sequence(s) Template Relevant
backbone  primer(s)
pUDR047 PDA1 TACCGGGATCAGACATAGAATGG  pROS12 5794
pUDRO72  LplA1 AGAAACGATTTGTTGATTGACGG ~ pROS13 8016
pUDRO73  pADHI-YAT2*  ATCTCATATACAATGTCAAGCGG pROS13 8014
pUDRO78 RTG2 GCGGTAGTACTCAGTTATCATGG  pROS13 8427
pUDRO79 RTG2, GCGGTAGTACTCAGTTATCATGG  pROS13 8427,
MCT1 TAAGAACAGAATTGAACCTAAGG 8413
pUDRO080 MCT1 TAAGAACAGAATTGAACCTAAGG  pROS13 8413
pUDRO085 ACH1 CGAGGCAACGGCCATTAAAGAGG  pROS13 6159
pUDR105 Synthetic TGTAGAATTTCACCTAGACGTGG  pROS12 8558
CRISPRR site
pUDRI11 9> SGAI ATTGACCACTGGAATTCTTCCGG  pROS11

4Target sequence is at the junction of ADHI promoter and YAT2 ORF
bConstruted earlier, see (318)

Table S5.2. Primers used in this study.

Number Name Sequence 5’ — 3’

Primers for guideRNA cassette construction

6005 p426 CRISP rv GATCATTTATCTTTCACTGCGGAGAAG

5794 pCAS?9 target pdal fw TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGT
GAAAGATAAATGATCTACCGGGATCAGACATAGAA
GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC
TAGTCCGTTATCAAC

6159 ACH1 gRNA GTGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAG
TGAAAGATAAATGATCCGAGGCAACGGCCATTAAA
GGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAG

8016 LplA1l target RNAFW  TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGT
GAAAGATAAATGATCAGAAACGATTTGTTGATTGA
GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAG

8014 pADH1-YAT?2 TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGT
target RNA FW GAAAGATAAATGATCATCTCATATACAATGTCAAG
GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAG
8427 RTG2_targetRNA FW TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGT
Rsal GAAAGATAAATGATCGCGGTAGTACTCAGTTATCA
GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAG
8413 MCT1_targetRNA- TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGT
L214W FW GAAAGATAAATGATCTAAGAACAGAATTGAACCTA
EcoRI GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAG
8558 CRISPRR target gRNA TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGT

GAAAGATAAATGATCTGTAGAATTTCACCTAGACG
GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAG
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Number Name

Sequence 5° — 3’

CRISPR acs2A locus
7349 ACS2_repair oligo rv
7350 ACS2_repair oligo fw
CRISPR sgaiA locus
8012 SGA1_repair oligo fw
8013 SGA1_repair oligo rv

AAAATAGAAAACAGAAAAGGAGCGAAATTTTATCT
CATTACGAAATTTTTCTCATTTAAGATTTTATTAT
TGTATTGATTTACTTTCCTGTATTCTGTTTGTGTA
TAACAATCACTAACC

GGTTAGTGATTGTTATACACAAACAGAATACAGGA
AAGTAAATCAATACAATAATAAAATCTTAAATGAG
AAAAATTTCGTAATGAGATAAAATTTCGCTCCTTT
TCTGTTTTCTATTTT

ATTTACAATATAGTGATAATCGTGGACTAGAGCAA
GATTTCAAATAAGTAACAGCAGCAAACAAAAAAAA
ATAAAAGAAAAGCGAGAAGTATACACAAGTGTATT
TCCTAGATATTTACA

TGTAAATATCTAGGAAATACACTTGTGTATACTTC
TCGCTTTTCTTTTATTTTTTTTTGTTTGCTGCTGT
TACTTATTTGAAATCTTGCTCTAGTCCACGATTAT
CACTATATTGTAAAT

CRISPR MCT17%41G mutation and MCT1 deletion

8417 MCT1_repair oligo
L214W fw

8418 MCT1_repair oligo
L214W rv

8415 MCT1_repair oligo fw

8416 MCT1_repair oligo rv

GTAAAGCAATGTGTAGTCACCGGTCTGGTTGATGA
TTTAGAGTCCTTAAGAACAGAATGGAACCTAAGGT
TCCCGCGTTTAAGAATTACAGAATTAACTAACCCA
TACAACATCCCCTTC

GAAGGGGATGTTGTATGGGTTAGTTAATTCTGTAA
TTCTTAAACGCGGGAACCTTAGGTTCCATTCTGTT
CTTAAGGACTCTAAATCATCAACCAGACCGGTGAC
TACACATTGCTTTAC

AGGGTAGTAACAAAGCGTTTTGCACTTTTCTGATC
GTGGTACACATATATAAGCGTTTGTGAAAGAGATC
AAAACTGCGAACTCTCTCCACTCCCAGTCTGTGCT
TCTACGCATTCATTG

CAATGAATGCGTAGAAGCACAGACTGGGAGTGGAG
AGAGTTCGCAGTTTTGATCTCTTTCACAAACGCTT
ATATATGTGTACCACGATCAGAAAAGTGCAAAACG
CTTTGTTACTACCCT

CRISPR RTG2%%T mutation and RTG2 deletion

8430 RTG2_repair oligo
W168L fw

8431 RTG2_repair oligo
W168L rv

CATTTAATACAGTAAGAGGTCTATATCTAGATGTG
GCAGGCGGTAGTACTCAGTTATCATTGGTAATAAG
CTCGCACGGAGAAGTCAAGCAATCCAGCAAACCTG
TATCTTTGCCATATG

CATATGGCAAAGATACAGGTTTGCTGGATTGCTTG
ACTTCTCCGTGCGAGCTTATTACCAATGATAACTG
AGTACTACCGCCTGCCACATCTAGATATAGACCTC
TTACTGTATTAAATG
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Number Name

Sequence 5’ — 3’

8428 RTG2_repair oligo fw

8429 RTG2_repair oligo rv

ACTCTTGGAAGTGTCCTTTACTAAGGATTGTTTTG
AACGAAAAGTGTAGGCGTGCCACAAAGACATCTAG
TCTTTAAATACTTGAACAATAAATACGAAATCCTT
ATATAAGCATCTTTT

AAAAGATGCTTATATAAGGATTTCGTATTTATTGT
TCAAGTATTTAAAGACTAGATGTCTTTGTGGCACG
CCTACACTTTTCGTTCAAAACAATCCTTAGTAAAG
GACACTTCCAAGAGT

CRISPR pADH1-yat2(-11,174)::CRISPRR site incorporation and YAT2 deletion

8621 YAT?2 repair oligo
CRISPRR fw

8622 YAT?2 repair oligo
CRISPRR rv

8874 pADH1-YAT?2 repair
oligo fw

8875 pADH1-YAT?2 repair
oligo rv

CRISPR PDA1 deletion

6157 PDA1 repair fw

6158 PDA1 repair rv

CRISPR ACHI1 deletion

6160 ACHI repair fw

6161 ACHI1 repair rv

Marker cassette CAT2 deletion
9237 CAT2-S1

GTTTCTTTTTCTGCACAATATTTCAAGCTATACCA
AGCATACAATCAACTAGTAGAATTTCACCTAGACG
TGGGAACAAATTGAGAAGCTGTCATCCATAATAAG
AGATTTTGAAGAG
CTCTTCAAAATCTCTTATTATGGATGACAGCTTCT
CAATTTGTTCCCACGTCTAGGTGAAATTCTACTAG
TTGATTGTATGCTTGGTATAGCTTGAAATATTGTG
CAGAAAAAGAAAC
TTTCTTCCTTGTTTCTTTTTCTGCACAATATTTCA
AGCTATACCAAGCATACAATCAACTGAACGCTCTT
TGTTTATCTATTTATTACTAGCATTATGCGTAAGC
TTGGCGTGATGTGAT
ATCACATCACGCCAAGCTTACGCATAATGCTAGTA
ATAAATAGATAAACAAAGAGCGTTCAGTTGATTGT
ATGCTTGGTATAGCTTGAAATATTGTGCAGAAAAA
GAAACAAGGAAGAAA

TGTTTATCTCTCTTCTGATTCCTCCACCCCTTCCT
TACTCAACCGGGTAAATGTCGCATCTTAATCGTAA
GGAAAAATAAAATAATAGTGCTGTGATCGCATGAT
ATTCTTCCCTGGAAG

CTTCCAGGGAAGAATATCATGCGATCACAGCACTA
TTATTTTATTTTTCCTTACGATTAAGATGCGACAT
TTACCCGGTTGAGTAAGGAAGGGGTGGAGGAATCA
GAAGAGAGATAAACA

GACAATAGCGGCAAAACAAACAACACATTTCTTIT
TTTCTTTTTCACATATTGCACTAAATGTTTGTGCG
CAAACCGAGAGATGAGTATTTAAAAAAAAAAGAAA
GGAAATGATATGATT

AATCATATCATTTCCTTTCTTTTTTTTTTAAATAC
TCATCTCTCGGTTTGCGCACAAACATTTAGTGCAA
TATGTGAAAAAGAAAAAAAGAAATGTGTTGTTTGT
TTTGCCGCTATTGTC

ATGAGGATCTGTCATTCGAGAACTCTCTCAAACTT
AAAGGCAGCTGAAGCTTCGTACGC
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Number Name

Sequence 5’ — 3’

9238 CAT2-S2

Marker cassette YAT1 deletion
9239 YAT1-S1

9240 YAT1-S2

ATTGATATGCAGCCACTCGTTATTCAACATGTATG
CCAGTGCATAGGCCACTAGTGGATCTG

ATGCCAAACTTAAAGAGACTACCCATCCCGCCACT
GCAGGCAGCTGAAGCTTCGTACGC
GTAATCGTAGCCGGACAACAGGTATTTCATGTCTT
CTGATGCATAGGCCACTAGTGGATCTG

Primers for amplification of the YAT2C173C mutation

8618
8619

pADHI1 fw
YAT2 rv

CCTCGTCATTGTTCTCGTTC
GTTTAGATTGCAGCTTCTCAC

Primers for amplification of the pADH1-YAT2-tYAT2 cassettes

8647 tag C fw ol pSGA1
8648 tag J rv (ol tSGA1)
8902 tag J fw (ol pRS426)
8903 tag C rv (ol pRS426)

TTTACAATATAGTGATAATCGTGGACTAGAGCAAG
ATTTCAAATAAGTAACAGCAGCAAAACGTCTCACG
GATCGTATATGC
TATATTTGATGTAAATATCTAGGAAATACACTTGT
GTATACTTCTCGCTTTTCTTTTATTCGACGAGATG
CTCAGACTATG
CTATAGGGCGAATTGGGTACCGGGCCCCCCCCGAC
GAGATGCTCAGACTATG
GAACTAGTGGATCCCCCGGGCTGCAGGAATTACGT
CTCACGGATCGTATATG

Primers for amplification of CAT2 ORF and pRS426-pTDH3...tCYC1 plasmid

3627 pIDH3 rv

3921 tCYC1 fw (smaller)
5948 pRS426-CAT2 fw
5949 pRS426-CAT2 rv

Confirmation of PDA1 deletion

3146 ROSP031 DG PDA1
KO fw

3147 ROSP032 DG PDA1
KO rv

Confirmation of ACH1 deletion

3770 ACH1kocheck2f

3771 ACH1kocheck2r

Confirmation of sgalA locus
4223 SGA1 outside fw
4229 Sequence SGA1 2 rv
Confirmation of acs2A locus

TTTGTTTGTTTATGTGTGTTTATTCGAAAC
CAGGCCCCTTTTCCTTTG
TTTAAAACACCAAGAACTTAGTTTCGAATAAACAC
ACATAAACAAACAAAATGAGGATCTGTCATTCGAG
AAC
TAAGCGTGACATAACTAATTACATGATATCGACAA
AGGAAAAGGGGCCTGTCAGTGATGGTGGTGATGAT
GTAACTTTGCTTTTCGTTTATTCTCATTTTC

ATCGCGCGTGTACATGTC

GCGGCTATTTTCCGGTCTG

CGGGCTTACATTAGCACAC

GCAAGAAAAAACAACGCATTGG

CTTGGCTCTGGATCCGTTATCTG
TGGTCGACAGATACAATCCTGG

TACCCTATCCCGGGCGAAGAAC
CCGATATTCGGTAGCCGATTCC

GGATGTATGGGCTAAATGTACG

2618 acs2 Ctrl Fw

2619 acs2 KO Ctrl Rv
Confirmation of cat2A and yat1A loci
9091 K1-A

9092 K2

GTTTCATTTGATGCTCGATGAG
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Number Name Sequence 5° — 3’

9265 CAT2-A1 TTCACCTCTTCTCAACGCTG
9266 CAT2-A4 CAGGCGTACCACGAGATAG
9267 YAT1-A1 ACGATTACATACAAGATGAACG
9268 YAT1-A4 TTCGTTTAGATCAAGATGGATG
Confirmation of SNPs

8423 MCTl_dg fw-2 GAGTCAGAACGGCAAGGAATC
8426 MCTl_dg rv-3 CTCCATCAACGTGTGAGTTC
8507 RTG1 inside DG fw ACAGAAGCCACGCGAGATG
8508 RTG1 inside DG rv AGAAGCAGATGTCCCATACC
706 5Padh1-3 GTCGTTGTTCCAGAGCTGATGAG
7497 YAT2_3 AAAGCGTCATCTGCGAGAACC
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