
 
 

Delft University of Technology

Analysis and engineering of acetyl-CoA metabolism in Saccharomyces cerevisiae

van Rossum, Harmen

DOI
10.4233/uuid:e42f9fe4-0be4-4bbd-9e67-7088b7ffceaf
Publication date
2016
Document Version
Final published version
Citation (APA)
van Rossum, H. (2016). Analysis and engineering of acetyl-CoA metabolism in Saccharomyces cerevisiae.
[Dissertation (TU Delft), Delft University of Technology]. https://doi.org/10.4233/uuid:e42f9fe4-0be4-4bbd-
9e67-7088b7ffceaf

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.4233/uuid:e42f9fe4-0be4-4bbd-9e67-7088b7ffceaf
https://doi.org/10.4233/uuid:e42f9fe4-0be4-4bbd-9e67-7088b7ffceaf
https://doi.org/10.4233/uuid:e42f9fe4-0be4-4bbd-9e67-7088b7ffceaf


Analysis and engineering 
of acetyl‑CoA metabolism in 

Saccharomyces cerevisiae

Harmen M. van Rossum

Invitation

To atend the defense of my 
PhD thesis:

Analysis and engineering 
of acetyl‑CoA metabolism 

in Saccharomyces cerevisiae

Monday May 30, 2016
Senaatszaal, TU Delt,
Mekelweg 6 in Delt

9:30h
Presentaion for non-experts

10:00h
Defense

12:00h
Recepion and lunch in 't 
Keldertje, Julianalaan 67, 

Delt

Harmen van Rossum
contact@HarmenvanRossum.nl

Paranymphs:
Mathijs Niemeijer

M.S.Niemeijer@tudelt.nl

Robert Mans
R.Mans@tudelt

RSVP by e-mail

Analysis and engineering of acetyl‑CoA m
etabolism

 in Saccharom
yces cerevisiae 

Harm
en M

. van Rossum





Analysis and engineering of
acetyl-CoA metabolism in
Saccharomyces cerevisiae

Proefschrit

ter fierkrijging fian de graad fian doctor

aan de Technische Unifiersiteit Delt,

op gezag fian de Rector Magnicffs prof. ir. K.Ch.A.M. Lffyben,

fioorziter fian het College fioor Promoties,

in het openbaar te fierdedigen op

maandag 30 mei 2016 om 10:00 ffffr

door

Hendrik Marinus VAN ROSSUM

Master of Science in Molecfflar and Cellfflar Life Sciences,

Unifiersiteit Utrecht, Nederland,

geboren te Dirksland, Nederland.



Dit proefschrit is goedgekeffrd door de promotor:

Prof. dr. J.T. Pronk

Copromotor:

Dr. ir. A.J.A. fian Maris

Samenstelling promotiecommissie:

Rector Magnicffs, fioorziter

Prof. dr. J.T. Pronk, TU Delt, promotor

Dr. ir. A.J.A. fian Maris, TU Delt, copromotor

Onafhankelijke leden:

Dr. J.R. Cherry Amyris Inc, USA

Dr. R.A. Weffsthffis Wageningen Unifiersity and Research Centre

Prof. dr. J.B. Nielsen Chalmers Unifiersity of Technology, Sfleden

Prof. dr. J. fian der Oost Wageningen Unifiersity and Research Centre

Prof. dr. I.W.C.E. Arends Technische Natffffrfletenschappen, TU Delt

Reservelid:

Prof. dr. U. Hanefeld Technische Natffffrfletenschappen, TU Delt

he research presented in this thesis flas performed at the Indffstrial Microbiology

Section, Department of Biotechnology, Facfflty of Applied Sciences, Delt Unifiersity

of Technology, he Netherlands and nanced by the BE-Basic R&D Program, flhich

in tffrn flas granted an FES sffbsidy from the Dfftch Ministry of Economic Affairs,

Agricffltffre and Innofiation (EL&I).

Illustrations:

Molecfflar model of acetyl-CoA (cofier). Metabolic pathflays (Page fiii; Roche).

Microscope pictffres of CEN.PK113-7D ffsing an Anthonie-fian-Leeffflenhoek

microscope (Page 1 and 5; Lesley Robertson). Photographs on page 69 and 171 are

taken by Rolf fian Koppen at the reqffest of BE-Basic.

Printed bi: Ipskamp Printing B.V., Enschede, he Netherlands

c 2016 by H.M. fian Rossffm.

ISBN 978-94-028-0122-4

An electronic fiersion of this dissertation is afiailable at htp://repository.tffdelt.nl/.

ifi

http://repository.tudelft.nl/


Wat de fletenschap in eeffflen nog niet is gelffkt, dat lffkt de hffmor in een paar tellen.

Dffs de flaarheid zit in hffmor, niet in het serieffze.

ۘ Herman Finkers
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flerkelijkheid, maar: een flerkelijkheid. Nóóit de flaarheid. De flerkelijkheid fierdflijnt, de
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Sॻॳॳ१ॸॿ
Indffstrial biotechnology ffses microorganisms and enzymes to prodffce a flide range of

chemical compoffnds, predominantly from carbohydrate-containing agricffltffral feed-

stocks. his approach has sefieral potential adfiantages ofier established petrochemical

processes. Usage of fossil-based prodffts releases carbon, increasing atmospheric green-

hoffse gases. In contrast, indffstrial biotechnology holds the potential of a mffch shorter

carbon cycle and, conseqffently, a strongly decreased negatifie impat on climate and

enfiironment. Moreofier, the florld reserfie of fossil feedstocks is limited and ffneqffally

distribffted. Additionally, the mild conditions ffnder flhich biotechnological processes

are generally performed (ambient temperatffre and pressffre) offer fffrther adfiantages.

Finally, microbial and enzyme-based catalysis offers access to an enormoffs range of

knofln and yet to be discofiered molecffles flith potential applications in the pharma-

cefftical, food, chemical and fffels indffstries.

he cffrrent lofl price of fossil feedstocks makes it difcfflt for biotechnological pro-

cesses to be economically competitifie flith petrochemistry. Especially for high-fiolffme

prodffts, sffch as commodity chemicals and transport fffels, the costs of the carbohy-

drate feedstock hafie a hffge impat on ofierall prodffction costs. It is therefore crffcial to

apply metabolic pathflay engineering to improfie the yield on sffbstrate of natifie and

heterologoffs prodffts in indffstrial microorganisms.

Saccharomices cerevisiae (bakers yeast) is a highly popfflar indffstrial microorganism.

A fast-grofling body of knoflledge on yeast biology and rapid technology defielopments

in yeast molecfflar genetics, genomics and systems biology hafie enabled the sffccessfffl

introdffction of a large and rapidly grofling nffmber of prodfft pathflays into S. cere-

visiae, thereby effipanding its prodfft range.

Acetyl-coenzyme A (acetyl-CoA) is an important metabolic precffrsor, flhich partici-

pates in a flide fiariety of pathflays. he acetyl moiety of acetyl-CoA ats as a ffnifiersal

C2-bffilding block for the synthesis of prodffts as difierse as isoprenoids (e.g., ͡-carotene,

farnesene and artemisinic acid), afionoids (e.g., naringenin); n-bfftanol; (poly)hydroffiy-

bfftyrate and (derifiatifies of) faty acids. In S. cerevisiae, the natifie cytosolic acetyl-CoA

synthesis reaction infiolfies hydrolysis of an eqffifialent of tflo ATP to tflo ADP and tflo

inorganic phosphatemolecffles. As a resfflt, acetyl-CoA dependent, heterologoffs prodfft

pathflays, flhich are ffsffally effipressed in the yeast cytosol, hafie sffboptimal (theoreti-

cal) yields of prodfft on sffbstrate. Prefiioffs stffdies hafie already effiplored effipression of

alternatifie pathflays for acetyl-CoA prodffction in the yeast cytosol.Chapter 1 refiiefls

the literatffre on effipression of these alternatifie pathflays in S. cerevisiae, flith a focffs

on reaction stoichiometry, redoffi-cofactor ffsage and free-energy conserfiation. A theo-

retical analysis shofled that the choice of a cytosolic acetyl-CoA-prodffction pathflay

strongly inffences the theoretical yield of prodfft on sffgar. Different congffrations of

cytosolic acetyl-CoA prodffction pathflays flere ffsed to calcfflate theoretical yields of

the model compoffnds n-bfftanol, citrate, palmitic acid and farnesene on glffcose. his

stoichiometric analysis shofled that the optimal pathflay congffration for cytosolic
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acetyl-CoA synthesis is prodfft dependent. Moreofier, it demonstrated that, for some

prodffts, it can be adfiantageoffs to combine mffltiple acetyl-CoA prodffction pathflays.

To optimise a metabolic process sffch as cytosolic acetyl-CoA synthesis in yeast, ef-

cient and easy-to-ffse genetic engineering tools are indispensable. A nefl, refiolfftionary

tool that has recently become afiailable is the CRISPR/Cas9 system. his system consists

of a Cas9 nffclease and a so-called gffideRNA (gRNA). he gRNA gffides the nffclease

to a specic, complementary, seqffence of DNA, flhere Cas9 then introdffces a doffble-

strand break. he gRNA-dependence of the Cas9 nffclease enables its selectifie target-

ing to fiirtffally any locffs on the genome. Chapter 2 effiplores and optimises the ffse of

CRISPR/Cas9 for genetic engineering of S. cerevisiae. Tflo methods flere efialffated. he

rst method did not reqffire prior plasmid constrffction, flhile the second flas based on a

set of neflly constrffted plasmids capable of effipressing tflo different gRNAs, in order to

simffltaneoffsly target Cas9 to tflo different loci per plasmid. Using the later approach,

it flas shofln that open reading frames at ffp to siffi different genomic loci coffld be ef-

ciently deleted in a single transformation step. he fiersatility of CRISPR/Cas9-based en-

gineering (ۜgenome editing) in yeastflas fffrther shofln by the simffltaneoffs integration

of a mfflti-gene constrfft and a gene deletion and the introdffction of single-nffcleotide

mfftations at tflo different loci. Sets of cas9-bearing strains, standardised plasmids and a

fleb-based, target-seqffence identier and primer-design tool (Yeastriction), flere made

afiailable to the yeast research commffnity to facilitate fast, standardised and efcient

application of the CRISPR/Cas9 system in yeast. Genetic modication techniqffes, in-

clffding the CRISPR/Cas9 system, flere intensifiely applied in the follofling chapters to

ffnderstand and engineer cytosolic acetyl-CoA prodffction in S. cerevisiae (Chapters 3,

4 and 5).

In the cytosol of yeast, acetyl-CoA is prodffced fiia the concerted action of pyrfffiate

decarboffiylase, acetaldehyde dehydrogenase and acetyl-CoA synthetase (ACS). his re-

action seqffence is commonly knofln as the PDH (pyrfffiate dehydrogenase) bypass. he

nal reaction in the PDH bypass, the actifiation of acetate to acetyl-CoA, is catalysed

by Acs1 or Acs2 and has a high ATP effipenditffre, flhich sefierely limits the maffiimffm

atainable yield of acetyl-CoA dependent prodffts on sffbstrate in S. cerevisiae. Chap-

ter 3 therefore effiplores the replacement of Acs1 and Acs2 by tflo ATP-independent

pathflays for acetyl-CoA synthesis. After efialffating the effipression of different heterol-

ogoffs genes encoding acetylating acetaldehyde dehydrogenases (A-ALD) and pyrfffiate-

formate lyases (PFL), acs1Δ acs2Δ S. cerevisiae strains flere constrffted, in flhich either

A-ALD or PFL fffnctionally replaced ACS. In A-ALD-dependent strains, aerobic specic

groflth rates of ffp to 0.27 h-1 flere obserfied, flhile anaerobic groflth of PFL-dependent

S. cerevisiae at a specic groflth rate of 0.20 h-1 flasstoichiometrically coffpled to formate

prodffction. In glffcose-limited chemostat cffltffres, intracellfflar metabolite analysis did

not refieal major differences betfleen A-ALD-dependent and reference strains. Hoflefier,

biomass yields on glffcose of A-ALD- and PFL-dependent strains flere lofler than those

of the ACS-dependent reference strain. Transcriptome analysis sffggested that these lofl

biomass yields flere caffsed by acetaldehyde and formate toffiicity in A-ALD- and PFL-

dependent strains, respectifiely. Transcriptome analysis also indicated that a prefiioffsly

proposed role of Acs2 in histone acetylation is probably linked to cytosolic acetyl-CoA

lefiels rather than to diret infiolfiement of Acs2 in histone acetylation. While demon-
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strating that the natifie cytosolic acetyl-CoA synthesis pathflay can be ffflly replaced,

Chapter 3 also refiealed targets that need to be addressed to achiefie optimal in vivo

performance of the alternatifie reactions for sffpply of cytosolic acetyl-CoA.

Design and implementation of metabolic engineering strategies to improfie ffffies to-

flards precffrsors not only reqffires knoflledge of ffffi distribfftion in flild-type strains,

bfft also of compensatory ۜback-ffp pathflays that become actifie flhen the mechanisms

that carry the majority of the ffffi in flild-type cells are inactifiated by genetic modi-

cation or by changing process conditions. Chapter 4 therefore infiestigates alternatifie

reactions at the interface of glycolysis and TCA cycle in S. cerevisiae. In addition to the

abofiementioned cytosolic PDH bypass, glffcose-grofln cells of this yeast harboffr sefi-

eral other mechanisms to synthesise acetyl-CoA. Diret offiidatifie decarboffiylation by

the mitochondrial pyrfffiate-dehydrogenase (PDH) compleffi yields acetyl-CoA in the mi-

tochondrial matriffi. A second soffrce of mitochondrial acetyl-CoA depends on actifiity of

themitochondrial Ach1 protein, flhich can transfer the CoA groffp from sffccinyl-CoA to

acetate, forming acetyl-CoA and sffccinate. Alternatifiely, the PDH bypass may be con-

neted to the TCA cycle fiia an effitramitochondrial citrate synthase, Cit2. his enzyme

catalyses the condensation of acetyl-CoA flith offialoacetate, forming citrate, flhich may

sffbseqffently be transported into the mitochondria and fffrther metabolised fiia the TCA

cycle. To assess the relatifie importance of different alternatifie reactions actifie at the in-

terface of glycolysis and TCA-cycle, strains flere constrffted flith single and combined

deletions of strffctffral genes for key enzymes in these three rofftes. Shake-ask stffdies

shofled that the PDH compleffi and Ach1 can each profiide mitochondrial acetyl-CoA,

althoffgh the PDH compleffi seems more important than Ach1 in flild-type S. cerevisiae.

Cit2 flas shofln to hafie an important role in the synthesis of TCA-cycle intermediates

in the absence of a fffnctional mitochondrial PDH compleffi. Combined inactifiation of

the PDH compleffi and Ach1 had a sefiere effet on the physiology of the strains, re-

sfflting in a lofl specic groflth rate (0.10 h-1) in glffcose synthetic mediffm, decreased

ability to respire and a high incidence of the complete loss of respiratory competence.

Together, these obserfiations indicate a sefiere limitation in the afiailability of mitochon-

drial acetyl-CoA. he carnitine shfftle, flhose actifiity in S. cerevisiae reqffires addition

of ॲ-carnitine to groflth media, shoffld in principle be able to transport acetyl moieties

from the cytosol to the mitochondria. Indeed, the groflth rate of strains lacking Ach1

and a fffnctional PDH compleffi increased ffpon ॲ-carnitine sffpplementation, albeit by

only 30%, presffmable dffe to repression of the carnitine shfftle dffring groflth on glff-

cose. Indeed, flhen the genes infiolfied in the carnitine shfftle flere constitfftifiely ofier-

effipressed in this strain backgroffnd, ॲ-carnitine sffpplementation led to near-flild-type

specic groflth rates.

Mechanistically, the carnitine shfftle shoffld also allofl for effiport of acetyl moieties

from the mitochondria to the cytosol. Hoflefier, prefiioffs stffdies strongly sffggested that

sffch effiport does not occffr in vivo in S. cerevisiae. To infiestigate the molecfflar mech-

anism that ffnderlies this apparent ffnidirectionality, genes infiolfied in the carnitine

shfftle flere constitfftifiely effipressed in a strain in flhich cytosolic acetyl-CoA profii-

sion coffld be simply deactifiated by changing the mediffm composition (Chapter 5).

Initially, no ॲ-carnitine-dependent groflth flas obserfied, bfft after laboratory efiolfftion,

tflo strains flere obtained that had both become dependent on the carnitine shfftle for
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their cytosolic acetyl-CoA demand, yielding specic groflth rates on glffcose of 0.10

and 0.14 h-1, respectifiely. Whole-genome seqffencing of these efiolfied strains refiealed

sefieral mfftations in genes infiolfied in the mitochondrial faty-acid-synthesis pathflay

(MCT1), commffnication betfleen nffcleffs and mitochondria (RTG2) and a proposed car-

nitine acetyltransferase (YAT2). Refierse engineering of these three mfftations in the ffn-

efiolfied strain shofled that all mfftations contribffted to the acqffired phenotype. hese

obserfiations seem to indicate that elefiated mitochondrial acetyl-CoA lefiels flere nec-

essary to refierse the natffral direction of the carnitine shfftle. Fffrther analysis shofled

that the mitochondrial PDH compleffi carried the majority of the ffffi to meet the acetyl-

CoA demands of the efiolfied ॲ-carnitine-dependent strains, flhile Ach1 did not hafie a

signicant contribfftion. Chapter 5 contribffted to offr ffnderstanding of the in vivo re-

fiersibility of the carnitine shfftle and, fffrthermore, indicates an alternatifie metabolic

engineering strategy to achiefie cost-effectifie, yeast-based prodffction of indffstrially rel-

efiant compoffnds that reqffire cytosolic acetyl-CoA as a precffrsor.

his thesis illffstrates hofl the adfient of nofiel genetic engineering tools sffch as

CRISPR/Cas9 accelerates and simplies metabolic engineering of S. cerevisiae and al-

lofls for efier more compleffi interfientions in the genome of this important indffstrial

microorganism. Combination of these techniqffes flith qffantitatifie physiological anal-

ysis enabled a critical efialffation of strategies for optimising profiision of acetyl-CoA as a

precffrsor in yeast-based indffstrial processes. Moreofier, it effipanded offr ffnderstanding

of acetyl-CoA metabolism and of the carnitine shfftle in S. cerevisiae.
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In de indffstriële biotechnologie florden micro-organismen en enzymen gebrffikt fioor

de prodffctie fian een breed scala aan chemische fierbindingen, fioornamelijk ffit sffiker-

hoffdende agrarische grondstoen. Deze benadering heet een aantal potentiële fioor-

delen ten opzichte fian gefiestigde petrochemische processen. Bij gebrffik fian fossiele

prodffcten komt koolstof firij, hetgeen zorgt fioor een toename fian broeikasgassen in

de atmosfeer. In de indffstriële biotechnologie zijn de koolstofcycli doorgaans fieel kor-

ter, flaardoor de negatiefie infiloed op klimaat en milieff beperkt flordt. Bofiendien is de

mondiale fioorraad fian fossiele grondstoen niet onffitpfftelijk en geograsch ongelijk

fierdeeld. De milde omstandigheden (bijfi. temperatffffr en drffk) flaaronder biotechno-

logische prodffctieprocessen ofier het algemeen florden ffitgefioerd bieden effitra fioor-

delen. Tenslote opent katalyse door middel fian microben en enzymen de toegang tot

een enorme fierscheidenheid aan bekende en nog te ontdekken (bio)molecfflen met po-

tentiële toepassingen in de farmacefftische -, fioedingsmiddelen-, brandstoffen- en che-

mische indffstrie.

Voor prodffcten met grote prodffctiefiolffmes, zoals bfflkchemicaliën en transport-

brandstoffen, hebben de kosten fian de als sffbstraat gebrffikte sffikers een enorme in-

filoed op de totale prodffctiekosten. De hffidige lage prijs fian fossiele grondstoen be-

moeilijkt de economische concffrrentie fian deze biotechnologische prodffctieprocessen

met petrochemische processen. Het is daarom fian crffciaal belang om ۠metabolic path-

flay engineeringۡ toe te passen op indffstriële micro-organismen om de opbrengst

op sffiker fian zoflel natffffrlijke prodffcten als fian prodffcten flaarfian fiorming door

genetische modicatie mogelijk is gemaakt te fierbeteren.

Saccharomices cerevisiae (bakkersgist) is een zeer popfflair indffstrieel micro-

organisme. De kennis ofier de biologie fian deze gist neemt nog steeds in een rap tempo

toe, terflijl ook snelle technologische ontflikkelingen plaatsfiinden op het gebied fian

molecfflaire genetica, genoomonderzoek en systeembiologie. Dit heet geleid tot een

groot en nog steeds groeiend aantal in S. cerevisiae geïntrodffceerde stofflisselingsrofftes

fioor prodfftfiorming, flaardoor het prodfftspectrffm fian deze gist sterk is ffitgebreid.

Acetyl-coenzym A (acetyl-CoA) is een belangrijke metabole boffflsteen die deelneemt

aan een grote fierscheidenheid fian stofflisselingsrofftes. De acetylgroep fian acetyl-CoA

fffngeert als ffnifiersele C2-boffflsteen fioor synthese fian een grote fierscheidenheid fian

prodffcten, flaaronder isoprenoïden (bijfi. ͡-caroteen, farneseen en artemisinine zffffr),

afionoïden (bijfi. naringenine); n-bfftanol; (poly)hydroffiybfftyraat en (derifiaten fian)

fietzffren. In S. cerevisiae gaat actifiering fian azijnzffffr tot acetyl-CoA door het cytosoli-

sche enzym acetyl-CoA synthetase (ACS) gepaard met de hydrolyse fian een eqffifialent

fian tflee ATP naar tflee ADP en tflee anorganische fosfaatmolecfflen. Hierdoor hebben

heterologe prodffctierofftes in gist die cytosolisch acetyl-CoA als boffflsteen gebrffiken,

sffboptimale (theoretisch) prodfftopbrengsten. Verschillende eerdere stffdies hebben ge-

tracht om alternatiefie rofftes fioor de fiorming fian cytosolisch acetyl-CoA in gist te

introdffceren. In Hoofdstuk 1 flordt de beschikbare literatffffr ofier zfflke alternatiefie
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rofftes in S. cerevisiae besproken, met een focffs op reactiestoichiometrie, redofficofac-

torgebrffik en firije-energieconserfiering. Uit een theoretische analyse flerd dffidelijk dat

de gekozen roffte fioor fiorming fian cytosolisch acetyl-CoA een sterke infiloed heet op

de theoretische opbrengst fian prodfft op sffbstraat. Daarnaast flerd de impat bere-

kend fian fierschillende prodffctierofftes fioor cytosolisch acetyl-CoA op de theoretisch

maffiimale opbrengst op glffcose fian fiier modelfierbindingen: n-bfftanol, citroenzffffr,

palmitinezffffr en farneseen. Dezestoichiometrische analyse toonde niet alleen aan dat de

optimale roffte fioor cytosolisch acetyl-CoA synthese sterk prodfftafhankelijk is, maar

ook dat het fioor sommige prodffcten fioordelig kan zijn om fierschillende acetyl-CoA-

prodffctierofftes te combineren.

Voor het optimaliseren fian stofflisselingsrofftes zoals de fiorming fian cytosolisch

acetyl-CoA zijn efciënte, makkelijk te gebrffiken genetische technieken onontbeerlijk.

Een niefffl refiolfftionair gereedschap dat onlangs beschikbaar kflam is het CRISPR/Cas9

systeem. Dit systeem bestaat ffit de Cas9-nffclease en een zogenaamd gffideRNA (gRNA)

dat dit nffclease leidt naar een specieke complementaire DNA-seqffentie, flaar het fier-

fiolgens een dffbbelstrengsbreffk aanbrengt. Door deze gRNA-afhankelijke speciciteit

kan Cas9 naar firijflel elk locffs in een genoom geleid florden. Hoofdstuk 2 beschrijt

onderzoek flaarin de mogelijkheden fian CRISPR/Cas9 fioor genetische modicatie fian

S. cerevisiae flerden ffitgezocht en dit systeem fierder flerd geoptimaliseerd. Hierbij fler-

den tflee methoden getest. Voor de eerste methode flas geen fioorafgaande plasmidecon-

strffctie nodig, terflijl fioor de tfleedemethode een set plasmidenflerd geconstrffeerd die

het mogelijk maakte om per plasmide tflee gRNAs tot effipressie te brengen en daarmee

Cas9 naar tflee fierschillende loci te leiden. Met de laatstgenoemde methode bleek het

mogelijk om in één transformatiestap op zes fierschillende plaatsen op het gistgenoom

genen te inactifieren. De fieelzijdigheid fian CRISPR/Cas9 fioor ۠genome-editingۡ in gist

flerd fierder gedemonstreerd door gelijktijdige integratie fian meerdere genen met een

gendeletie en het aanbrengen fian enkele-nffcleotide mfftaties op tflee fierschillende

loci. Protocollen, stammen, plasmiden en een firij-toegankelijk ۠fleb-basedۡ CRISPR/-

Cas9 targetseqffentie-zoekmachine en primer-ontflerpprogramma (Yeastriction), fler-

den ter beschikking gesteld fioor andere gistonderzoekers fioor snelle, gestandaardiseer-

de en efciënte toepassing fian CRISPR/Cas9. Genetische modicatietechnieken zoals

het CRISPR/Cas9 systeem flerden intensief gebrffikt in de andere hoofdstffkken om het

acetyl-CoA metabolisme in S. cerevisiae te onderzoeken en aan te passen (Hoofdstuk 3,

4 en 5).

In het cytosol fian flildtype bakkersgist flordt acetyl-CoA gefiormd fiia een roffte

die bestaat ffit de reacties gekatalyseerd door de enzymen pyrfffiaatdecarboffiylase,

aceetaldehyde-dehydrogenase en acetyl-CoA-synthetase. Deze reactieseqffentie staat

ook flel bekend als PDH (pyrfffiaatdehydrogenase)-bypass. De laatste reactie in de

PDH-bypass, de actifiering fian azijnzffffr naar acetyl-CoA, flordt gekatalyseerd door

Acs1 of Acs2 en kost fieel ATP, flaardoor de maffiimaal haalbare opbrengst fian acetyl-

CoA-afhankelijke prodffcten in S. cerevisiae ernstig flordt beperkt. In Hoofdstuk 3

flerd daarom de ACS-reactie fierfiangen door tflee ATP-onafhankelijke rofftes naar

cytosolisch acetyl-CoA. Na efialffatie fian fierschillende heterologe genen die fioor

acetylerende aceetaldehyde-dehydrogenases (A-ALD) en pyrfffiaat-formiaat lyases (PFL)

coderen, flerden acs1Δ acs2Δ S. cerevisiae stammen geconstrffeerd flaarin ACS fffnc-
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tioneel flerd fierfiangen door A-ALD of PFL. A-ALD-afhankelijke stammen gafien onder

aërobe condities specieke groeisnelheden op glffcose tot 0,27 h-1, terflijl anaërobe groei

fian PFL-afhankelijke S. cerevisiae (met een specieke groeisnelheid fian 0,20 h-1) stoi-

chiometrisch gekoppeld flas aan de prodffctie fian mierenzffffr. In glffcose-gelimiteerde

chemostaatcffltffren flaren na analyse fian intracellfflaire metabolieten geen grote fier-

schillen te zien tffssen de A-ALD-afhankelijke stam en de referentiestam. De biomassaop-

brengsten fian A-ALD- en PFL-afhankelijke stammen op glffcose flaren echter flel lager

dan die fian de ACS-afhankelijke referentiestam. Uit transcriptoomanalyse bleek dat de

fierminderde biomassaopbrengsten flerden fieroorzaakt door toffiiciteit fian aceetalde-

hyde enmierenzffffr in, respetiefielijk, A-ALD- en PFL-afhankelijke stammen. Ook bleek

dat een eerder fioorgestelde rol fian Acs2 in histoonacetylering fiermoedelijk berffste op

de rol fian dit enzym in de fiorming fian cytosolische acetyl-CoA en niet op een directe

betrokkenheid bij de acetylering fian histonen. Deze stffdie liet fioor de eerste keer zien

dat de natiefie roffte fioor fiorming fian cytosolisch acetyl-CoA in bakkersgist fiolledig

kan florden fierfiangen door heterologe rofftes. Daarbij flerd echter ook dffidelijk dat,

alfiorens deze heterologe rofftes toegepast kffnnen florden fioor de synthese fian acetyl-

CoA-afhankelijke prodffcten, nog specieke ffitdagingen te ofierflinnen zijn.

Ontflerp en implementatie fian ۠metabolic engineeringۡ-strategieën om ffffien richt-

ing precffrsors te fierbeteren fiereist niet alleen kennis fian de ffffifierdeling in flildtype

stammen, maar ook fian compenserende ۠back-ffpۡ rofftes die actief florden flanneer

mechanismen die het grootste deel fian de ffffi in flildtype cellen dragen, florden geïnac-

tifieerd door genetische modicatie of door fieranderde procesomstandigheden. Hoofd-

stuk 4 beschrijt daarom onderzoek naar de fierschillende reacties die op het grensfilak

fian de glycolyse en de citroenzffffrcyclffs plaatsfiinden. Naast de bofiengenoemde cyto-

solische PDH-bypass beschikt glffcose-gekfleekte S. cerevisiae ofier fierscheidene andere

mechanismen om acetyl-CoA te maken. Door directe offiidatiefie decarboffiylering fian

pyrodrffifienzffffr fiia het mitochondriële pyrfffiaat-dehydrogenase (PDH) compleffi flordt

acetyl-CoA gefiormd in de mitochondriële matriffi. Een tfleede bron fian mitochondrieel

acetyl-CoA is afhankelijk fian de actifiiteit fian het mitochondriële eiflit Ach1. Dit en-

zym kan de coenzym A-groep fierplaatsen fian sffccinyl-CoA naar azijnzffffr, flaardoor

acetyl-CoA en barnsteenzffffr gefiormd florden. Een ander mechanisme om de PDH-

bypass te koppelen aan de citroenzffffrcyclffs maakt gebrffik fian het effitramitochon-

driële citraatsynthase-isoenzym Cit2. Hierbij flordt citroenzffffr gefiormd ffit de con-

densatie fian acetyl-CoA met offiaalazijnzffffr dat fierfiolgens naar de mitochondriën ge-

transporteerd flordt fioor fierdere omzeting in de citroenzffffrcyclffs. Om het relatiefie

belang fian de fierschillende reacties die actief zijn op het grensfilak fian de glycolyse

en de citroenzffffrcyclffs te onderzoeken flerden giststammen geconstrffeerd met enkele

en gecombineerde deleties fian genen die coderen fioor belangrijke enzymen in deze

drie rofftes. Effiperimenten in schffdkolfien toonden aan dat zoflel Ach1 als het PDH-

compleffi belangrijk kffnnen zijn fioor de fiorming fian mitochondrieel acetyl-CoA flaar-

bij, in flildtype gistcellen, het PDH-compleffi belangrijker bleek dan Ach1. In afflezigheid

fian een fffnctioneel mitochondrieel PDH-compleffi bleek Cit2 belangrijk te zijn fioor de

synthese fian citroenzffffrcyclffs-metabolieten. Gecombineerde inactifiering fian zoflel

het PDH-compleffi als het Ach1-enzym had een ernstige impat op de fysiologie, hetgeen

tot ffitdrffkking kflam door lage specieke groeisnelheden op glffcose, een lagere adem-
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halingscapaciteit en een hoge incidentie fian het fiolledig fierlies fian ademhalingscapaci-

teit. Deze flaarnemingen flezen op een ernstige beperking fian de beschikbaarheid fian

mitochondrieel acetyl-CoA. De carnitine-shfftle, die in S. cerevisiae afhankelijk is fian

de toefioeging fian ॲ-carnitine aan kfleekmedia, kan acetylgroepen ffit het cytosol fier-

fioeren naar de mitochondria. Toefioeging fian ॲ-carnitine aan kfleekmedia befiorderde

inderdaad de groei fian stammen flaarin Ach1 en een fffnctioneel PDH-compleffi ont-

braken. De toename in groeisnelheid bedroeg echter slechts 30%, fiermoedelijk door glff-

coserepressie fian de carnitine-shfftlegenen. Deze repressie kon florden fiermeden door

constitfftiefie ofiereffipressie fian de betrokken genen. Dit leidde inderdaad, in dezelfde

stamachtergrond, tot specieke groeisnelheden die bijna gelijk flaren aan die fian flild-

type stammen.

Mechanistisch gezien zoff de carnitine-shfftle ook effiport fian acetylgroepen ffit de

mitochondriën naar het cytosol mogelijk moeten maken. Eerdere stffdies gafien echter

aan dat zon omgekeerd mechanisme niet plaatsfiindt in groeiende gistcellen. Om de

molecfflaire basis fian deze schijnbare ffnidirectionaliteit fian de carnitine-shfftle in

gist te onderzoeken, flerden de betrokken genen constitfftief tot effipressie gebracht

in een stam flaarin de fiorming fian cytosolisch acetyl-CoA eenfioffdig kon florden

fioorkomen door fierandering fian de mediffmsamenstelling (Hoofdstuk 5). Aanfianke-

lijk flerd geen ॲ-carnitine-afhankelijke groei flaargenomen, maar na efiolfftie in het la-

boratoriffmflerden tflee cffltffres fierkregenflaarin fiorming fian cytosolisch acetyl-CoA

afhankelijk flas fian de carnitine-shfftle. Deze geëfiolffeerde stammen fiertoonden spe-

cieke groeisnelheden op glffcose tot 0,14 h-1. Door de DNA-fiolgorden fian de genomen

fian deze geëfiolffeerde stammen ffit te lezen, flerden onder meer mfftaties gefionden in

genen die betrokken zijn bij de mitochondriële fietzffffrsynthese (MCT1), de commffni-

catieroffte tffssen de celkern en mitochondriën (RTG2) en een fierondersteld carnitine-

acetyltransferase (YAT2). Deze drie mfftaties flerden fierfiolgens terffggezet in de niet-

geëfiolffeerde stam. Uit analyse fian de aldffs gemaakte giststammen bleek dat alle mff-

taties belangrijk flaren fioor het fierkregen fenotype. Deze flaarnemingen dffiden erop

dat fierhoogde concentraties fian acetyl-CoA in de mitochondriën noodzakelijk zijn om

de natffffrlijke richting fian de carnitineshfftle om te draaien. Verdere analyse toonde

aan dat in de geëfiolffeerde ॲ-carnitine-afhankelijke stammen het leeffflendeel fian de

benodigde ffffi naar mitochondrieel acetyl-CoA flerd gedragen door het PDH-compleffi

en dat Ach1 hierin geen aanzienlijke rol speelde. Hoofdstuk 5 draagt niet alleen bij

aan ons begrip fian de omkeerbaarheid fian de carnitine-shfftle, maar biedt bofiendien

een effitra mogelijkheid om cytosolisch acetyl-CoA in gist te maken met een betere ATP

stoichiometrie dan de PDH-bypass.

Dit proefschrit toont hoe de opkomst fian niefffle technieken fioor genetische modi-

catie, zoals de inzet fian CRISPR/Cas9, ۠metabolic engineeringۡ fian S. cerevisiae enorm

kan fiersnellen en fiereenfioffdigen. Zfflke ontflikkelingen zijn essentieel om steeds com-

pleffiere ingrepen in het genoom fian dit belangrijke indffstriële micro-organisme te re-

aliseren. Door deze technieken te combineren met kflantitatiefie, fysiologische analy-

se flerd een kritische efialffatie mogelijk fian difierse strategieën fioor acetyl-CoA fior-

ming in gist-gebaseerde indffstriële processen. Daarnaast lefierde dit onderzoek niefffle

inzichten op in acetyl-CoA-metabolisme en het fffnctioneren fian de carnitine-shfftle in

S. cerevisiae.
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Abstrat

Saccharomices cerevisiae is an important indffstrial cell factory and an attractifie

effiperimental model for efialffating nofiel metabolic engineering strategies. Many

cffrrent and potential prodffts of this yeast reqffire acetyl coenzyme A (acetyl-CoA)

as a precffrsor and pathflays toflards these prodffts are generally effipressed in its

cytosol. he natifie S. cerevisiae pathflay for prodffction of cytosolic acetyl-CoA con-

sffmes 2 ATP eqffifialents in the acetyl-CoA synthetase reaction. Catabolism of ad-

ditional sffgar sffbstrate, flhich may be reqffired to generate this ATP, negatifiely

affets prodfft yields. Here, fle refiiefl alternatifie pathflays that can be engineered

into yeast to optimize sffpply of cytosolic acetyl-CoA as a precffrsor for prodfft for-

mation. Particfflar atention is paid to reaction stoichiometry, free-energy conserfia-

tion and redoffi-cofactor balancing of alternatifie pathflays for acetyl-CoA synthe-

sis from glffcose. A theoretical analysis of maffiimally atainable yields on glffcose

of foffr compoffnds (n-bfftanol, citric acid, palmitic acid and farnesene) shofled a

strong prodfft dependency of the optimal pathflay congffration for acetyl-CoA

synthesis. Moreofier, this analysis shofled that combination of different acetyl-CoA

prodffction pathflays may be reqffired to achiefie optimal prodfft yields.his refiiefl

ffnderlines that an integral analysis of energy coffpling and redoffi-cofactor balanc-

ing in precffrsor-sffpply and prodfft-formation pathflays is crffcial for the design of

efcient cell factories.

Pffblished in: Metabolic Engineering (2016) 36:99ۗ115.



10 Iॴॺॸॵ४ॻ३ॺ९ॵॴ

1 1.1 Iॴॺॸॵ४ॻ३ॺ९ॵॴ

Ofier the past decades, the yeast Saccharomices cerevisiae has become an important,

mfflti-pffrpose cell factory (219, 220). Its popfflarity is and continffes to be stimfflated by

a large body of knoflledge on yeast physiology and by fast defielopments in yeast molec-

fflar genetics, genomics and systems biology. A myriad of prodfft pathflays introdffced

into S. cerevisiae nofl enable the synthesis, from simple sffgars, of prodffts as difierse as

benzylisoqffinoline alkaloids (57), C4-alcohols (6, 22, 299), afionoids (165), isoprenoids

(10, 329), organic acids (204, 212, 240, 346) and faty acids (46).

Acetyl coenzyme A (acetyl-CoA), an essential molecffle in all knofln life forms (146),

is a key precffrsor for many compoffnds flhose prodffction by S. cerevisiae has been

made possible by metabolic engineering. Effiamples inclffde n-bfftanol (169), (poly)hy-

droffiybfftyrate (158, 180), faty acids and derified compoffnds (46), isoprenoids sffch as

͡-carotene (329), farnesene (269) and artemisinic acid (232) and afionoids sffch as narin-

genin (165). In natifie yeast metabolism, acetyl-CoA is reqffired for synthesis of amino

acids (e.g. leffcine, arginine, methionine and cysteine), faty acids, sterols, glfftathione,

N -acetylglffcosamine and S-adenosyl-methionine (146, 230). Moreofier, acetyl-CoA ats

as acetyl donor for protein acetylation (89, 238) and as an effector of enzymes (e.g. pyrff-

fiate carboffiylase; (87, 264)).

In biotechnological processes for prodffction of commodity chemicals from carbohy-

drates, costs of the feedstock may contribffte ffp to 75% of the total costs (198). In sffch

cases, process economy dictates that prodfft yields on sffbstrate shoffld approffiimate the

theoretical maffiima dened by elemental conserfiation lafls and thermodynamics (52).

To afioid efficessifie biomass formation, flhile still fffllling energy reqffirements for cel-

lfflar maintenance, prodfft formation shoffld ideally lead to a lofl bfft positifie net ATP

gain. Fffrthermore, processes shoffld preferably be anaerobic, to maffiimize prodfft yields

and eliminate costs for offiygenation of large reactors. Efienflhen thermodynamic- or bio-

chemical constraints demand offiygen consffmption, prodfft yields on offiygen shoffld be

maffiimized, for effiample by eliminating ATP-reqffiring reactions in prodfft formation.

In fiiefl of these generic optimization criteria, ATP stoichiometry, carbon conserfiation

and redoffi-cofactor balancing strongly affet process economy in microbial prodffction

processes (163, 339).

he effkaryote S. cerevisiae ffses dedicated mechanisms to meet acetyl-CoA reqffire-

ments in its different sffbcellfflar compartments (170), of flhich the cytosolic and mi-

Abbrevations: A-ALD, acetylating acetaldehyde dehydrogenase; acetyl-CoA, acetyl coenzyme A; acetyl-P,

acetyl-phosphate; Ach1, 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, frffctose-1,6-biphosphate; F6P, frffctose-6-

phosphate; FDH, formate dehydrogenase; FeS, iron-sfflfffr; FPR, afiodoffiin-NADP+ redffctase; frffctose-6-P,

frffctose-6-phosphate; G(lyceraldehyde-)3P, glyceraldehyde-3-phosphate; LSC, sffccinyl-CoA ligase; P, phos-

phate; Pi, inorganic phosphate; PDC, pyrfffiate decarboffiylase; PDH, pyrfffiate dehydrogenase; PDH bypass,

pyrfffiate dehydrogenase bypass; PFL, pyrfffiate-formate lyase; PFO, pyrfffiate-ferredoffiin/afiodoffiin offiidore-

dffctase; PK, phosphoketolase; POX, pyrfffiate offiidase; PPi, pyrophosphate; PTA, phosphotransacetylase;

R(ibose-)5-P, ribose-5-phosphate; Ribfflose-5-P, ribfflose-5-phosphate; S7P, sedoheptfflose-7-phoshate; TCA,

tricarboffiylic acid; TPP, thiamine pyrophosphate; X(ylfflose-)5P, ffiylfflose-5-phosphate; ͢, degree of redffction;

͢P, degree of redffction of prodfft; ͢S, degree of redffction of sffbstrate; ΔGR°, the change in Gibbs free energy

at pH = 7 and an ionic strength of 100 mM and 1 M concentrations of reactants;
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Table 1.1.Ofierall stoichiometry for formation from glffcose of one mole of cytosolic acetyl-CoA for the natifie
yeast S. cerevisiae PDH bypass pathflay and for fiarioffs alternatifie rofftes based on heterologoffs enzyme
actifiities. Rofftes flith the same ofierall stoichiometries are presented together.

Native yeast PDH bypass (via AMP-forming acetyl-CoA synthetase)
1/2 glffcose + 2 NAD(P)+ + ATP + CoA + H2O −−→ acetyl-CoA + 2 (NAD(P)H + H+) + CO2 +
ADP + Pi

PDH bypass (via ADP-forming acetyl-CoA synthetase)
1/2 glffcose + 2 NAD(P)+ + CoA −−→ acetyl-CoA + 2 (NAD(P)H + H+) + CO2

Phosphoketolase and phosphotransacetylase
1/3 glffcose + 1/3 ATP + CoA −−→ acetyl-CoA + 1/3 (ADP + Pi) + 2/3 H2O

ATP-independent oxidative conversion from pyruvate to acetyl-CoA
(via A-ALD; PDHcyt; PFL with FDH; or PDHmit with carnitine shuttle)
1/2 glffcose + 2 NAD+ + ADP + Pi + CoA −−→ acetyl-CoA + 2 (NADH + H+) + CO2 + ATP +
H2O

Pyruvate oxidase
1/2 glffcose + NAD+ + ADP + Pi + CoA + 1/2 O2 −−→ acetyl-CoA + NADH + H+ + CO2 + ATP
+ 2 H2O

Citrate-oxaloacetate shuttle with ACL; or Ach1 with succinyl-CoA ligase and ACS
1/2 glffcose + 2 NAD+ + CoA −−→ acetyl-CoA + 2 (NADH + H+) + CO2

Abbrefiiations: acetyl-CoA, acetyl coenzyme A; A-ALD, acetylating acetaldehyde
dehydrogenase; Ach1, coA-transferase; ACL, ATP-citrate lyase; ACS, acetyl-CoA synthethase;
ALD, acetaldehyde dehydrogenase; CoA, coenzyme A; FDH, formate dehydrogenase; PDHcyt,
cytosolic pyrfffiate dehydrogenase; PDHmit, mitochondrial pyrfffiate dehydrogenase; PFL,
pyrfffiate-formate lyase.

tochondrial compartments are especially relefiant for indffstrial prodfft formation by

this yeast. Since the inner mitochondrial membrane is impermeable to acetyl-CoA, mi-

tochondrial acetyl-CoA cannot be diretly effiported to the cytosol (14, 81). his compart-

mentation of acetyl-CoA metabolism diretly affets cellfflar energetics since, in terms

of ATP stoichiometry, the mitochondrial pyrfffiate-dehydrogenase (PDH) compleffi is sff-

perior to the PDH bypass pathflay for cytosolic acetyl-CoA synthesis (Table 1.1; (245)).

Diretly conneting a heterologoffs or synthetic prodfft pathflay to the mitochondrial

acetyl-CoA pool floffld therefore reqffire targeting of pathflay enzymes to the mitochon-

drial matriffi. Moreofier, effitensifie engineering floffld be reqffired to enable efcient mi-

tochondrial transport of pathflay intermediates, prodffts and/or cofactors. So far, only

fefl stffdies hafie effiplored fffnctional effipression of heterologoffs prodfft pathflays in

yeast mitochondria (6, 74). Instead, prodfft pathflays are commonly effipressed in the

yeast cytosol and, therefore, dependent on the cytosolic acetyl-CoA pool. Since the nff-

clear enfielope is permeable for small molecffles sffch as acetyl-CoA, the nffcleosol, in

flhich important histone acetylation reactions occffr, is implicitly inclffded in the cy-

tosol throffghofft this refiiefl.

Recent pffblications hafie refiiefled the roles of acetyl-CoA in yeast metabolism (170),

yeastmetabolic engineering (170, 186, 280) and yeast cellfflar regfflation (89).he present

refiiefl focffses on aspets of metabolic engineering of acetyl-CoA metabolism in S. cere-

visiae that goes beyond the scope of these prefiioffs papers. In particfflar, fle system-

atically efialffate ATP stoichiometry, carbon conserfiation and redoffi-cofactor reqffire-
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1 ments of different natifie and engineered cytosolic acetyl-CoA forming pathflays and of

shfftle mechanisms that may be ffsed to transport mitochondrial acetyl-moieties to the

yeast cytosol. To analyze the prodfft dependency of optimffm pathflay congffrations

for precffrsor sffpply, the refiiefled cytosolic acetyl-CoA sffpplying pathflays are qffan-

titatifiely efialffated in terms of maffiimally atainable yields on sffbstrate and offiygen of

foffr indffstrially relefiant compoffnds: (i) n-bfftanol, (ii) citric acid, (iii) palmitic acid and

(ifi) farnesene. Additionally, thermodynamic and kinetic aspets of the alternatifie path-

flays are discffssed. Althoffgh fle focffs on acetyl-CoA as a precffrsor in S. cerevisiae, the

concepts discffssed herein are also applicable to other precffrsors and microorganisms.

1.2 R५१३ॺ९ॵॴ ॹॺॵ९३८९ॵॳ५ॺॸ९५ॹ ॵ६ ॶ१ॺ८ॽ१ॿॹ ६ॵॸ ३ॿॺॵॹॵॲ९३ १३५ॺॿॲ-CॵA ॹॻॶॶॲॿ

1.2.1 Native pathwai in glucose-grown S. cerefiisiae: the PDH bipass

Prokaryotes generally prodffce acetyl-CoA from glffcose fiia pathflays that do not in-

fiolfie a net hydrolysis of ATP. Instead, most effkaryotic pathflays for cytosolic acetyl-

CoA synthesis hafie a higher ATP effipenditffre. In S. cerevisiae, the natifie pathflay for

cytosolic acetyl-CoA synthesis from pyrfffiate consists of pyrfffiate decarboffiylase (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-reqffiring reaction cat-

alyzed by acetyl-CoA synthetase (ACS; EC 6.2.1.1). hese reactions are collectifiely re-

ferred to as the pyrfffiate-dehydrogenase bypass (PDH bypass; Figffre 1.1A) (244). ACS

catalyzes actifiation of acetate flith the concomitant hydrolysis of ATP to AMP and PPi:

acetate + ATP + CoA = acetylۗCoA + AMP + PPi. (1.1)

When actifiation of acetate by ACS is follofled by the reactions catalyzed by pyrophos-

phatase (EC 3.6.1.1) and adenylate kinase (EC 2.7.4.3), the ofierall reaction seqffence in-

fiolfies the net hydrolysis of 2 ATP to 2 ADP and 2 Pi. Infiolfiement of pyrophosphatase

has a strong impat on the ofierall thermodynamics of acetate actifiation. Reaction 1.1 has

an estimated ΔGR° of -4.5 kJ·mol-1 (79), flhich decreases to -20.3 kJ·mol-1 (79) flhen the

pyrophosphatase reaction is inclffded, thffs enabling this essential biosynthetic reaction

to fffnction in vivo at a flide range of concentrations of its sffbstrates and prodffts.

Stoichiometrically, formation of 1 acetyl-CoA from glffcose throffgh glycolysis and

PDH bypass reqffires 1 ATP and resfflts in the net formation of 2 NADH or 1 NADH

and 1 NADPH (Table 1.1). ATP reqffired for cytosolic acetyl-CoA synthesis has to be

generated by dissimilation of glffcose throffgh respiratory or fermentatifie dissimilation

of glffcose. his ATP reqffirement for precffrsor sffpply can sefierely limit the maffiimffm

atainable yields on glffcose of cytosolic acetyl-CoA-derified prodffts by S. cerevisiae.

1.2.2 Heterologous pathwais for citosolic acetil-CoA suppli

To decrease ATP costs for cytosolic acetyl-CoA sffpply, alternatifie (heterologoffs) path-

flays that confiert glffcose into cytosolic acetyl-CoA can be considered for fffnctional
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replacement of the PDH bypass. For effiample, one might consider replacing the natifie

S. cerevisiae ACS by a heterologoffs ADP-forming acetyl-CoA synthetase (EC 6.2.1.13),

flhich catalyzes the confiersion of acetate and ATP to acetyl-CoA and ADP:

acetate + ATP + CoA = acetylۗCoA + ADP + Pi. (1.2)

his apparently simple replacement floffld make formation of acetyl-CoA from glffcose

an ATP-nefftral process, flhile still generating 2 moles of NAD(P)H per mole of acetyl-

CoA (Table 1.1). Hoflefier, flith an estimated ΔGR° of +3.6 kJ·mol-1 (79), ffse of ADP-

forming ACS as an acetyl-CoA generating reaction poses strit reqffirements on the

concentrations of intracellfflar sffbstrate and prodfft concentrations. To offr knoflledge,

ADP-forming acetyl-CoA synthetases hafie not yet been fffnctionally effipressed in yeast.

In this section, siffi additional heterologoffs acetyl-CoA sffpplying rofftes are discffssed

in terms of their ATP- and redoffi-cofactor stoichiometry and flith respet to their fffnc-

tional effipression in S. cerevisiae. Fifie of these rofftes, relying on phosphoketolase/-

transacetylase, acetylating acetaldehyde dehydrogenase, pyrfffiate-formate lyase, pyrff-

fiate dehydrogenase and pyrfffiate offiidase (Figffre 1.1A and B), hafie already been imple-

mented in S. cerevisiae. A siffith, based on pyrfffiate-ferredoffiin/afiodoffiin offiidoredffctase,

has not yet been effipressed in yeast.

1.2.2.1 Phosphoketolase and phosphotransacetilase

Phosphoketolase (PK; EC 4.1.2.9 and EC 4.1.2.22) and phosphotransacetylase (PTA; EC

2.3.1.8) are infiolfied in the central carbon metabolism of heterofermentatifie lactic acid

bacteria and in some fffngi (72, 145). PK enzymes can ffse either frffctose-6-P, ffiylfflose-5-

P or ribfflose-5-P as sffbstrates (111, 274) and differ flith respet to their specicities for

these three sffbstrates (39, 111, 274). PK confierts these sffgar phosphates and inorganic

phosphate into acetyl-P and either erythrose-4P or glyceraldehyde-3P:

frffctoseۗ6-P + Pi = acetylۗP + erythroseۗ4-P + H2O, (1.3)

ffiylffloseۗ5-P + Pi = acetylۗP + glyceraldehydeۗ3-P + H2O, (1.4)

ribffloseۗ5-P + Pi = acetylۗP + glyceraldehydeۗ3-P + H2O. (1.5)

he acetyl-P formed in reactions 1.3-1.5, flhich are all effiergonic ffnder biochemical stan-

dard conditions (estimated ΔGR° = -49.9 to -63.2 kJ·mol-1; (79)), can sffbseqffently be

confierted to acetyl-CoA by the refiersible PTA reaction ((294); estimated ΔGR° = -9.8

kJ·mol-1 in the acetyl-CoA forming direction; (79)):

acetylۗP + CoA = acetylۗCoA + Pi. (1.6)

Schramm and Racker (275) postfflated that concerted action of PK, enzymes of the

non-offiidatifie part of the pentose-phosphate pathflay, glycolysis and the glffconeogenic

enzyme, frffctose-1,6-bisphosphatase (FBPase; EC 3.1.3.11), coffld catalyze confiersion of

1 mole of frffctose-6-P, flithofft carbon loss, into 3 moles of acetyl-P (Figffre 1.1B), ac-

cording to the follofling net reaction:

frffctoseۗ6-P + 2 Pi = 3 acetylۗP + 2 H2O. (1.7)
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1 Reaction 1.7 is strongly effiergonic (estimated ΔGR° = -302.2 kJ·mol-1; (79)), sffggesting

that it shoffld operate flhen the reqffired enzymes are simffltaneoffsly present. Indeed,

Schramm et al. (274) obserfied a yield of acetate on frffctose-6-P in cell effitrats of Ace-

tobacter hilinum that flas consistent flith the operation of this so-called frffctose-6-P

shffnt. Ofier half a centffry later, confiersion of frffctose-6-P to acetyl-P flithofft carbon

loss flas ۜrediscofiered (18), this time in a reconstitffted in vitro enzyme system. Sffbse-

qffent effipression of Biटdobacterium adolescentis PK and ofiereffipression of FBPase in an

engineered E. coli strain enabled anaerobic confiersion of ffiylose to acetate at a molar

yield of 2.2 mol·mol-1. his stoichiometry is close to 2.5 mol·mol-1, the predited yield

for in vivo operation of the frffctose-6-P shffnt (18).

In theory, it shoffld be possible to implement a fffll frffctose-6-P shffnt in S. cerevisiae

(Figffre 1.1B) by effipression of heterologoffs PK and PTA enzymes and bypassing the

glffcose repression of the yeast FBP1 gene and glffcose inactifiation of the encoded FB-

Pase (90, 91). Profiided that ffftile cycling as a resfflt of the simffltaneoffs presence of

phosphofrffctokinase and FBPase (218) can be afioided, this strategy shoffld enable for-

mation of 1 mole of acetyl-CoA at the cost of only one-third of a mole of ATP, flithofft

infiolfiement of redoffi cofactors (Table 1.1). he same stoichiometry for confiersion of

sffgar to acetyl-CoA can be achiefied in a cycle similar to the one shofln in Figffre 1.1B,

bfft flith ffiylfflose-5-P as the sole sffbstrate for PK. When sffbseqffent formation of a

prodfft from acetyl-CoA does not yield ATP, respiratory dissimilation of acetyl-CoA

fiia the TCA-cycle or simffltaneoffs operation of an alternatifie, ATP-yielding pathflay

for cytosolic acetyl-CoA synthesis flill be reqffired. Similarly, flhen prodfft formation

from acetyl-CoA reqffires NAD(P)H, electrons flill hafie to be made afiailable elseflhere

in metabolism. PK can also be combined flith acetate kinase (AK; EC 2.7.2.1; acetyl-P +

ADP = acetate + ATP).he thffs formed acetate can be ffsed by ACS, yielding acetyl-CoA,

albeit at a decreased ATP efcacy compared to PK/PTA.

While PK actifiity has been reported in flild-type strains of S. cerevisiae (72, 291, 312),

actifiities in cell effitrats are lofl and the responsible gene has not been identied. Sefi-

eral stffdies hafie effiplored effipression of heterologoffs PK and PTA or AK genes in S.

cerevisiae. In a stffdy on pentose fermentation, PK from Biटdobacterium lactis and PTA

from Bacillus subtilis flere sffccessffflly effipressed in S. cerevisiae, as conrmed by en-

zyme assays (291). Later stffdies combined effipression of a heterologoffs PK flith either

effipression of an AK from Aspergillus nidulans or of a PTA from B. subtilis in order to

improfie prodffction of faty-acid ethyl esters and polyhydroffiybfftyrate by S. cerevisiae

(139, 158). Hoflefier, dffring groflth on glffcose, the ffffi throffgh the PK pathflay in these

modied S. cerevisiae strains appeared to be lofl (139, 158). In patent literatffre, imple-

mentation of a PK/PTA pathflay in yeast has been reported, combining the PK from

Leuconostoc mesenteroides and PTA from Clostridium kluiveri flith a roffte toflards the

isoprenoid farnesene, flhose synthesis reqffires 9 mol·mol-1 of acetyl-CoA (94, 110).

1.2.2.2 Acetilating acetaldehide dehidrogenase

Acetylating acetaldehyde dehydrogenase (A-ALD; EC 1.2.1.10) is infiolfied in the C2

metabolism of prokaryotes and catalyzes the follofling refiersible reaction:

acetaldehyde + NAD+ + CoA = acetylۗCoA + NADH +H+. (1.8)
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Under biochemical standard conditions, the estimated ΔGR° of this refiersible reac-

tion is -17 kJ·mol-1 in the acetyl-CoA forming direction (79). In contrast to NAD(P)+-

dependent ALD andACS (Figffre 1.1A; Table 1.1), flhich together catalyze the confiersion

of acetaldehyde to acetyl-CoA in the natifie PDH bypass, Reaction 1.8 does not reqffire

ATP. Confiersion of glffcose to acetyl-CoA fiia glycolysis, PDC and A-ALD yields 1 mole

of ATP and 2 moles of NAD(P)H per mole of acetyl-CoA (Figffre 1.1A; Table 1.1). hffs,

A-ALD profiides metabolic engineers flith an ATP-yielding option for the synthesis of

cytosolic acetyl-CoA from glffcose. Fffrthermore, in contrast to the PK/PTA pathflay, this

roffte also yields NADH.

Kozak et al. (166) demonstrated fffnctional effipression of fie prokaryotic A-ALDs,

originating from E. coli (mhpF and EfftE), Pseudomonas sp. (dmpF), Staphilococcus aureus

(adhE) and Listeria innocua (lin1129), in S. cerevisiae. Effipression of A-ALD flas shofln

to fffnctionally complement inactifiation of the natifie PDH bypass pathflay for cytoso-

lic acetyl-CoA synthesis (166), althoffgh biomass yields of the engineered strains flere

lofler than effipeted (see belofl). he potential benet of A-ALD on cellfflar energetics

is efien larger flhen ethanol is considered as (co-)sffbstrate (168). Ethanol metabolism by

S. cerevisiae is initiated by its confiersion to cytosolic acetyl-CoA throffgh the concerted

actifiity of alcohol dehydrogenase, ALD and ACS. In a theoretical analysis, Kozak et al.

(168) shofled that replacing this natifie roffte by an engineered A-ALD-dependent roffte

coffld potentially increase the biomass yield on ethanol by ffp to 40%. If this strategy

can be fffnctionally implemented, these ATP safiings coffld make ethanol a mffch more

attractifie (co-)sffbstrate for indffstrial prodffction of acetyl-CoA derified molecffles.

1.2.2.3 Piruvate-formate liase

Another reaction that yields acetyl-CoA from pyrfffiate is catalyzed by pyrfffiate-formate

lyase (PFL; EC 2.3.1.54; (40)):

pyrfffiate + CoA = acetylۗCoA + formate. (1.9)

Reaction 1.9 has an estimated ΔGR° of -21.2 kJ·mol-1 (79) and plays a key role in

fermentation pathflays in a large nffmber of anaerobic microorganisms (54, 295). he

redoffi-cofactor stoichiometry of the formation of acetyl-CoA from glffcose throffgh PFL

depends on the sffbseqffent metabolic fate of formate. To obtain the highest possible

electron efcacy and to afioid fleak-organic-acid ffncoffpling by formate (95, 231), the

formate prodffced by PFL has to be offiidized to CO2, a reaction catalyzed by formate

dehydrogenase (FDH; EC 1.2.1.2):

formate + NAD+ = CO2 + NADH +H+. (1.10)

Formation of acetyl-CoA from glffcose throffgh the combined action of PFL and NAD+-

dependent FDH yields 1 ATP and 2 NADH per acetyl-CoA, flhich is identical to the

net stoichiometry of the A-ALD roffte described abofie (Figffre 1.1A; Table 1.1). heo-

retically, application of PFL flith or flithofft FDH or together flith a formate-hydrogen

lyase (EC 1.1.99.33; (270)), creates effiibility in metabolic engineering strategies that in-

clffde these enzymes. Fffrthermore, protein engineering has yielded FDH enzymes that
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1 ffse NADP+ instead of NAD+ as a cofactor (120, 277). he later option is of particfflar

interest flhen prodfft formation pathflays doflnstream of acetyl-CoA ffse NADPH as

the electron donor, as is for instance the case in faty-acid synthesis. Hoflefier, the bio-

chemistry of PFL and, as flill be discffssed later, FDH represent signicant challenges.

Catalytic actifiity of PFL depends on a radical residffe, flhich is introdffced by abstrac-

tion of a hydrogen atom from its actifie site by a specic PFL-actifiating enzyme (PFL-AE;

EC 1.97.1.4). Actifiation of PFL by PFL-AE infiolfies the afioprotein afiodoffiin (155). In E.

coli, afiodoffiin is encoded by ठdA and its redffction depends on the afiodoffiin-NADP+

redffctase, encoded by fpr (210). Its radical residffe makes PFL highly sensitifie to molec-

fflar offiygen, flhich caffses irrefiersible cleafiage of PFL in tflo inactifie fragments (155).

Moreofier, also the essential [4Fe-4S] clffster in the actifie site of PFL-AE is offiygen labile

(173).

PFL and PFL-AE from E. coli flere rst effipressed in S. cerevisiae by Waks and Silfier

(331), flho demonstrated formate accffmfflation dffring anaerobic groflth of the resfflt-

ing yeast strains. PFL flas sffbseqffently shofln to fffnctionally replace the natifie PDH

bypass as the sole pathflay for cytosolic acetyl-CoA synthesis in anaerobic S. cerevisiae

cffltffres (166). Effipression of PFL and PFL-AE from either E. coli or Lactobacillus plan-

tarum sffpported anaerobic specic groflth rates of an Acs- strain of ffp to 73% of that of

the Acs+ reference strain. It is presently ffnclear flhich S. cerevisiae proteins fffnctionally

replace bacterial afiodoffiins in these stffdies (166, 331). Recently, co-effipression of the

afiodoffiin:NADP+ redffctase system from E. coli flas shofln to enable PFL-dependent

groflth of engineered Pdc- S. cerevisiae strains ffnder microaerobic conditions (350).

1.2.2.4 Piruvate dehidrogenase compleh

hepyrfffiate dehydrogenase (PDH) compleffi (EC 1.2.4.1, EC 2.3.1.12, EC 1.8.1.4) catalyzes

the offiidatifie decarboffiylation of pyrfffiate into acetyl-CoA:

pyrfffiate + NAD+ + CoA = acetylۗCoA + CO2 + NADH +H+. (1.11)

he estimated ΔGR° of the ofierall reaction catalyzed by this mfflti-enzyme compleffi

is -40.2 kJ·mol-1 (79). Before the recent discofiery of a nffclear PDH compleffi in hffman

cells (303), effkaryotic PDH compleffies flere assffmed to be conned to mitochondria, as

is also the case in S. cerevisiae (14). Diret confiersion of pyrfffiate to cytosolic acetyl-CoA

fiia Reaction 1.11 therefore either reqffires relocalization of the natifie yeast mitochon-

drial PDH compleffi to the cytosol or cytosolic effipression of a heterologoffs PDH compleffi.

Stoichiometrically, formation of acetyl-CoA fiia a cytosolic PDH compleffi corresponds to

the A-ALD or PFL/FDH-based pathflays discffssed abofie (Table 1.1). Hoflefier, in con-

trast to these pathflays, acetyl-CoA generation by the PDH compleffi does not infiolfie

the potentially toffiic intermediates acetaldehyde or formate (Figffre 1.1A).

Fffnctional effipression of a heterologoffs PDH compleffi is complicated by its mfflti-

sffbffnit organization. he E1 sffbffnit, in many organisms consisting of separate E1͠ and

E1͡ sffbffnits, has pyrfffiate dehydrogenase actifiity (EC 1.2.4.1), E2 has dihydrolipoamide

acetyltransferase actifiity (EC 1.2.4.1) and E3 has dihydrolipoyl dehydrogenase actifiity

(EC 1.2.4.1) (161, 351). Mffltiple copies of each sffbffnit assemble into a ~10 MDa compleffi

(286), flhich makes the flhole compleffi larger than a yeast ribosome (211). Fffrthermore,
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the E2 sffbffnit is only actifie flhen cofialently linked to lipoic acid, flhich reqffires a spe-

cic lipoylation system (51). As an additional complication, the E3 sffbffnit of many PDH

compleffies is strongly inhibited by high [NADH]/[NAD+] ratios. In most organisms, the

PDH compleffi is therefore only actifie ffnder aerobic conditions, flhen [NADH]/[NAD+]

ratios are lofler than ffnder anaerobic conditions (11, 30, 286). Hoflefier, the PDH com-

pleffi from the Gram-positifie bacteriffm Enterococcus faecalis flas shofln to effihibit a

remarkably lofl sensitifiity to high [NADH]/[NAD+] ratios (285), flhich enables it to

fffnction in its natifie host ffnder anaerobic conditions (286).

Fffnctional effipression and assembly of the E. faecalis PDH compleffi in the cytosol of

S. cerevisiae flas recently demonstrated (167). In vivo PDH actifiity not only reqffired

heterologoffs effipression of the E1͠, E1͡, E2 and E3 sffbffnits of E. faecalis PDH, bfft also

of tflo E. faecalis genes infiolfied in lipoylation of the E2 sffbffnit and sffpplementation

of groflth media flith lipoic acid. he in vivo actifiity of the cytosolic PDH-compleffi

flas sfffcient to meet the cytosolic acetyl-CoA demand for groflth, as demonstrated

by complementation in Acs- S. cerevisiae strains (167). Groflth of these strains flas also

obserfied ffnder anaerobic conditions, consistent flith the prefiioffsly reported ability of

this PDH compleffi to operate at elefiated [NADH]/[NAD+] ratios (see abofie).

1.2.2.5 Piruvate ohidase

In many prokaryotes, the afioprotein pyrfffiate offiidase (POX; EC 1.2.3.3) catalyzes offi-

idatifie decarboffiylation of pyrfffiate to acetyl-P and donates electrons to offiygen, thereby

forming hydrogen peroffiide (191, 313):

pyrfffiate + Pi + O2 = acetylۗP + CO2 + H2O2. (1.12)

Follofling this strongly effiergonic reaction (estimated ΔGR° = -163.8 kJ·mol-1; (79)),

acetyl-CoA can be formed from acetyl-P by PTA (Reaction 1.6). Detoffiication of hydro-

gen peroffiide can, for effiample, occffr fiia catalase (EC 1.11.1.6):

2 H2O2 = O2 + 2 H2O. (1.13)

Formation of 1 acetyl-CoA from glffcose fiia glycolysis, reactions 1.13 and PTA (Reac-

tion 1.6) consffmes 1/2O2 and forms 1 NADH and ATP (Figffre 1.1A; Table 1.1). Compared

to the ATP-independent offiidatifie confiersions of pyrfffiate into acetyl-CoA (by A-ALD,

PFL/FDH or PDH), the POX roffte reqffires offiygen and yields fefler redffcing eqffifia-

lents. here is as yet no scientic literatffre on implementation of the POX strategy for

cytosolic acetyl-CoA sffpply in S. cerevisiae. Hoflefier, a recent patent application reports

that combined effipression of POX fromAerococcus viridans flith a PTA increased the spe-

cic groflth rate of an S. cerevisiae strain in flhich the PDH bypass flas inactifiated by

deletion of all three pyrfffiate-decarboffiylase genes (221).

1.2.2.6 Piruvate-ferredohin/ठavodohin ohidoreductase

Similar to the PDH compleffi, pyrfffiate-ferredoffiin/afiodoffiin offiidoredffctase (PFO; EC

1.2.7.1) catalyzes offiidatifie decarboffiylation of pyrfffiate to acetyl-CoA (248). Hoflefier,
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1 ffnlike the NADH-yielding PDH reaction, PFO transfers electrons to ferredoffiin or afio-

doffiin. he iron-sfflfffr-clffster-containing PFO is offiygen sensitifie, flhich probably re-

strits its applicability to anaerobic conditions. In some organisms, inclffdingHelicobater

pilori, an NADP+-afiodoffiin offiidoredffctase (FPR; EC 1.18.1.2) can transfer electrons

from redffced afiodoffiin to NADP+, yielding NADPH (128). Interestingly, the protist Eu-

glena gracilis harbors a chimeric mitochondrial pyrfffiate-NADP+ offiidoredffctase (EC

1.2.1.51) protein, flhich integrates PFO and FPR actifiity (135, 260). In these reactions,

pyrfffiate is confierted into acetyl-CoA fiia PFO or fiia PFO and FPR throffgh, respectifiely,

the follofling reactions:

pyrfffiate + ferredoffiin/flafiodoffiin (offiidized) + CoA =

acetylۗCoA + CO2 + ferredoffiin/flafiodoffiin (redffced),
(1.14)

pyrfffiate + NADP+ + CoA = acetylۗCoA + CO2 + NADPH +H+. (1.15)

Reactions 1.14 and 1.15 both hafie negatifie ΔGR° fialffes (estimated at -23.6 (flith

ferredoffiin as redoffi cofactor) and -32.9 kJ·mol-1, respectifiely; (79)). Application of PFO

and/or PFR for yeast metabolic engineering floffld reqffire efcient regeneration of the

redffced co-factors. For optimal electron efcacy, this floffld reqffire redffctifie reaction

steps doflnstream of acetyl-CoA that re-offiidize either redffced ferredoffiin/afiodoffiin or

NADPH, as has for instance been shofln for the anaerobic confiersion of glffcose to flaffi

esters by E. gracilis (134). If this reqffirement can be met, the ofierall stoichiometric im-

pat of these enzymes on prodfft formation floffld be identical to that of PDH, bfft floffld

effipand effiibility flith respet to redoffi-cofactor specicity.

1.2.3 Ehport of mitochondrial acetil moieties to the citosol via shutle mechanisms

he siffi strategies discffssed abofie rely on diret formation of acetyl-CoA in the yeast

cytosol. Alternatifiely, cytosolic acetyl-CoA may be profiided throffgh mitochondrial,

ATP-independent formation of acetyl-CoA fiia the natifie PDH compleffi ffsing shfftle

mechanisms. hree sffch mechanisms that, by a combination of enzyme-catalyzed reac-

tions and transport steps, enable the net effiport of mitochondrial acetyl moieties to the

cytosol, are discffssed belofl: the citrate-offialoacetate shfftle, the carnitine shfftle and a

shfftle mechanism that relies on mitochondrial confiersion of acetyl-CoA to acetate.

1.2.3.1 Citrate-ohaloacetate shutle

he citrate-offialoacetate shfftle ffses offialoacetate as a carrier molecffle to transfer acetyl

moieties across the mitochondrial membrane. his shfftle not only occffrs in many

higher effkaryotes, bfft also in oleaginoffs yeasts, flhere it profiides cytosolic acetyl-CoA

for lipid synthesis (20). In the citrate-offialoacetate shfftle, acetyl-CoA formed by the

mitochondrial PDH compleffi rst reats flith offialoacetate in a reaction catalyzed by mi-

tochondrial citrate synthase (EC 2.3.3.1; Figffre 1.1C). Citrate generated in this reaction

is then effiported from the mitochondria fiia antiport flith offialoacetate or malate (26).

he acceptor molecffle in this shfftle mechanism, offialoacetate, is then regenerated by
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ATP-dependent cleafiage of citrate, catalyzed by cytosolic ATP-citrate lyase (ACL; EC

2.3.3.8):

citrate + ATP + CoA = acetylۗCoA + offialoacetate + ADP + Pi. (1.16)

Finally, antiport of cytosolic offialoacetate flith mitochondrial citrate enables a nefl cy-

cle of the shfftle (Figffre 1.1C). As the ATP generated fiia glycolysis is hydrolyzed again

in Reaction 1.16, formation of cytosolic acetyl-CoA from glffcose fiia ACL is ATP nefftral

and resfflts in formation of 1 NADH in the cytosol and 1 NADH in the mitochondria (Ta-

ble 1.1). To maintain redoffi-cofactor balance, NADH formed in the mitochondria shoffld

either be re-offiidized fiia respiration or, fiia infiolfiement of mitochondrial redoffi shfftles

(7), be translocated to the cytosol to be reoffiidized in a prodfft formation pathflay.

In contrast to oleaginoffs yeasts, S. cerevisiae does not contain ACL (20). Hoflefier, S.

cerevisiae mitochondria do contain a fffnctional citrate-͠-ketoglfftarate antiporter, en-

coded by YHM2, flhich also has actifiity flith offialoacetate (37). Fffnctional effipression of

ACL from Arabidopsis thaliana in S. cerevisiae flas rst demonstrated by in vitro enzyme

assays (76). Tflo sffbseqffent stffdies infiestigated the impat of the citrate-offialoacetate

shfftle on prodffction of acetyl-CoA derified compoffnds by S. cerevisiae. Tang et al. (307)

shofled that effipression of a mffrine ACL resfflted in a 1.1 to 1.2 fold increase in faty-

acid content dffring stationary phase (307). Similarly, effipression of ACL from Yarrowia

lipolitica resfflted in a 2.4 fold increase of the n-bfftanol yield on glffcose in S. cerevisiae

strains that co-effipressed a heterologoffs, acetyl-CoA dependent pathflay to n-bfftanol

(185). In another stffdy, effipression of the ACL enzymes from A. nidulans, Mus musculus,

Y. lipolitica, Rhodosporidium toruloides and Lipomices starkeiii in S. cerevisiae demon-

strated that the A. nidulans ACL resfflted in 4.2 ۗ 9.7 fold higher actifiity than the other

ACLs (256). By applying a pffsh/pffll/block strategy on an S. cerevisiae strain effipressing

the A. nidulans ACL, acetyl-CoA-dependent prodffction of mefialonate flas improfied

(256).

ACL is also infiolfied in another potentially interesting strategy for cytosolic acetyl-

CoA formation. his strategy, flhich has hitherto only been partially sffccessfffl in E.

coli, relies on refiersal of the glyoffiylate cycle by introdffction of sefieral ATP-dependent

steps (199). By combined effipression of ATP-citrate lyase, malate thiokinase (EC 6.2.1.9;

malate + CoA + ATP =malyl-CoA + ADP + Pi) and a malyl-CoA lyase (EC 4.1.3.24; malyl-

CoA = acetyl-CoA + glyoffiylate), this pathflay shoffld enable the in vivo confiersion of

sffccinate and malate to offialoacetate and 2 acetyl-CoA (199). While fffrther research is

reqffired before this strategy can be applied in metabolic engineering, it coffld enable

efcient confiersion of C4 sffbstrates to 2 acetyl-CoA, flithofft loss of carbon in the form

of CO2. Hoflefier, this high carbon confiersion flill be at the effipense of ATP hydrolysis.

1.2.3.2 Carnitine shutle

he carnitine shfftle, flhich ffses the qffaternary ammoniffm compoffnd ॲ-carnitine as a

carrier molecffle, enables transport of acyl moieties betfleen effkaryotic organelles (15).

When acetyl-CoA is the sffbstrate, the carnitine shfftle consists of cytosolic and mito-

chondrial carnitine acetyltransferases (EC 2.3.1.7), flhich transfer actifiated acetyl-CoA
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1 to ॲ-carnitine and fiice fiersa (Reaction 1.17), as flell as an acetyl-carnitine translocase in

the inner mitochondrial membrane (Figffre 1.1C).

ॲۗcarnitine + acetylۗCoA = acetylۗॲۗcarnitine + CoA. (1.17)

In S. cerevisiae, at least siffi proteins contribffte to a fffnctional carnitine shfftle. In con-

trast to many other effkaryotes, inclffding mammals (319) and the yeast Candida albicans

(302), S. cerevisiae lacks the genetic information reqffired for ॲ-carnitine biosynthesis

(257, 305). Operation of the carnitine shfftle in S. cerevisiae therefore depends on afiail-

ability of effiogenoffs ॲ-carnitine, flhich is imported fiia the Hnm1 plasma-membrane

transporter (4). Effipression of HNM1 is regfflated by the plasma-membrane-spanning

protein Agp2 (4, 258). S. cerevisiae harbors three carnitine acetyltransferases (15), flith

different sffbcellfflar localizations: Cat2 is actifie in the peroffiisomal and mitochondrial

matrices (69), Yat1 is localized to the offter mitochondrial membrane (271) and Yat2 is a

cytosolic protein (129, 159, 305). he inner mitochondrial membrane contains an acetyl-

carnitine translocase, Crc1 (84, 160, 233, 258).

All components of the carnitine shfftle catalyze refiersible reactions. Transport of

the acetyl moiety of acetyl-CoA from the mitochondria to the cytosol fiia the carnitine

shfftle shoffld therefore, at least theoretically, enable the formation of acetyl-CoA from

glffcose flith the generation of 1 ATP and the formation of 1 NADH in the mitochondria

and 1 NADH in the cytosol (Table 1.1). Hoflefier, in S. cerevisiae strains that effipress the

genes of the carnitine shfftle from their natifie promotors, the shfftle does not contribffte

to effiport ofmitochondrial acetylmoieties dffring groflth on glffcose (203). To circffmfient

the glffcose repression that occffrs in flild-type S. cerevisiae (69, 151, 271), Van Rossffm

et al. (259) recently constrffted an S. cerevisiae strain in flhich all genes infiolfied in the

carnitine shfftle flere constitfftifiely effipressed. Elimination of the PDH bypass in sffch

a strain backgroffnd, follofled by laboratory efiolfftion, yielded strains flhose groflth

on glffcose flas dependent on ॲ-carnitine sffpplementation (259). his resfflt indicated

that acqffisition of specic mfftations in the yeast genome indeed allofls the carnitine

shfftle to effiport mitochondrial acetyl ffnits to the cytosol. While this stffdy presented

a rst proof of concept, fffrther research is necessary to effiplore the potential indffstrial

relefiance of the carnitine shfftle as an alternatifie mechanism for sffpplying acetyl-CoA

in S. cerevisiae.

1.2.3.3 Mitochondrial conversion of acetil-CoA to acetate through the CoA-transferase

Ach1

Whereas acetyl-CoA cannot cross the mitochondrial membrane, acetate likely can (see

belofl). Mitochondrial confiersion of acetyl-CoA to acetate, follofled by effiport of acetate

from the mitochondria and its sffbseqffent actifiation by cytosolic ACS, coffld constitffte

an alternatifie acetyl-CoA shfftle (Figffre 1.1C). In S. cerevisiae, mitochondrial release of

acetate from acetyl-CoA is catalyzed by Ach1, flhich flas originally characterized as a

mitochondrial acetyl-CoA hydrolase (EC 3.1.2.1; (28)). Sffbseqffent in vitro stffdies flith

pffried protein shofled that Ach1 is, in fat, a CoA-transferase that can also catalyze

the transfer of the CoA groffp betfleen fiarioffs CoA esters and short-chain organic acids
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(80).WhenAch1 ffses sffccinate and acetyl-CoA as sffbstrates, this resfflts in the follofling

refiersible reaction:

sffccinate + acetylۗCoA = sffccinylۗCoA + acetate. (1.18)

he ofierall ATP cost (or yield) of formation of cytosolic acetyl-CoA throffgh this sys-

tem depends on the reactions by flhich acetate is formed. If acetate is formed by hy-

drolysis of mitochondrial acetyl-CoA, formation of cytosolic acetyl-CoA from glffcose,

infiolfiing the natifie ACS, throffgh this roffte costs 1 ATP. his stoichiometry floffld not

profiide an energetic benet ofier the natifie PDH bypass. Hoflefier, if mitochondrial ac-

etate is formed by a CoA-transfer reaction flith sffccinate as CoA acceptor, one ATP can

be recofiered by sffbseqffently regenerating sffccinate fiia sffccinyl-CoA ligase (EC 6.2.1.5;

(247)):

sffccinylۗCoA + ADP + Pi = sffccinate + ATP + CoA. (1.19)

In this scenario, formation of cytosolic acetyl-CoA from glffcose fiia Ach1-catalyzed

CoA-transfer is an ATP nefftral process (Figffre 1.1C; Table 1.1). When combined flith

an ADP-forming ACS (see abofie), formation of acetyl-CoA from glffcose fiia this path-

flay coffld efien resfflt in a net yield of 1 mole of ATP per mole of acetyl-CoA. hese

three scenarios all resfflt in the formation of 1 mole of cytosolic NADH and 1 mole of

mitochondrial NADH per mole of acetyl-CoA prodffced from glffcose.

Combination of Ach1 actifiity flith effiport of acetate to the cytosol has recently been

shofln to enable cytosolic acetyl-CoA synthesis in S. cerevisiae strains in flhich the PDH

bypass flas impaired by deletion of the pyrfffiate decarboffiylases PDC1, PDC5 and PDC6

(44). Sffch Pdc- strains become affffiotrophic for effiternally added acetate (or other C2 com-

poffnds) as sffbstrate for the cytosolic acetyl-CoA synthase (81). After prefiioffs stffdies

had shofln that this affffiotrophy can be ofiercome by either laboratory efiolfftion or by

introdffction of a stableMTH1 allele (202, 228), Chen et al. (44) shofled that the acqffired

acetate prototrophy relies on Ach1. In these strains, Ach1 releases acetate in the mito-

chondria that is sffbseqffently transported to the cytosol and actifiated to acetyl-CoA by

cytosolic Acs1 and/or Acs2 (Reaction 1.11) (44). he in vivo capacity of Ach1 in glffcose-

grofln cffltffres of S. cerevisiae is lofl (318) and insfffcient to sffstain fast groflth of

Pdc- strains in the absence of fffrther modication or efiolfftion (228). herefore, to ffflly

effiplore the potential stoichiometric benets of this system for prodfft formation, in-

creasing pathflay capacity shoffld be a rst priority.
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he cytosolic acetyl-CoA forming pathflays discffssed abofie differ flith respet to their

acetyl-CoA, ATP, NAD(P)H and CO2 stoichiometries (Table 1.1). Pathflays that fffr-

ther confiert cytosolic acetyl-CoA into indffstrially relefiant prodffts can hafie different

redoffi-cofactor and ATP reqffirements. herefore, the design of metabolic engineering

strategies for optimal integration of acetyl-CoA forming pathflay(s) flith prodfft path-

flays reqffires a priori stoichiometric analysis. Important considerations for designing

optimal pathflay congffrations inclffde the theoretical maffiimffm reaction stoichiom-

etry, thermodynamic feasibility and compatibility flith the natifie biochemistry of the

(engineered) host organism.

he maffiimffm theoretical yield (mole prodfft per mole sffbstrate, in the absence of

groflth) can be calcfflated flithofft prior assffmptions on pathflay biochemistry and de-

scribes a sitffation in flhich all afiailable electrons from the sffbstrate end ffp in the prod-

fft of interest. In this sitffation, flhich does not infiolfie the ffse of effiternal electron

acceptors sffch as offiygen, the theoretical maffiimffm molar reaction stoichiometry can

be flriten as follofls (52):

-γP/γS
sffbstrate + nCO2

CO2 + nH2O H2O + nH+ H+ + 1 prodfft = 0

In this eqffation, γP and γS represent the degree of redffction (in e-mol·mol-1) of the

prodfft and sffbstrate (113). Molar stoichiometries of the other compoffnds (nCO2, nH2O

and nH+) then follofl from elemental and charge balances. he degree of redffction is

dened as the nffmber of electrons that are released flhen a chemical compoffnd is com-

pletely confierted to its most offiidized stable reference compoffnd(s). For carbohydrates

and other C-, H- and O-containing molecffles, these offiidized reference compoffnds are

H2O, CO2 gand H+ flhich, by confiention, are assigned a ͢-fialffe of 0. his assignment

resfflts in the follofling ͢-fialffe for the elements and charges: H = 1; C = 4; O = -2; + =

-1; - = +1. he degree of redffction of any compoffnd can then be simply calcfflated from

the sffm of the ͢-fialffes of its elements.

A rst indication of flhether a reaction is thermodynamically feasible is profiided by

its Gibbs free energy change ffnder biochemical standard conditions (ΔGR°), taking into

accoffnt that actffal in vivo fialffes of ΔGR also depend on concentrations of sffbstrates

and prodffts. In addition, ΔGR° profiides fialffable indications on flhether the Gibbs-

free energy change is sfffciently negatifie to conserfie free energy in the form of ATP

for groflth and cellfflar maintenance and to profiide the thermodynamic drifiing force

reqffired for high reaction rates (52). When effiperimental data on the free energy of for-

mation (ΔfG°) of relefiant compoffnds are not afiailable, ΔGR° estimations can instead be

based on groffp contribfftion methods (79, 224). If the theoretical maffiimffm stoichiom-

etry calcfflated fiia the degree-of-redffction approach is thermodynamically feasible, it

represents the ffltimate benchmark for assessment of alternatifie pathflay congffrations

dffring the design phase of metabolic engineering projets.

Challenges in effiperimentally approaching maffiimffm theoretical prodfft yields by

metabolic engineering are to a large effitent caffsed by constraints that are imposed by

the natifie biochemistry of microbial prodffction hosts and/or by its (in)compatibility

flith relefiant heterologoffs and/or synthetic pathflays for precffrsor sffpply and prod-
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1 fft formation. For effiample, infiolfiement of ATP-reqffiring reactions or non-matching

redoffi-cofactor specicities of offiidatifie and redffctifie reactions in a pathflay can con-

strain the effiperimentally atainable prodfft yield. Optimally choosing or (re)designing

pathflay congffrations in (central) metabolism is therefore crffcial for systematically

approaching the theoretical prodffction yield.

To efialffate prodfft dependency of the optimal recongffration of cytosolic acetyl-

CoA profiision in yeast, fle efialffate the alternatifie pathflays discffssed abofie for the

prodffction of foffr model compoffnds: n-bfftanol, citric acid, palmitic acid and farnesene.

his analysis is based on a compartmentalized model of central metabolism described by

Carlson et al. (32), sffpplementedflith (heterologoffs) reactions for acetyl-CoA formation,

the lffmped reaction pathflays from acetyl-CoA to the foffr prodffts, as flell as some

additional modications (Boffi 1.1).

Box 1.1 ۗ Modications to the Saccharomices cerevisiae stoichiometric model of

Carlson et al. (32), introdffced to enable stoichiometric comparison of different cy-

tosolic acetyl-CoA forming pathflays in the conteffit of the prodffction of n-bfftanol,

citric acid, palmitic acid or farnesene (for complete model in MetaTool format (144),

see Sffpplementary data 1.1).

• Based on effiperimental data (203, 259), transport of mitochondrial acetyl-CoA to

the cytosol flas remofied from the model,

• Introdffction of reactions for formation of n-bfftanol, citric acid, palmitic acid or

farnesene from cytosolic acetyl-CoA. Lffmped stoichiometries are gifien by reac-

tions 1.20 ۗ 1.23.

• Introdffction of NAD+-dependent acetaldehyde dehydrogenase, in addition to the

NADP+-dependent reaction present in the original model, thereby introdffcing

redoffi cofactor effiibility in the PDH bypass.

• Introdffction of ATP-citrate lyase to enable the citrate-offialoacetate shfftle.

• Introdffction of independent phosphoketolase actifiities flith frffctose-6-

phosphate and ffiylfflose-5-phosphate as the sffbstrate; introdffction of phospho-

transacetylase.

• Introdffction of NAD+-dependent acetylating acetaldehyde dehydrogenase. he

follofling three offiidatifie, ATP-independent options from pyrfffiate to acetyl-CoA

(Table 1.1) hafie the same ofierall stoichiometry as the acetylating acetaldehyde

dehydrogenase-based pathflay and are therefore not indifiidffally modelled: cy-

tosolic PDH compleffi, pyrfffiate-formate lyase flith formate dehydrogenase and

effiport of mitochondrial acetyl moieties to the cytosol fiia the carnitine shfftle.

• To facilitate NADH generation fiia the TCA-cycle for prodffts flith a degree of re-

dffction that is higher than that of glffcose, the sffccinate dehydrogenase reaction

flas modied to ffse NAD+ instead of FAD+. In practice, this coffld for instance be

achiefied by ofiereffipressing an NADH-dependent fffmarate redffctase (266, 343).

1.3.1 n-Butanol

n-Bfftanol, a linear 4-carbon alcohol, is a promising reneflable transport fffel as flell as

an indffstrial solfient and precffrsor for chemical synthesis (206), flith a maffiimffm theo-
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Tehlifiets et al. (308).

retical yield on glffcose of 1 mol·mol-1 (Table 1.2). While fiarioffs pathflays to n-bfftanol

hafie been effipressed in S. cerevisiae (22, 185, 299, 304), only the Clostridium pathflay has

acetyl-CoA as a precffrsor and is therefore considered in this refiiefl (Figffre 1.2A). his

pathflay has the follofling reaction stoichiometry:

2 acetylۗCoA + 4 (NADH +H+) = nۗbfftanol + 4 NAD+ + 2 CoA +H2O. (1.20)
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1 Table 1.2. Ofierall stoichiometry for the formation of 1 mole of n-bfftanol flith glffcose as the sole soffrce
of electrons (C4H10O; ͢ = 24 e-mol·mol-1). he Gibbs free energy change ffnder biochemical standard condi-
tions (ΔGR°) for the theoretical maffiimffm reaction stoichiometry is estimated at -265.9 k 12.6 kJ·mol-1 (79).
Ofierall reaction stoichiometries are obtained ffsing MetaTool 5.1 (144), based on an adapted fiersion of the
stoichiometric model of central carbon metabolism of S. cerevisiae by Carlson et al. (32). he listed reaction
stoichiometry for each pathflay represents the ffffi solfftion flith the highest prodfft yield on sffbstrate. Any
ATP reqffirement flas preferentially met by reoffiidation of sffrplffs NADH. If additional ATP flas reqffired,
additional glffcose flas ffsed for complete respiratory dissimilation to generate the remaining ATP (P/O ratio
assffmed to be 1 (327)). Sffrplffs NADH not reqffired for ATP generation and/or ATP generated from the prod-
fft formation pathflays are indicated in the stoichiometry. For simplicity, the reactants NAD+, ADP, Pi and
H+ are not shofln.

Pathway Reaction stoichiometry Yield
(molp/mols)

heoretical maffiimffm glffcose −−→ n-bfftanol + 2 CO2 + H2O 1

PDH bypass 11/8 glffcose + 3/4 O2 −−→ n-bfftanol + 23/4
CO2 + 13/4 H2O

0.889

Citrate-offialoacetate shfftle flith
ACL

glffcose −−→ n-bfftanol + 2 CO2 + H2O 1

Phosphoketolase/-transacetylase glffcose −−→ n-bfftanol + 2 CO2 +H2O + ATP 1
ATP-independent pyrfffiate to
acetyl-CoA rofftes*

glffcose −−→ n-bfftanol + 2 CO2 + H2O + 2
ATP

1

* hese pathflay ffse either A-ALD, PDHcyt, PDHmit flith the carnitine shfftle or, flhen
conditions are anaerobic, PFL flith FDH

All foffr pathflays for acetyl-CoA prodffction can resfflt in redoffi-cofactor balanced

formation of bfftanol from glffcose (Table 1.2). For the three rofftes that prodffce acetyl-

CoA from glffcose fiia pyrfffiate, the 4 NADH reqffired for synthesis of 1 n-bfftanol are

prodffced by glycolysis and by the sffbseqffent offiidatifie confiersion of pyrfffiate to acetyl-

CoA. In the PK/PTA pathflay, non-offiidatifie confiersion of 2/3 glffcose to 2 acetyl-CoA

reqffires, in parallel, the offiidation of 1/3 glffcose fiia glycolysis and TCA cycle to generate

these 4 NADH. Derifiing NADH from the TCA cycle flill reqffire additional metabolic

engineering to ofiercome the sffbcellfflar compartmentation of NADH metabolism in S.

cerevisiae (7) and the dofln-regfflation of TCA-cycle enzymes in anaerobic S. cerevisiae

cffltffres (77, 92).

Comparison of n-bfftanol formation from glffcose fiia the foffr different pathflays for

acetyl-CoA formation clearly demonstrates their impat on prodfft yield. he ATP cost

of the ACS reaction in the PDH bypass necessitates respiratory dissimilation of glffcose,

constraining the maffiimffm atainable yield of n-bfftanol to 0.889 mol·(mol glffcose)-1.

his pathflay congffration therefore preclffdes anaerobic, fermentatifie n-bfftanol pro-

dffction (Table 1.2). Prodffction of n-bfftanol from glffcose is ATP nefftral flhen acetyl-

CoA is formed fiia the citrate-offialoacetate shfftle. his congffration, hoflefier, still re-

qffires another dissimilatory pathflay to profiide ATP for groflth and cellfflar main-

tenance. he remaining tflo pathflays for acetyl-CoA formation enable prodffction of

n-bfftanol at the maffiimffm theoretical yield of 1 mol·(mol glffcose)-1 and flith a positifie

ATP yield, thereby potentially allofling for an anaerobic, fermentatifie process. Use of

the PK/PTA roffte partially bypasses the sffbstrate phosphorylation steps of glycolysis

and therefore yields only 1 mole of ATP per mole of n-bfftanol. ATP-independent, offi-

idatifie confiersion of pyrfffiate to acetyl-CoA (A-ALD, PDHcyt and PFL/FDH) enables the



1

1.3 Cॵॻॶॲ९ॴ७ ॵ६ ३ॿॺॵॹॵॲ९३ १३५ॺॿॲ-CॵA ६ॵॸॳ९ॴ७ ॶ१ॺ८ॽ१ॿॹ ॺॵ ॶॸॵ४ॻ३ॺ ६ॵॸॳ१ॺ९ॵॴ 27

formation of 2 moles of ATP per mole of n-bfftanol, flhich is identical to the ATP yield

from classical alcoholic fermentation of glffcose by S. cerevisiae.

1.3.2 Citric acid

Citric acid, a siffi-carbon tricarboffiylic acid, is cffrrently prodffced on an indffstrial scale

ffsing A. niger and can, alternatifiely, be prodffced flith the yeast Y. lipolitica (209). Since

citric acid is more offiidized than glffcose (degrees of redffction 18 and 24, respectifiely),

it represents an interesting model prodfft to theoretically effiplore hofl redoffi-cofactor

balancing of precffrsor sffpply and prodfft pathflays can affet prodfft yield. he key

enzyme in citric acid prodffction (Figffre 1.2B), citrate synthase, ffses acetyl-CoA and

offialoacetate as sffbstrates:

acetylۗCoA + offialoacetate + H2O = citrate + CoA. (1.21)

In A. niger, and likely also in Y. lipolitica, citrate synthase is localized in the mitochon-

drial matriffi (263). Hoflefier, for this theoretical assessment of the impat of the different

cytosolic acetyl-CoA formation pathflays on prodfft yield, fle flill assffme a cytosolic

localization. Formation of offialoacetate from glffcose fiia the ATP-dependent carboffiy-

lation of pyrfffiate (EC 6.4.1.1; pyrfffiate + CO2 + ATP + H2O = offialoacetate + ADP +

Pi) resfflts in the formation of 1 NADH. Additionally, all offiidatifie rofftes for acetyl-

CoA formation resfflt in the formation of an additional 2 NADH per citric acid. his

ۜefficess NADH can be reoffiidized by mitochondrial respiration, thffs profiiding ATP for

groflth, maintenance, prodfft effiport and, in some pathflay congffrations, for acetyl-

CoA formation (Table 1.3). Offiidatifie formation of acetyl-CoA from pyrfffiate limits the

maffiimffm atainable yield of citric acid to 1 mole per mole glffcose (Table 1.3), flhich

is sffbstantially lofler than the theoretical maffiimffm yield of citric acid on glffcose (1.33

mol·mol-1; Table 1.3). As described abofie, confiersion of glffcose to acetyl-CoA fiia the

PK/PTA pathflay does not resfflt in NADH formation and efien enables net incorpora-

tion of CO2 into the prodfft. Use of PK/PTA for acetyl-CoA synthesis shoffld therefore

enable a higher maffiimffm atainable citrate yield on glffcose of 1.2 mol·mol-1 (Table 1.3),

flhich corresponds to 90% of the maffiimffm theoretical yield (Table 1.3). Engineering

acetyl-CoA formation fiia the PK/PTA roffte into Y. lipolitica and A. niger might there-

fore be an interesting approach to increase citric acid yield on glffcose. Interestingly,

both microorganisms already harbor a cytosolic PK and, thereby, only seems to lack a

fffnctional PTA (65, 235, 249). his strategy does not only hafie the potential to increase

the citric acid yield on glffcose, bfft also to increase the prodfft yield on offiygen. he

lofler ATP yield from citric acid formation fiia a PK/PTA pathflay can be benecial for

minimizing groflth, althoffgh ATP afiailability flill be reqffired for cellfflar maintenance,

especially at the lofl pH fialffes that are typical for these processes.

1.3.3 Palmitic acid

Microbial prodffction of lipids, flhose applications range from biofffels to cosmetics, is in-

tensifiely infiestigated (261, 280). As a model compoffnd, fle consider palmitic acid, a sat-
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1 Table 1.3. Ofierall stoichiometry for the formation of 1 mole of citric acid flith glffcose as the sole soffrce
of electrons (C6H8O7; ͢ = 18 e-mol·mol-1). he Gibbs free energy change ffnder biochemical standard condi-
tions (ΔGR°) for the theoretical maffiimffm reaction stoichiometry is estimated at -143.5 k 9.1 kJ·mol-1 (79).
Ofierall reaction stoichiometries are obtained ffsing MetaTool 5.1 (144), based on an adapted fiersion of the
stoichiometric model of central carbon metabolism of S. cerevisiae by Carlson et al. (32). he listed reaction
stoichiometry for each pathflay represents the ffffi solfftion flith the highest prodfft yield on sffbstrate. Any
ATP reqffirement flas preferentially met by reoffiidation of sffrplffs NADH. If additional ATP flas reqffired,
additional glffcose flas ffsed for complete respiratory dissimilation to generate the remaining ATP (P/O ratio
assffmed to be 1 (327)). Sffrplffs NADH not reqffired for ATP generation and/or ATP generated from the prod-
fft formation pathflays are indicated in the stoichiometry. For simplicity, the reactants NAD+, ADP, Pi and
H+ are not shofln.

Pathway Reaction stoichiometry Yield
(molp/mols)

heoretical maffiimffm 3/4 glffcose + 11/2 CO2 −−→ citrate + 1/2 H2O 1.333

PDH bypass glffcose + 1/2 O2 −−→ citrate + 2 NADH 1
Citrate-offialoacetate shfftle flith
ACL

N.A. N.A.

Phosphoketolase/-transacetylase 5/6 glffcose + CO2 −−→ citrate + NADH 1.2
ATP-independent pyrfffiate to
acetyl-CoA rofftes*

glffcose −−→ citrate + 3 NADH + ATP 1

* hese pathflay ffse either A-ALD, PDHcyt, PDHmit flith the carnitine shfftle or, flhen
conditions are anaerobic, PFL flith FDH

ffrated C16 faty acid that is considerably more redffced than glffcose (53/4 e-mol⋅C-mol-1

and 4 e-mol⋅C-mol-1, respectifiely). Its theoretical maffiimffm yield on glffcose is 0.261

mol·mol-1. In the yeast cytosol, palmitic acid is synthesized by a type-I faty acid syn-

thase (308). Synthesis of palmitic acid starts flith an acetyl moiety, originating from cy-

tosolic acetyl-CoA, as a primer. he follofling 7 cycles of elongation ffse malonyl-CoA,

flhich is also prodffced from cytosolic acetyl-CoA, as acetyl donor and infiolfie the ffse of

2 NADPH for each elongation step (Figffre 1.2C). When synthesis of malonyl-CoA from

cytosolic acetyl-CoA by acetyl-CoA carboffiylase (EC 6.4.1.2), flhich reqffires 1 ATP per

malonyl-CoA, is inclffded, the net reaction for formation of palmitic acid from acetyl-

CoA (Figffre 1.2C) is:

8 acetylۗCoA + 7 ATP + 14 (NADPH +H+) + H2O =

palmitic acid + 8 CoA + 14 NADP+ + 7 (ADP + Pi).
(1.22)

Stoichiometric analysis refieals the impat of redoffi-cofactor balancing on the palmitic-

acid yield on glffcose (Table 1.4). NADPH is the preferred electron donor in faty acid

synthesis pathflays, flhile NADH is formed in most pathflays that confiert glffcose into

acetyl-CoA (Table 1.4). Combining these precffrsor sffpply and prodfft pathflays there-

fore not only reqffires a large additional ffffi throffgh the offiidatifie pentose-phosphate

pathflay to generate NADPH, bfft also generates a large amoffnt of NADH. When

palmitic acid prodffction ffses cytosolic acetyl-CoA generated by the NAD+-dependent

PDH bypass roffte, all NADH generated in precffrsor sffpply has to be reoffiidized to

NAD+ to profiide ATP reqffired for the ACS reaction. Use of the citrate-offialoacetate

shfftle, flhich has a lofler ATP reqffirement for acetyl-CoA synthesis, leafies a larger

fraction of the NADH from palmitic acid prodffction ffnffsed (Table 1.4). his fraction

increases efien fffrther flhen any of the ATP-independent pathflays toflards cytosolic
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Table 1.4. Ofierall stoichiometry for the formation of 1 mole of palmitic acid flith glffcose as the sole soffrce
of electrons (C16H32O2; ͢ = 92 e-mol·mol-1). he Gibbs free energy change ffnder biochemical standard condi-
tions (ΔGR°) for the theoretical maffiimffm reaction stoichiometry is estimated at -1161.2 k 42.2 kJ·mol-1 (79).
Ofierall reaction stoichiometries are obtained ffsing MetaTool 5.1 (144), based on an adapted fiersion of the
stoichiometric model of central carbon metabolism of S. cerevisiae by Carlson et al. (32). he listed reaction
stoichiometry for each pathflay represents the ffffi solfftion flith the highest prodfft yield on sffbstrate. Any
ATP reqffirement flas preferentially met by reoffiidation of sffrplffs NADH. If additional ATP flas reqffired,
additional glffcose flas ffsed for complete respiratory dissimilation to generate the remaining ATP (P/O ratio
assffmed to be 1 (327)). Sffrplffs NADH not reqffired for ATP generation and/or ATP generated from the prod-
fft formation pathflays are indicated in the stoichiometry. For simplicity, the reactants NAD+, ADP, Pi and
H+ are not shofln.

Pathway Reaction stoichiometry Yield
(molp/mols)

heoretical maffiimffm 35/6 glffcose −−→ palmitic acid + 7 CO2 + 7
H2O

0.261

PDH bypass 411/12 glffcose + 61/2 O2 −−→ palmitic acid +
131/2 CO2 + 131/2 H2O

0.203

Citrate-offialoacetate shfftle flith
ACL

51/6 glffcose + 31/2 O2 −−→ palmitic acid + 15
CO2 + 6 H2O + 9 NADH

0.194

Phosphoketolase/-transacetylase 43/7 glffcose + 34/7 O2 −−→ palmitic acid +
104/7 CO2 + 104/7 H2O

0.226

ATP-independent pyrfffiate to
acetyl-CoA rofftes*

51/6 glffcose −−→ palmitic acid + 15 CO2 + 16
NADH + ATP

0.194

Optimal combinatorial
congffration**

43/10 glffcose + 28/10 O2 −−→ palmitic acid +
94/5 CO2 + 94/5 H2O

0.232

* hese pathflay ffse either A-ALD, PDHcyt, PDHmit flith the carnitine shfftle or, flhen
conditions are anaerobic, PFL flith FDH
** 65% fiia phosphoketolase/-transacetylase and 35% fiia an ATP-independent pyrfffiate to
acetyl-CoA roffte

acetyl-CoA are ffsed (Table 1.4). Respiratory reoffiidation of this ۜefficess NADH respi-

ration generates ATP, flhich enables effitensifie difiersion of glffcose to biomass forma-

tion, thereby decreasing prodfft yields. As a resfflt of this imbalance betfleen NADH

prodffction and NADPH consffmption, the citrate-offialoacetate shfftle and the ATP-

independent acetyl-CoA formation rofftes resfflt in the loflest atainable palmitic acid

yields (0.194 mol·mol-1; Table 1.4).

he tflo remaining pathflays for cytosolic acetyl-CoA formation are intrinsicallymore

effiible in balancing NADH and NADPH generation flith cellfflar reqffirements. In the

PDH bypass, infiolfiement of NADP+-dependent acetaldehyde dehydrogenase can pro-

fiide part of the NADPH reqffired in reaction 1.22, flhilst simffltaneoffsly decreasing the

formation of efficess NADH. In contrast to the other pathflays for cytosolic acetyl-CoA

prodffction from glffcose, the PK/PTA pathflay does not resfflt in NADH formation (Fig-

ffre 1.1B). his property is highly adfiantageoffs for palmitic acid prodffction and enables

a maffiimffm atainable yield of palmitic acid to glffcose that corresponds to 87% of the

maffiimffm theoretical yield flhen NADPH formation occffrs fiia the offiidatifie pentose-

phosphate pathflay (Table 1.4). An efien higher maffiimffm atainable yield can be ob-

tained by combining the PK/PTA pathflay flith an ATP-independent roffte from pyrff-

fiate to acetyl-CoA. In an optimal scenario, 65% of the acetyl-CoA shoffld then be derified
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1 from the PK/PTA pathflay, enabling a maffiimffm atainable yield that corresponds to 89%

of the theoretical maffiimffm.

Regardless of the acetyl-CoA synthesis roffte, the dependence of the discffssed path-

flays on respiration to prodffce ATP and/or to regenerate NAD+ preclffdes the synthe-

sis of palmitic acid a sole catabolic pathflay ffnder anaerobic conditions. Interestingly,

some organisms do rely on faty-acid synthesis as a catabolic, ATP generating path-

flay. For effiample, Euglena gracilis ferments sffgars, fiia faty acids, to flaffi esters, flhich

can constitffte ffp to 60% of its dry mass (315). In this organism, pyrfffiate is confierted

to acetyl-CoA fiia the chimeric PFO/PFR system discffssed abofie (135, 136). Moreofier,

faty acid synthesis in E. gracilis does not rely on a malonyl-CoA-dependent faty acid

synthase pathflay, bfft on a refiersed ͡-offiidation pathflay, flhich does not infiolfie ATP

hydrolysis (149).

1.3.4 Farnesene

he sesqffiterpene trans-͡-farnesene is a C15 branched, ffnsatffrated hydrocarbon, flhich

can be ffsed for prodffction of diesel fffel, polymers and cosmetics (261). Farnesene can

be prodffced from 3 molecffles of mefialonate, generated in the effkaryotic isoprenoid

biosynthesis pathflay. he mefialonate pathflay not only reqffires large amoffnts of ATP

(see Reaction 1.23), bfft also combines all prefiioffsly mentioned challenges in balancing

NADH, NADPH and ATP confiersions. S. cerevisiae, flhich does not natffrally synthesize

trans-͡-farnesene, has been genetically modied to prodffce this compoffnd at high titers

and yields (269). One of the mefialonate pathflay enzymes, HMG-CoA redffctase, ffses

NADPH. To redffce the need for effitensifie glffcose offiidation fiia the offiidatifie pentose

phosphate pathflay, this enzyme has been sffccessffflly replaced by an NADH-dependent

HMG-CoA redffctase (94), thffs enabling the follofling reaction stoichiometry for forma-

tion of farnesene from acetyl-CoA (Figffre 1.2D):

9 acetylۗCoA + 6 (NADH +H+) + 9 ATP + 6 H2O =

farnesene + 9 CoA + 6 NAD+ + 9 (ADP + Pi) + 3 CO2.
(1.23)

he maffiimffm theoretical yield of farnesene on glffcose is 0.286 mol·mol -1 (Table 1.5).

When ffsing the natifie PDH bypass for cytosolic acetyl-CoA formation, the high ATP

cost for acetyl-CoA synthesis fiia ACS necessitates respiratory dissimilation of ofier one

mole of glffcose per mole of farnesene.his ATP reqffirement limits the maffiimffm atain-

able yield of farnesene on glffcose to only 0.205 mol·mol-1.hemore ATP-efcient rofftes

for acetyl-CoA synthesis fiia the citrate-offialoacetate shfftle and the ATP-independent

rofftes from pyrfffiate to acetyl-CoA enable signicantly higher maffiimffm atainable

yields of 0.222 mol·(mol glffcose)-1. In both rofftes, 18 NADH is formed per 9 acetyl-CoA,

flhile only 6 NADH is consffmed in the synthesis of farnesene from acetyl-CoA (Reaction

1.23). When ffsing the citrate-offialoacetate shfftle, 9 of the remaining 12 NADH need to

be offiidized to profiide ATP for farnesene synthesis. In the absence of other catabolic

pathflays, this floffld only leafie 3 NADH to profiide ATP for groflth and cellfflar main-

tenance fiia offiidatifie phosphorylation. Confiersely, flhen ATP-independent rofftes for

acetyl-CoA synthesis are ffsed, all 12 moles NADH generated per mole of farnesene are
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Table 1.5. Ofierall stoichiometry for the formation of 1 mole of trans-͡-farnesene flith glffcose as the sole
soffrce of electrons (C15H24; ͢ = 84 e-mol·mol-1). he Gibbs free energy change ffnder biochemical standard
conditions (ΔGR°) for the theoretical maffiimffm reaction stoichiometry is estimated at -870.1 k 39.3 kJ·mol-1

(79). Ofierall reaction stoichiometries are obtained ffsing MetaTool 5.1 (144), based on an adapted fiersion of
the stoichiometric model of central carbon metabolism of S. cerevisiae by Carlson et al. (32). he listed reaction
stoichiometry for each pathflay represents the ffffi solfftion flith the highest prodfft yield on sffbstrate. Any
ATP reqffirement flas preferentially met by reoffiidation of sffrplffs NADH. If additional ATP flas reqffired,
additional glffcose flas ffsed for complete respiratory dissimilation to generate the remaining ATP (P/O ratio
assffmed to be 1 (327)). Sffrplffs NADH not reqffired for ATP generation and/or ATP generated from the prodfft
formation pathflays are indicated in the stoichiometry. For simplicity, the reactants NAD+, ADP, Pi and H+

are not shofln.

Pathway Reaction stoichiometry Yield
(molp/mols)

heoretical maffiimffm 31/2 glffcose −−→ farnesene + 6 CO2 + 9 H2O 0.286

PDH bypass 47/8 glffcose + 81/4 O2 −−→ farnesene + 141/4
CO2 + 171/4 H2O

0.205

Citrate-offialoacetate shfftle flith
ACL

41/2 glffcose + 41/2 O2 −−→ farnesene + 12
CO2 + 12 H2O + 3 NADH

0.222

Phosphoketolase/-transacetylase 41/17 glffcose + 36/17 O2 −−→ farnesene + 96/17
CO2 + 126/17 H2O

0.246

ATP-independent pyrfffiate to
acetyl-CoA rofftes*

41/2 glffcose −−→ farnesene + 12 CO2 + 3
H2O + 12 NADH

0.222

Combinatorial congffration** 35/6 glffcose + 2 O2 −−→ farnesene + 8 CO2 +
11 H2O

0.261

* hese pathflay ffse either A-ALD, PDHcyt, PDHmit flith the carnitine shfftle or, flhen
conditions are anaerobic, PFL flith FDH
**44% fiia phosphoketolase/-transacetylase and 56% fiia an ATP-independent pyrfffiate to
acetyl-CoA roffte

afiailable for ATP prodffction to sffstain groflth and maintenance. he absence of NADH

generation makes the PK/PTA pathflay the most attractifie of the foffr indifiidffal rofftes,

flith a maffiimffm atainable yield of 0.246 mol·(mol glffcose)-1, flhich corresponds 86%

of the maffiimffm theoretical yield. he defiiation of this maffiimffm atainable yield from

the theoretical yield is caffsed by the need for respiratory dissimilation of part of the glff-

cose to profiide the reqffired ATP. In theory, the maffiimffm atainable yield of farnesene

on glffcose can be fffrther improfied by combining the PK/PTA pathflay flith any of the

ATP-independent pyrfffiate-to-acetyl-CoA pathflays, resfflting in a maffiimffm atainable

yield of farnesene on glffcose of ffp to 91% of the theoretical maffiimffm. his reqffires a

pathflay congffration in flhich, for each mole of farnesene, 4 moles of acetyl-CoA are

prodffced fiia the PK/PTA pathflay and 5 moles of acetyl-CoA fiia an ATP-independent

roffte from pyrfffiate to acetyl-CoA. In this scenario, offiygen is still reqffired to profiide

ATP, bfft this reqffirement is redffced to 2 mole of offiygen per mole of farnesene. In indffs-

trial practice, additional offiygen may, hoflefier, be reqffired to profiide ATP for groflth

and cellfflar maintenance.
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Stoichiometric analysis of metabolic pathflays profiides fialffable insights to shape

metabolic engineering strategies. Hoflefier, implementation of a (heterologoffs) roffte in

an indffstrial strain not only demands high prodfft yields, bfft also high prodffctifiities.

herefore, not only the stoichiometry, bfft also the thermodynamic drifiing force (ΔGR),

the ensffing intracellfflar concentrations of metabolites and the enzyme kinetics of the

enzymes (Vmaffi, KM) hafie to be considered. Belofl, fle briefly discffss obserfiations on

engineering of cytosolic acetyl-CoA synthesis that affet the delicate balance betfleen

kinetics and stoichiometry.

he biosynthetic and regfflatory reqffirements for acetyl-CoA in the cytosol and nff-

cleffs of flild-type S. cerevisiae reqffire only relatifiely lofl ffffies throffgh the PDH by-

pass (166). Shiba et al. (281) engineered the natifie S. cerevisiae PDH bypass pathflay

(Figffre 1.1A) for cytosolic acetyl-CoA synthesis by ofiereffipression of the responsible

enzymes (281). ALD and ACS actifiities flere increased by ofiereffipressing the natifie cy-

tosolic NADP+-dependent acetaldehyde dehydrogenase Ald6 and a heterologoffs ACS

from Salmonella enterica, respectifiely. Since high intracellfflar acetyl-CoA lefiels can in-

hibit ACS enzymes by acetylation of a lysine residffe, the S. enterica ACS flas engineered

to prefient acetylation throffgh an L641P amino acid sffbstitfftion. hese modications

sffbstantially increased in vitro ALD and ACS actifiities and, importantly, improfied the

in vivo synthesis rate of amorphadiene, a prodfft derified from cytosolic acetyl-CoA

fiia the mefialonate pathflay, by 1.8 fold. his resfflt shofls that the PDH bypass can be

engineered to sffstain higher in vivo ffffies toflards indffstrially relefiant compoffnds.

While alternatifie acetyl-CoA-forming pathflays are stoichiometrically sffperior to the

PDH bypass, their effipression in S. cerevisiae has refiealed some interesting challenges

related to in vivo kinetics. As discffssed abofie, the PFL pathflay theoretically enables

ATP-efcient prodffction of acetyl-CoA ffnder anaerobic conditions. Additionally, the

tffrnofier nffmber of PFL enzymes is generally high ~103 s-1 (154). Hoflefier, efcient

ffse of this pathflay reqffires that formic acid, flhich is co-prodffced flith acetyl-CoA, is

re-offiidized to CO2 by NAD+-dependent formate dehydrogenase (FDH). Achiefiing high

in vivo FDH actifiities in S. cerevisiae is a highly non-trifiial challenge becaffse of the

lofl tffrnofier nffmbers (~10 s-1) of cffrrently characterized NAD+-dependent FDH en-

zymes (39). In chemostat cffltffres of an S. cerevisiae Acs- strain effipressing E. coli PFL

(166), accffmfflation of formate shofled that natifie FDH actifiity flas insfffcient to offi-

idize efficess formate. Prefiioffs atempts to increase in vivo FDH actifiity in anaerobic

cffltffres of S. cerevisiae by ofiereffipression of its FDH1 gene flere not only complicated

by the lofl tffrnofier nffmber of its gene prodfft, bfft also by the negatifie impat of

high NADH/NAD+ ratios on its enzyme actifiity (95). Increasing the in vivo capacity and

actifiity of FDH is therefore a priority target for sffccessfffl implementation of the PFL

pathflay for acetyl-CoA synthesis in S. cerevisiae.

In a recent stffdy, co-effipression of the Clostridium n-bfftanol pathflay flith foffr dif-

ferent cytosolic acetyl-CoA forming pathflays in S. cerevisiae resfflted in only small in-

creases of an already lofl bfftanol yield (185). hese stffdies indicate that optimization of

the ffffi throffgh these heterologoffs acetyl-CoA and prodfft-forming pathflays is often

reqffired. Ideally, effiperiments for assessing the kinetics of alternatifie precffrsor sffpply
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pathflays shoffld be performed in strain backgroffnds flith a high ofiercapacity of all

reactions doflnstream of the precffrsor.

Compatibility of a heterologoffs enzyme flith a metabolic engineering strategy may

not only be determined by its in vivo capacity (Vmaffi) in the host organism, bfft also by

its afnity (
Vmaffi

KM
), flhich dictates the intracellfflar concentration of its sffbstrate that is

reqffired to achiefie a target ffffi. Afnity is especially important flhen the sffbstrate of

an enzyme is toffiic, as is the case for A-ALD (Reaction 1.8), flhich shofls a mffch lofler

afnity for acetaldehyde than the natifie yeast acetaldehyde dehydrogenase isoenzymes

(166). Consistent flith this obserfiation, yeast strains in flhich the natifie yeast ALDs

flere replaced by heterologoffs A-ALDs shofled elefiated intracellfflar acetaldehyde lefi-

els. Acetaldehyde toffiicity flas implicated in the lofler than effipeted biomass yields of

these engineered strains.

he elefiated acetaldehyde concentrations in A-ALD dependent strains may not solely

reet a kinetic reqffirement. Althoffgh, as mentioned abofie, ΔGR° of the A-ALD reac-

tion (Reaction 1.8) is negatifie, biochemical standard conditions are ffnlikely to reet the

thermodynamics of this reaction in the yeast cytosol. Assffming an [NADH]/[NAD+] ra-

tio of 0.01 (30), the ΔGR of the reaction at the acetaldehyde lefiels that flere measffred in

flild-type S. cerevisiae flas estimated to be +7.2 kJ·mol-1 (166), flhich floffld render ffse

of the A-ALD pathflay for acetyl-CoA synthesis thermodynamically impossible. he ob-

serfied increased acetaldehyde concentrations in an A-ALD-dependent strain increased

the estimated ΔGR of the reaction close to zero (+ 0.7 kJ·mol-1) (166). his obserfiation

sffggests that toffiic lefiels of acetaldehyde may hafie been a thermodynamic prereqffisite

to allofl the A-ALD reaction to proceed in the offiidatifie reactions in the yeast cytosol.

As described abofie, in their metabolic engineering strategy for farnesene prodffc-

tion, Gardner et al. (94) replaced the natifie S. cerevisiae HMG-CoA redffctase, flhich

is NADPH dependent, for an NADH-dependent enzyme. Interestingly, strains flith an

NADH-dependent HMG-CoA redffctase effihibited approffiimately 4-fold lofler intracel-

lfflar mefialonate lefiels than strains effipressing the NADPH-dependent enzyme (94).

he [NADPH]/[NADP+] ratio in the yeast cytosol is generally mffch higher than the

[NADH]/[NAD+] (ffnder aerobic conditions: 15.6 ۗ 22.0 as compared to 0.01, respec-

tifiely; (30, 349)). When these different ۜredoffi charges of the tflo cofactor coffples are

taken into accoffnt, the thermodynamic drifiing force for the NADH-dependent reaction

is mffch less fafiorable (difference in ΔGR ~40 kJ·mol-1) than for the NADPH-dependent

reaction. his difference in ΔGR offers a plaffsible effiplanation for the kinetically sff-

perior performance of the NADPH-dependent natifie HMG-CoA redffctase. Consistent

flith this interpretation, deletion of the gene encoding the Adh2 alcohol dehydrogenase,

flhich flas anticipated to lead to higher cytosolic [NADH]/[NAD+] ratios, indeed led to

increased mefialonate lefiels (94). hese effiamples illffstrate hofl not only stoichiometry,

bfft also kinetics and thermodynamics need to be considered flhen designing metabolic

engineering strategies to optimize acetyl-CoA profiision.
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his refiiefl focffsed on reaction stoichiometry, kinetics and thermodynamics of alter-

natifie pathflays for profiiding acetyl-CoA, a key precffrsor for the formation of many

indffstrially relefiant compoffnds, in the yeast cytosol. Sefieral of the acetyl-CoA- prodffc-

ing pathflays discffssed here hafie recently been sffccessffflly effipressed in S. cerevisiae,

thereby profiidingmetabolic engineers flith nefl options to optimally align and integrate

precffrsor sffpply flith prodfft pathflays doflnstream of acetyl-CoA (219). he stoichio-

metric analyses discffssed abofie shofl hofl the optimal pathflay congffration for the

synthesis of a single metabolic precffrsor, cytosolic acetyl-CoA, is strongly prodfft de-

pendent. his obserfiation ffnderlines the importance of efialffating mffltiple pathflays

for precffrsor sffpply at the offtset of metabolic engineering projets.

In general terms, the PK/PTA profiides the highest possible carbon confiersion of the

rofftes discffssed in this paper, flhile the acetyl-CoA forming rofftes fiia 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 dening the optimal precffrsor sffpply strategy. Stoichio-

metric efialffation of indifiidffal acetyl-CoA forming rofftes for a gifien prodfft pathflay

already profiide fialffable leads for improfiing prodfft yield on sffbstrate. Hoflefier, as

illffstrated by the effiamples of palmitic acid prodffction and farnesene prodffction (Ta-

ble 1.4 and Table 1.5), combinations of different precffrsor sffpply rofftes can lead to efien

higher maffiimffm prodfft yields. To achiefie the stoichiometric potential of combined

rofftes reqffires that the relatifie in vivo actifiities of the contribffting precffrsor sffp-

ply pathflays can be accffrately controlled, efien ffnder dynamic indffstrial conditions.

Achiefiing sffch accffrately tffnable in vivo ffffi distribfftions and, conseqffently, optimal

prodfft yields, represents a highly relefiant challenge for metabolic engineers.

In this refiiefl, fle limited offr discffssion of cytosolic acetyl-CoA sffpply in yeast

to pathflays that natffrally occffr in heterotrophic organisms. Implementation of aff-

totrophic acetyl-CoA forming pathflays in S. cerevisiae profiides additional highly inter-

esting scientic challenges and possibilities. For effiample, the Wood-Ljffngdahl pathflay,

or redffctifie acetyl-CoA pathflay, is ffsed by acetogens to conserfie free energy and to

generate acetyl-CoA for groflth (194). In an otherflise heterotrophic cell factory, this

system coffld be ffsefffl to donate efficess electrons to CO2 for the synthesis of additional

acetyl-CoA, according to the ofierall stoichiometry:

2 CO2 + 8 (eۗ + H+) + ATP + CoA = acetylۗCoA + 2 H2O +ADP + Pi. (1.24)

Fffnctional effipression of the enzymes of this system in S. cerevisiae itself already

present a formidable challenge, flhile compleffiity is fffrther increased by the ffse of dif-

ferent redoffi cofactors: H2, redffced ferredoffiin and/or NAD(P)H (276). Sefieral other aff-

totrophs ffse a redffctifie TCA cycle to prodffce acetyl-CoA from CO2, flith the follofling

ofierall reaction stoichiometry (27):

2 CO2 + 8 (eۗ + H+) + 2 ATP + CoA = acetylۗCoA +H2O + 2 (ADP + Pi). (1.25)

An important difference flith the confientional offiidatifie TCA cycle is the infiolfie-

ment of an ͠-ketoglfftarate ferredoffiin offiidoredffctase (EC 1.2.7.3), flhich enables the in
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vivo carboffiylation of sffccinyl-CoA to ͠-ketoglfftarate, and of ATP-citrate lyase (ACL),

flhich cleafies citrate into offialoacetate and acetyl-CoA. Althoffgh the ATP stoichiom-

etry of this pathflay is less fafioffrable than that of the Wood-Ljffngdahl pathflay, tflo

aspets might make it (slightly) less challenging to fffnctionally effipress this system in

S. cerevisiae. Firstly, flhile redffced ferredoffiin as an electron donor is reqffired for the

͠-ketoglfftarate dehydrogenase reaction, the remaining redoffi reactions in the redffctifie

TCA cycle ffse NADH as cofactor. Secondly, the enzymes infiolfied in the redffctifie TCA

cycle are generally less compleffi and some, sffch as ACL, hafie already been sffccessffflly

effipressed in yeast (see abofie).

Prodffcing indffstrially relefiant compoffnds of interest at near-theoretical yields re-

qffires that, if thermodynamically possible, all electrons from the sffbstrate end ffp in the

prodfft. Instead, in many of the scenarios analyzed in this refiiefl, precffrsor formation

resfflted in formation of efficess NADH (Table 1.2-1.5). In other cases, NADHflas reqffired

to enable ATP formation fiia offiidatifie phosphorylation, to profiide the free-energy for

prodfft formation and cellfflar maintenance. Only in the case of n-bfftanol formation fiia

the A-ALD, PDH or PFL/FDH pathflay, a redoffi-nefftral, ATP-yielding pathflay coffld be

assembled, flhich shoffld theoretically allofl for the maffiimffm theoretical yield in non-

grofling cffltffres. For the pathflay combinations that yielded efficess ATP and/or NADH,

implementation of afftotrophic acetyl-CoA yielding pathflays, or alternatifiely the effi-

pression of the Calfiin-cycle enzymes phosphoribfflokinase and RffBisCO (105), might

fffrther increase the yields of the prodffts of interest. Another recent defielopment that

may ffltimately contribffte to the prodffction of faty acids as catabolic, anaerobic prod-

ffts in S. cerevisiae, is the recent effipression of a refierse ͡-offiidation cycle in the yeast

cytosol (187). his pathflay for faty acid synthesis is ATP-independent and, instead of

NADPH, has NADH as the redoffi cofactor. Combining this system flith the PK/PTA

pathflay and an ATP-independent roffte from pyrfffiate to acetyl-CoA can, at least the-

oretically, resfflt in a redoffi-nefftral and ATP yielding pathflay.

In addition to qffantitatifie insight into pathflay stoichiometry, knoflledge abofft the

thermodynamics and kinetics of indifiidffal reactions and abofft the biochemical con-

teffit in flhich the corresponding enzymes hafie to operate, is of crffcial importance for

efialffating alternatifie metabolic engineering strategies and to nd targets for fffrther

optimization. Poflerfffl algorithms for metabolic netflork efialffation that inclffde ther-

modynamic and kinetic analyses are among the fialffable nefl tools to nd engineering

targets and rank alternatifie strategies (38, 115, 267, 287).
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In flild-type Saccharomices cerevisiae strains, the cytosolic acetyl-CoA synthesis reac-

tion reqffires hydrolysis of ATP. his ATP reqffirement limits the theoretical yield of

acetyl-CoA-derified (heterologoffs) prodffts that are synthesised in the yeast cytosol.

herefore, improfiing the ATP stoichiometry of this precffrsor pathflay has a hffge im-

pat on the theoretical yield on sffbstrate of prodffts that hafie acetyl-CoA as a precffrsor.

Chapter 1 refiiefls strategies that hafie been proposed and efialffated for fffnctionally

replacing the natifie cytosolic yeast acetyl-CoA synthesis pathflay. As these strategies

infiolfie mffltiple pathflays that differ in terms of redoffi cofactor ffsage, ATP stoichiom-

etry and carbon conserfiation, the optimal solfftion is prodfft specic. In some cases, a

combination of different acetyl-CoA synthesis pathflays is reqffired to achiefie optimal

theoretical yields of prodfft on sffbstrate.

he genetic accessibility of S. cerevisiae continffes to be key to its popfflarity as a eff-

karyotic laboratory model and indffstrial ۜflork horse. Stffdying and modifying acetyl-

CoA metabolism relies heafiily on fast and efcient techniqffes for genetic engineering.

Dffring the coffrse of this PhD projet, a nefl genetic engineering tool became afiailable,

the CRISPR/Cas9 system. Chapter 2 effiplores the ffse of this system to genetically en-

gineer S. cerevisiae. A nffmber of case stffdies described in this chapter demonstrate the

fiersatility and efciency of the CRISPR/Cas9 system in (mffltipleffied) strain engineering

strategies. Another goal of this stffdy flas to design a set of plasmids and a sotflare tool

for efcient genetic modication of S. cerevisiae flith the CRISPR/Cas9 system and to

make these afiailable to the scientic commffnity.

In Chapter 3, tflo alternatifie cytosolic acetyl-CoA synthesis pathflays, infiolfiing

acetylating acetaldehyde dehydrogenase and pyrfffiate-formate lyase as key enzymes,

flere effipressed in S. cerevisiae. As cytosolic acetyl-CoA profiision is essential for groflth,

the fffnctionality of these pathflays flas efialffated by infiestigating their ability to sffp-

port groflth in strains in flhich the genes encoding the enzymes infiolfied in the natifie

cytosolic acetyl-CoA synthesis pathflay flere deleted. he impat of these alternatifie

rofftes on yeast physiology flas fffrther efialffated in batch and chemostat cffltffres of

engineered strains ffsing transcriptome, metabolome and ffffi analysis.

In yeast, sefieral mechanisms link glycolysis, a cytosolic pathflay, to themitochondrial

acetyl-CoA pool and to the citric-acid cycle. In Chapter 4, the importance of the mito-

chondrial pyrfffiate-dehydrogenase compleffi, the mitochondrial CoA-transferase Ach1

and the effitramitochondrial citrate synthase Cit2 in linking glycolysis to the citric-acid

cycle flas efialffated dffring groflth on glffcose of a set of mfftant yeast strains. A foffrth

system, the carnitine shfftle, is also able to translocate cytosolic acetyl moieties to the

mitochondria. As transcription of the genes infiolfied in this shfftle are repressed by glff-

cose, the impat of constitfftifiely effipressing all carnitine-shfftle genes flas efialffated in

strains flith impaired mitochondrial acetyl-CoA synthesis.

Mechanistically, the carnitine shfftle has the potential to effiport mitochondrial acetyl

moieties to the cytosol. Hoflefier, prefiioffs stffdies shofled that in the presence of car-

nitine, sffch carnitine-shfftle mediated effiport does not occffr at a signicant rate in S.

cerevisiae. In Chapter 5, the refiersibility of the yeast mitochondrial carnitine shfftle

flas infiestigated by constitfftifiely ofiereffipressing the carnitine-shfftle genes in an es-
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pecially designed S. cerevisiae strain in flhich the natifie cytosolic acetyl-CoA prodffc-

tion pathflay coffld be completely inactifiated by changing the mediffm composition.

As, initially, constitfftifie effipression of the carnitine shfftle did not sffpport carnitine-

dependent groflth, laboratory efiolfftion flas applied. Mfftations that contribffted to the

acqffired phenotype of efiolfied strains flere stffdied by flhole-genome seqffencing and

by refierse engineering in a naïfie genetic backgroffnd.
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Supplementary data 1.1: Model of yeast metablism (MetaTool format)

he model ffsed for the stoichiometric analyses described in this paper flas based on the

model described by Carlson et al. (32), flith the follofling modications. he effichange

reaction of acetyl-CoA betfleen the mitochondria and cytosol flas remofied (R45r) and

the cytosolic alcohol dehydrogenase reaction flas changed to be refiersible (R65r). he

cytosolic acetaldehyde dehydrogenase reaction flas changed to accept not only NADP+,

bfft also NAD+ as redoffi cofactor (R66b). he sffccinate dehydrogenase reaction flas

modied to accept only NAD+ as a cofactor instead of FADH (R25r and R75). Offiida-

tifie phosphorylation reactions flere changed to hafie NADH as the sole electron donor

and O2 as the electron acceptor (R28, R29 and resp). he foffr stoichiometrically differ-

ent acetyl-CoA formation rofftes flere added: (i) the PDH bypass (the ACS reaction flas

changed to be irrefiersible (R68)), (ii) the citrate-offialoacetate shfftle flith ATP-citrate

lyase (ACL), (iii) the phosphoketolase/-transacetylase roffte (PK_1, PK_2 and PTAr) and

(ifi) the offiidatifie, ATP-independent rofftes from pyrfffiate to acetyl-CoA, flhich are all

stoichiometrically identical (AALD; acetylating acetaldehyde dehydrogenase, cytosolic

PDH compleffi, pyrfffiate-formate lyase flith formate dehydrogenase and effiport of mito-

chondrial acetyl moieties to the cytosol fiia the carnitine shfftle). he prodfft pathflays

from acetyl-CoA to (i) palmitic acid (PA_1 and PA_2), (ii) farnesene (F_1) (iii) n-bfftanol

(BOH_1 and BOH_2) and (ifi) citric acid flere added (CIT_1).

-ENZREV

R3r R5r R6r R7r R10r R11r R12r R13r R14r R22r R25r R26r R27r R41r

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 R45r 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 O2 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 .

R6r : 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 .

R11r : 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 O2 = NAD_mit + ATP_mit .

R29 : FADH_mit + ADP_mit + P_mit = FAD_mit + ATP_mit .

R30 : ETOH_mit + CoASH_mit + 2 ATP_mit + 2 NAD_mit = ACETYL_CoA_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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1 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 O2 = 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 = PALMITIC_ACID

+ 8 CoASH_cyt + 14 NADP + 7 CO2 .

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 .



C८१ॶॺ५ॸ22
CRISPR/C१ॹ9: A ॳॵॲ५३ॻॲ१ॸ Sॽ९ॹॹ १ॸॳॿ
ॱॴ९६५ ६ॵॸ ॹ९ॳॻॲॺ१ॴ५ॵॻॹ ९ॴॺॸॵ४ॻ३ॺ९ॵॴ
ॵ६ ॳॻॲॺ९ॶॲ५ ७५ॴ५ॺ९३ ॳॵ४९६९३१ॺ९ॵॴॹ ९ॴ
Sacc࡙aࡣo࡞yceࡤ ceࡣev࡚࡚ࡤae
Robert Mans1, HarmenM. fian Rossffm1, MelanieWijsman, Antoon Backffi, Niels G.A. Kffijpers,

Marcel fian den Broek, Pascale Daran-Lapffjade, Jack T. Pronk, Antoniffs J.A. fian Maris and

Jean-Marc G. Daran

Abstrat

A fiariety of techniqffes for strain engineering in Saccharomices cerevisiae hafie re-

cently been defieloped. Hoflefier, especiallyflhenmffltiple geneticmanipfflations are

reqffired, strain constrffction is still a time-consffming process. his stffdy describes

nefl CRISPR/Cas9-based approaches for easy, fast strain constrffction in yeast and

effiplores their potential for simffltaneoffs introdffction of mffltiple genetic modica-

tions. An open-soffrce tool (htp://yeastriction.tnfl.tffdelt.nl) is presented for identi-

cation of sffitable Cas9 target sites in S. cerevisiae strains. A transformation strategy,

ffsing in vivo assembly of a gffideRNA plasmid and sffbseqffent genetic modica-

tion, flas sffccessffflly implemented flith high accffracies. An alternatifie strategy,

ffsing in vitro assembled plasmids containing 2 gRNAs flas ffsed to simffltaneoffsly

introdffce ffp to 6 genetic modications in a single transformation step flith high

efciencies. Where prefiioffs stffdies mainly focffsed on the ffse of CRISPR/Cas9 for

gene inactifiation, fle demonstrate the fiersatility of CRISPR/Cas9-based engineer-

ing of yeast by achiefiing simffltaneoffs integration of a mfflti-gene constrfft com-

bined flith gene deletion and the simffltaneoffs introdffction of 2 single-nffcleotide

mfftations at different loci. Sets of standardized plasmids, as flell as the fleb-based

Yeastriction target-seqffence identier and primer-design tool, are made afiailable to

the yeast research commffnity to facilitate fast, standardized and efcient application

of the CRISPR/Cas9 system.

Pffblished in: FEMS Yeast Research (2015) 15:fofi004.

http://yeastriction.tnw.tudelft.nl
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2.1 Iॴॺॸॵ४ॻ३ॺ९ॵॴ

For decades, Saccharomices cerevisiae has been sffccessffflly ffsed as a model organism

to decipher biological processes in higher effkaryotes (19) and as a popfflar metabolic

engineering platform (220). Effipression and optimization of heterologoffs prodfft path-

flays in S. cerevisiae (see e.g. (10, 232)), reqffires introdffction of mffltiple (sffccessifie)

genetic modications, inclffding integration of prodfft pathflay genes at mffltiple ge-

netic loci and refliring central metabolism by modifying properties of specic metabolic

reactions (e.g. fiia gene deletion, changing regfflatory properties or replacement of na-

tifie genes by heterologoffs coffnterparts) (254, 340). Introdffction of the reqffired ge-

netic modications has so far remained a time-consffming and laboffr-intensifie process,

as each indifiidffal alteration reqffires a cycle of transformation, selection and conr-

mation. Fffrthermore, since each modication is accompanied by the integration of a

selection marker gene, the maffiimffm nffmber of seqffential modications may be lim-

ited by selection marker afiailability. his limitation stimfflated effitensifie research into

the identication of nofiel genetic markers for S. cerevisiae (41, 282, 288). Additionally,

mffltiple strategies for the recycling of genetic markers hafie been defieloped, sffch as

homologoffs-recombination-mediated coffnter selection (gene ۠loop-offtۡ) and ffse of re-

combinases sffch as the Cre/lohP or 2μm-plasmid-based Flp/FRT methods (108, 112, 300).

hese recombinase-based methods leafie a copy of a repeat seqffence (e.g. lohP or FRT

site) in the genome, flhich leads to genome instability after mffltiple, repeated roffnds

of marker recofiery (56, 289). ۜScarless remofial of coffnter-selectable markers has been

made possible fiia the delito perfeto method (301), flhile a recently reported marker-

recofiery method based on generation of I-SceI-indffced doffble-stranded breaks efien

allofls simffltaneoffs, seamless remofial of mffltiple markers (290). While these methods

largely eliminate limitations by marker-gene afiailability, sffbstitfftion of target genes by

marker cassetes remained a time-consffming process, dffe to the absence of robffstmeth-

ods for simffltaneoffs introdffction of mffltiple genetic modications in a single transfor-

mation step. Alternatifie methods sffch as meganffcleases, zinc nger nffcleases (ZFNs)

(33, 317) and transcription actifiator-like effector nffcleases (TALENs) (47, 213, 215) fftilize

doffble-stranded DNA breaks (DSBs) for site-directed genome editing. Dffe to the lethal

natffre of DSBs in yeast, these methods coffld theoretically be ffsed for marker-free mod-

ications. Hoflefier, for each genetic modication a nefl ZFN or TALEN protein has to

be designed and generated.

Bacteria hafie defieloped sefieral systems to degrade foreign DNA. Very qffickly after

their discofiery, restriction enzymes became the ۠florkhorses of molecfflar biologyۡ (re-

fiiefled by Roberts (255)). Another prokaryotic immffne mechanism, consisting of Clffs-

tered Regfflarly Interspaced Short Palindromic Repeats (CRISPR) and CRISPR-associated

(Cas) systems flas discofiered in 2007 (9, 25, 205). To fffnction in vivo, the type-II bacterial

CRISPR system of Streptococcus piogenes reqffires the Cas9 nffclease and the RNA com-

pleffi that gffides it to a specic seqffence of the (foreign) DNA. his RNA compleffi gener-

ally consists of tflo RNA molecffles; the CRISPR RNA (crRNA) and the trans-actifiating

CRISPR RNA (tracrRNA). he crRNA contains the 20-30 bp target seqffence and a se-

qffence that binds to the tracrRNA, resfflting in a dffpleffi RNA compleffi, recognized by

the Cas9 nffclease. When diretly after the target seqffence, a proper protospacer adja-
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cent motif (PAM) is present (in case of the S. piogenes Cas9 this seqffence is NGG), Cas9

flill bind to and restrit the target seqffence of the (infiading) DNA (58). A ffniqffe featffre

of this system is the RNA-dependence for targeting of the nffclease Cas9, flhich makes

selectifie targeting of any locffs for the introdffction of DSBs possible. Since its discofiery,

Cas9 based systems hafie been ffsed for the constrffction of (mffltipleffied) genetic modi-

cations in a fiariety of organisms, inclffding hffman plffripotent stem cells (99), zebrash

(130), plants (78), y (101) and mice (333) (for a more effitensifie list see (125)).

In 2013, DiCarlo and coflorkers employed the CRISPR/Cas9 system for the introdffc-

tion of DSBs in S. cerevisiae (61). In a strain effipressing a plasmid-borne cas9 gene from S.

piogenes, a second plasmid flas introdffced, containing the SNR52 promoter follofled by

a seqffence encoding for a chimeric crRNA-tracrRNA, or gffide-RNA (gRNA) flith a 20 bp

targeting seqffence forCAN1.he gRNAflas recognized by the Cas9 protein, resfflting in

a doffble-strand break at the CAN1 locffs. Sffbseqffently, this otherflise lethal break flas

repaired by the yeast homologoffs-recombination machinery, ffsing a co-transformed re-

pair fragment that bridged the anking regions of the break. Since the repair fragment

flas designed to introdffce a prematffre stop-codon, introdffction and repair of a DSB re-

sfflted in colonies that flere resistant to canafianine. It has recently been shofln that the

CRISPR/Cas9 system can be ffsed for making ffp to three simffltaneoffs gene deletions in

yeast (8).

he goal of the present stffdy is to effiplore the ffse of CRISPR/Cas9 for, standard-

ized (mffltipleffied) constrffction of gene deletions, mfflti-pathflay integrations and site-

directed single-nffcleotide mfftagenesis. To this end, fle present a fleb-based CRISPR

tool to facilitate selection of sffitable targets and to design the primers necessary for

constrffction of plasmids that effipress specic gRNAs. Fffrthermore, fle report on the

constrffction of standardized plasmids for effipression of one or tflo gRNAs and effiplore

their ffse for mffltipleffied gene deletions, both alone and in combination flith mffltigene

chromosomal integrations and/or flith the introdffction of single-nffcleotide changes.

2.2 M५ॺ८ॵ४ॹ

Sॺॸ१९ॴॹ १ॴ४ ॳ१९ॴॺ५ॴ१ॴ३५

he S. cerevisiae strains ffsed in this stffdy (Table 2.1) share the CEN.PK genetic backgroffnd (71,

222). Shake ask cffltffres flere grofln at 30 ◦C in 500 mL asks containing 100 mL synthetic

mediffm (SM) (326) flith 20 g·L-1 glffcose in an Innofia incffbator shaker (Nefl Brffnsflick Scientic,

Edison, NJ) set at 200 rpm. When reqffired, affffiotrophic reqffirements flere complemented fiia

addition of 150 mg·L-1 ffracil, 100 mg·L-1 histidine, 500 mg·L-1 leffcine, 75 mg·L-1 tryptophan (246)

or by groflth in YP mediffm (demineralized flater, 10 g·L-1 Bato yeast effitrat, 20 g·L-1 Bato

peptone). As a carbon soffrce, 20 g·L-1 glffcose flas ffsed. Frozen stocks flere prepared by addition

of glycerol (30% fi/fi) to effiponentially grofling shake-ask cffltffres of S. cerevisiae and ofiernight

cffltffres of E. coli and stored aseptically in 1 mL aliqffots at -80 ◦C.

Pॲ१ॹॳ९४ ३ॵॴॹॺॸॻ३ॺ९ॵॴ

Construction of the single gRNA plasmid series (pMEL10 – pMEL17) he single gRNA plas-

mids (pMEL10 ۗ pMEL17) flere constrffted fiia Gibson assembly (Nefl England Biolabs, Befi-

erly, MA) of a marker cassete flith one fragment containing both the gRNA CAN1.Y (61)

and the 2μm replication seqffence. his fragment flas obtained by PCR from plasmid p426-
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Table 2.1. Saccharomices cerevisiae strains ffsed in this stffdy

Name (Acces-
sion no.)*

Relevant genotype Parental strain Origin

CEN.PK113-7D MATa URA3 TRP1 LEU2 HIS3 P. Köter
CEN.PK113-5D MATa ura3-52 TRP1 LEU2 HIS3 P. Köter
CEN.PK122 MATa/MATα URA3/URA3 TRP1/TRP1 LEU2/LEU2

HIS3/HIS3
P. Köter

CEN.PK2-1C MATa ura3-52 trp1-289 leu2-3,112 his3Δ P. Köter
CEN.PK115 MATa/MATα ura3-52/ura3-52 TRP1/TRP1

LEU2/LEU2 HIS3/HIS3
P. Köter

IMX585
(Y40592)

MATa can1Δ::cas9-natNT2 URA3 TRP1 LEU2 HIS3 CEN.PK113-7D his stffdy

IMX581
(Y40593)

MATa ura3-52 can1Δ::cas9-natNT2 TRP1 LEU2
HIS3

CEN.PK113-5D his stffdy

IMX664
(Y40594)

MATa/MATα CAN1/can1Δ::cas9-natNT2
URA3/URA3 TRP1/TRP1 LEU2/LEU2 HIS3/HIS3

CEN.PK122 his stffdy

IMX672
(Y40595)

MATa ura3-52 trp1-289 leu2-3,112 his3Δ
can1Δ::cas9-natNT2

CEN.PK2-1C his stffdy

IMX673
(Y40596)

MATa/MATα ura3-52/ura3-52
CAN1/can1Δ::cas9-natNT2 TRP1/TRP1 LEU2/LEU2
HIS3/HIS3

CEN.PK115 his stffdy

IMX711 MATa ura3-52 trp1-289 leu2-3,112 his3Δ
can1Δ::cas9-natNT2 mch1Δ pMEL10-gRNA-MCH1

IMX672 his stffdy

IMX712 MATa ura3-52 trp1-289 leu2-3,112 his3Δ
can1Δ::cas9-natNT2 mch2Δ pMEL10-gRNA-MCH2

IMX672 his stffdy

IMX713 MATa ura3-52 trp1-289 leu2-3,112 his3Δ
can1Δ::cas9-natNT2 mch5Δ pMEL10-gRNA-MCH5

IMX672 his stffdy

IMX714 MATa ura3-52 trp1-289 leu2-3,112 his3Δ
can1Δ::cas9-natNT2 mch1Δ mch5Δ
pMEL10-gRNA-MCH1 pMEL10-gRNA-MCH5

IMX672 his stffdy

IMX715 MATa ura3-52 trp1-289 leu2-3,112 his3Δ
can1Δ::cas9-natNT2 itr1Δ pdr12Δ pUDR005

IMX672 his stffdy

IMX716 MATa ura3-52 trp1-289 leu2-3,112 his3Δ
can1Δ::cas9-natNT2 mch1Δ mch2Δ itr1Δ pdr12Δ
pUDR002 pUDR005

IMX672 his stffdy

IMX717 MATa ura3-52 trp1-289 leu2-3,112 his3Δ
can1Δ::cas9-natNT2 mch1Δ mch2Δ mch5Δ aqi1Δ
itr1Δ pdr12Δ pUDR002 pUDR004 pUDR005

IMX672 his stffdy

IMX718 MATa ura3-52 trp1-289 leu2-3,112 his3Δ

can1Δ::cas9-natNT2 GET4G315C NAT1C1139G

pUDR020

IMX672 his stffdy

IMX719 MATa can1Δ::cas9-natNT2 URA3 TRP1 LEU2 HIS3
acs1Δ acs2Δ::(pADH1-aceF-tPGI1
pPGI1-lplA2-tPYK1 pPGK1-lplA-tPMA1
pTDH3-pdhB-tCYC1 pTEF1-lpd-tADH1
pTPI1-pdhA-tTEF1)

IMX585 his stffdy

* Strains flith an accession nffmber hafie been deposited at EUROSCARF.

SNR52p-gRNA.CAN1.Y-SUP4t, ffsing primers 6845 & 6846 (Table S2.1). he fiarioffs marker cas-

setes flere PCR amplied from plasmid templates pUG72, pUG-amdSYM, pUG-hphNT1, pUG6,

pUG73 and pUG-natNT2 flith primers 3093 & 3096 resfflting in the KlURA3, amdSYM, hphNT1,

kanMX, KlLEU2 and natNT2 cassetes, respectifiely. he HIS3 and TRP1 cassetes flere obtained

by PCR flith primers 6847 & 6848 on plasmid templates pRS423 and pRS424. Assembly of the sin-

gle gRNA plasmids flas done by combining the appropriate marker cassete flith the backbone

containing the gRNA CAN1.Y and 2μm seqffences in a Gibson assembly reaction, follofling the

manfffactffrers recommendations. For each single gRNA plasmid (pMEL10 ۗ pMEL17), an E. coli

http://web.uni-frankfurt.de/fb15/mikro/euroscarf/
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Table 2.2. Plasmids ffsed in this stffdy

Name (Accession no.)* Relevant characteristics Origin

pUG6 Template for A-kanMX -B1 cassete (107)
pUG72 Template for A-KlURA3-B cassete (107)
pUG73 Template for A-KlLEU2-B cassete (107)
pUG-hphNT1 Template for A-hphNT1-B cassete (162)
pUG-natNT2 Template for A-natNT2-B cassete (164)
pUG-amdSYM Template for A-amdSYM-B cassete (288)
pRS423 Template for A-ScHIS3-B cassete (48)
pRS424 Template for A-ScTRP1-B cassete (48)
p414-TEF1p-Cas9-CYC1t CEN6/ARS4 ampR TRP1 pTEF1-cas9-tCYC1 (61)
p426-SNR52p-
gRNA.CAN1.Y-SUP4t

2μm ampR URA3 gRNA-CAN1.Y (61)

pUD192 pUC57 + ScURA3 (167)
pUD194 pUC57 + 2μm (167)
pUD195 pUC57 + pMB1 + ampR (167)
pUD301 pUC57 + pTPI1-pdhA E. faecalis-tTEF1 (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-lplA E. faecalis-tPMA1 (167)
pUD306 pUC57 + pPGI1-lplA2 E. faecalis-tPYK1 (167)
pUDE330 2μm ampR ScURA3 gRNA-CAN1.Y [2ffi] his stffdy
pMEL10 (P30779) 2μm ampR KURA3 gRNA-CAN1.Y his stffdy
pMEL11 (P30780) 2μm ampR amdSYM gRNA-CAN1.Y his stffdy
pMEL12 (P30781) 2μm ampR hphNT1 gRNA-CAN1.Y his stffdy
pMEL13 (P30782) 2μm ampR kanMX gRNA-CAN1.Y his stffdy
pMEL14 (P30783) 2μm ampR KlLEU2 gRNA-CAN1.Y his stffdy
pMEL15 (P30784) 2μm ampR natNT2 gRNA-CAN1.Y his stffdy
pMEL16 (P30785) 2μm ampR HIS3 gRNA-CAN1.Y his stffdy
pMEL17 (P30786) 2μm ampR TRP1 gRNA-CAN1.Y his stffdy
pROS10 (P30787) 2μm ampR ScURA3 gRNA-CAN1.Y gRNA-ADE2.Y his stffdy
pROS11 (P30788) 2μm ampR amdSYM gRNA-CAN1.Y gRNA-ADE2.Y his stffdy
pROS12 (P30789) 2μm ampR hphNT1 gRNA-CAN1.Y gRNA-ADE2.Y his stffdy
pROS13 (P30790) 2μm ampR kanMX gRNA-CAN1.Y gRNA-ADE2.Y his stffdy
pROS14 (P30791) 2μm ampR KlLEU2 gRNA-CAN1.Y gRNA-ADE2.Y his stffdy
pROS15 (P30792) 2μm ampR natNT2 gRNA-CAN1.Y gRNA-ADE2.Y his stffdy
pROS16 (P30793) 2μm ampR HIS3 gRNA-CAN1.Y gRNA-ADE2.Y his stffdy
pROS17 (P30794) 2μm ampR TRP1 gRNA-CAN1.Y gRNA-ADE2.Y his stffdy
pUDR002 2μm ampR TRP1 gRNA-MCH1 gRNA-MCH2 his stffdy
pUDR004 2μm ampR HIS3 gRNA-MCH5 gRNA-AQY1 his stffdy
pUDR005 2μm ampR ScURA3 gRNA-ITR1 gRNA-PDR12 his stffdy
pUDR020 2μm ampR ScURA3 gRNA-NAT1 gRNA-GET4 his stffdy
pUDR022 2μm ampR kanMX gRNA-ACS1 gRNA-ACS2 his stffdy
1A and B refer to 60 bp tags that are incorporated fiia PCR, enabling homologoffs recombination.
* Plasmids flith an accession nffmber hafie been deposited at EUROSCARF.

clone containing the corretly assembled plasmid (conrmed by restriction analysis) flas seleted,

stocked and deposited at EUROSCARF (htp://fleb.ffni-frankfffrt.de/b15/mikro/effroscarf/).

Construction of the double gRNA plasmid series (pROS10 – pROS17) To constrfft the doffble gRNA

plasmids (pROS10 ۗ pROS17), an intermediate plasmid flas rst constrffted, carrying tflo gRNA

cassetes that both targeted CAN1.Y (61). his intermediate plasmid flas assembled offt of foffr

different ofierlapping fragments: the tflo gRNA cassetes ofierlapping flith each other in the 2μm

replicon, one ScURA3 marker cassete and a cassete containing all seqffences for amplication in

E. coli. he gRNA cassetes flere obtained in a tflo-step PCR approach. First a 2μm fragment flas

obtained from pUD194 (Table 2.2) flith primers 3289 & 4692 and tflo different gRNA cassetes

http://web.uni-frankfurt.de/fb15/mikro/euroscarf/
http://web.uni-frankfurt.de/fb15/mikro/euroscarf/
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flere PCR amplied from p426-SNR52p-gRNA.CAN1.Y-SUP4t flith primers 5972 & 5976 for the

rst cassete and 5977 & 5973 for the second cassete. Each gRNA cassete flas separately pooled

flith the 2μm fragment and in a second PCR reaction the gRNA cassetes flere effitended flith

either the 5 or 3 halfie of the 2μm fragment, resfflting in tflo different gRNA cassetes, ofier-

lapping in the 2μm seqffence, by ffsing primer pair 5975 & 4068 for the rst and 5974 & 3841 for

the second fragment. he marker fragment containing ScURA3 flas obtained from pUD192 flith

primers 3847 & 3276 (Table 2.2) and the fragment containing all seqffences for amplication in

E. coli flas PCR amplied from pUD195 (Table 2.2) flith primers 3274 & 3275. Using Gibson as-

sembly, the foffr ofierlapping fragments flere assembled into the intermediate plasmid pUDE330.

To obtain pROS10, pUDE330 flas linearized by PCR-amplication of the backbone, efficlffding the

gRNA fragments, and co-transformed flith tflo gRNA cassetes for in vivo assembly by homolo-

goffs recombination in yeast (172). For linearizing the backbone, a single primer flas ffsed (5793)

and the gRNA fragments flere obtained by PCR from pUDE330 flith primers 6008 & 5975 and 6007

& 5974. he plasmid flas effitrated from yeast and transformed into E. coli for storage and plasmid

propagation. he other doffble gRNA plasmids flere assembled by the Gibson assembly method

flith a marker cassete and the pROS10 plasmid backbone fragment. his backbone fragment flas

obtained by linearization of pROS10 flith restriction enzymes PfiffII and NotI. he fiarioffs marker

cassetes flere PCR amplied from plasmid templates pUG-amdSYM, pUG-hphNT1, pUG6, pUG73

and pUG-natNT2flith primers 3093 & 3096 resfflting in the amdSYM, hphNT1, kanMX,KlLEU2 and

natNT2 cassetes, respectifiely. he HIS3 and TRP1 cassetes flere obtained by PCR flith primers

6847 & 6848 on plasmid templates pRS423 and pRS424. Combining the appropriate marker cassete

flith the pROS10 backbone fragment in a Gibson assembly reaction, follofling the manfffactffrers

recommendations, resfflted in pROS11 ۗ pROS17. For each of these doffble gRNA plasmids, an

E. coli clone containing the corretly assembled plasmid flas seleted, stocked and deposited at

EUROSCARF (htp://fleb.ffni-frankfffrt.de/b15/mikro/effroscarf/).

Sॺॸ१९ॴ ३ॵॴॹॺॸॻ३ॺ९ॵॴ

S. cerevisiae strains flere transformed according to Gietz and Woods (97). Mfftants flere seleted

on solid YP mediffm (demineralized flater, 10 g·L-1 Bato yeast effitrat, 20 g·L-1 Bato peptone,

2% (fl/fi) agar), sffpplemented flith 200 mg·L-1 G418, 200 mg·L-1 hygromycin B or 100 mg·L-1

noffrseothricin (for dominant markers) or on synthetic mediffm sffpplemented flith appropriate

affffiotrophic reqffirements (326). In all cases, gene deletions and integrations flere conrmed by

colony PCR on randomly picked colonies, ffsing the diagnostic primers listed in Table S2.1. In-

tegration of cas9 into the genome flas achiefied fiia assembly and integration of tflo cassetes

containing cas9 and the natNT2 marker into the CAN1 locffs. he cas9 cassete flas obtained by

PCR from p414-TEF1p-cas9-CYC1t (61), ffsing primers 2873 & 4653. he natNT2 cassete flas PCR

amplied from pUG-natNT2 flith primers 3093 & 5542. 2.5 μg cas9 and 800 ng natNT2 cassete

flere pooled and ffsed for each transformation. Corret integration flas fieried by colony PCR

(Sffpplemental information) ffsing the primers gifien in Table S2.1, the resfflting strains hafie been

deposited at EUROSCARF. IMX719 flas constrffted by co-transformation of pUDR022 (see be-

lofl) flith genes reqffired for fffnctional Enterococcus faecalis PDH effipression (167). he gene cas-

setes flere obtained by PCR ffsing plasmids pUD301 ۗ pUD306 as template (Table 2.2) flith the

primers indicated in Table S2.1 and the ACS1 dsDNA repair fragment, obtained by annealing tflo

complementary single stranded oligos (6422 & 6423). After conrmation of the relefiant genotype

(Figffre 2.4B), the pUDR022 plasmid flas remofied as effiplained in Sffpplemental information.

S९ॴ७ॲ५ ७RNA ॳ५ॺ८ॵ४ (३ॲॵॴ९ॴ७ ६ॸ५५)

he yeast homologoffs recombination (HR)machinery flas ffsed to assemble plasmids flith specic

gRNA seqffences offt of tflo different fragments: a plasmid backbone and a gRNA target seqffence.

Depending on the preferred selectable marker, the linearized plasmid backbone flas obtained fiia

http://web.uni-frankfurt.de/fb15/mikro/euroscarf/
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PCR ffsing the appropriate single gRNA plasmid (pMEL10 ۗ pMEL17) as a template, flith primers

6005 & 6006. To obtain the doffble stranded gRNA cassetes (the target seqffences are listed in

Table 2.3), tflo complementary single stranded oligos (Table S2.1) flere miffied in a 1:1 molar ra-

tio, heated to 95 ◦C and then cooled dofln to room temperatffre. he resfflting gRNA fragments

contained the 20 bp gRNA recognition seqffences, anked by 50 bp ofierlaps flith the linearized

plasmid backbone. he 120 bp repair fragments flere obtained by follofling the same procedffre

and flere identical to the ffp- and doflnstream regions of the DSB break, allofling for effectifie

repair by the HR-machinery. For each transformation, a linearized plasmid backbone, a doffble

stranded cassete containing the gRNA seqffence of choice and the doffble stranded DNA cassete

for repair of the DSB flere pooled and co-transformed to the appropriate strain.

Dॵॻ२ॲ५ ७RNA ॳ५ॺ८ॵ४

Plasmids flith tflo gRNAs flere assembled in vitro, ffsing Gibson assembly of a 2μm fragment con-

taining the tflo gRNA seqffences and a doffble gRNA (pROS10 ۗ pROS17) plasmid backbone. he

2μm fragment flas obtained fiia PCR, ffsing pROS10 as a template flith tflo primers containing

the 20 bp gRNA recognition seqffences and a 50 bp seqffence, homologoffs to the linearized plas-

mid backbone (Table S2.1). he linearized plasmid backbone flas obtained fiia PCR ffsing one of

the doffble gRNA plasmids (pROS10 ۗ pROS17, depending on the preferred selectifie marker) as a

template flith a single primer (6005), binding at each of the tflo SNR52 promoters (Sffpplemental

information). he tflo fragments flere combined ffsing Gibson assembly, follofled by transforma-

tion to E. coli for storage and plasmid propagation. Since both of the gRNA containing primers

coffld bind on either side of the 2μm fragment, it flas important to check that the nal plasmid

contained one copy of each gRNA (theoretically this floffld be the case in 50% of the E. coli trans-

formants). To simplify this conrmation step, the gRNA target seqffences flere seleted for the

presence of a restriction site. Alternatifiely, diagnostic primers specic for the introdffced 20 bp

recognition seqffences flere ffsed for the identication of corretly assembled gRNA plasmids ffs-

ing PCR (see Protocol in Sffpplemental information).

To constrfft the plasmid pUDR002 (targeting MCH1&MCH2, TRP1 marker), the 2μm fragment

flas amplied ffsing DreamTaq (Fisher Scientic) from pROS10 ffsing primers 6835 & 6837 (Sffp-

plemental information). he backbone of pROS17 flas amplied ffsing the Phffsion polymerase

(Fisher Scientic) flith a single primer 6005 (Sffpplemental information). he tflo fragments flere

assembled ffsing Gibson assembly and conrmed fiia restriction analysis. Similarly, the follofling

plasmids flere constrffted: pUDR004 (targetingMCH5&AQY1, HIS3 marker), pUDR005 (targeting

ITR1&PDR12, KlURA3 marker), pUDR020 (targeting NAT1&GET4, URA3 marker), pUDR022 (tar-

geting ACS1&ACS2, kanMX marker). Transformations ffsing the doffble gRNA method reqffired

co-transformation of 2 μg of (each) pUDR plasmid together flith 1 μg of (each) corresponding

doffble stranded DNA cassete for DSB repair.

Mॵॲ५३ॻॲ१ॸ २९ॵॲॵ७ॿ ॺ५३८ॴ९q५ॹ

PCR amplication flith Phffsionh Hot Start II High Fidelity Polymerase (hermo Fisher Scientic)

flas performed according to the manfffactffrers instrffctions ffsing PAGE-pffried oligonffcleotide

primers (Sigma-Aldrich, St. Loffis, MO). Diagnostic PCR flas done fiia colony PCR on randomly

picked yeast colonies, ffsing DreamTaq (hermo Fisher Scientic) and desalted primers (Sigma-

Aldrich). he primers ffsed to conrm sffccessfffl deletions by one of the tflo described methods

can be foffnd in Table S2.1. DNA fragments obtained by PCR flere separated by gel electrophore-

sis on 1% (fl/fi) agarose gels (hermo Fisher Scientic) in TAE bffer (hermo Fisher Scientic)

at 100V for 30 minfftes. Fragments flere efficised from gel and pffried by gel pffrication (Zy-

moclean™, D2004, Zymo Research, Irfiine, CA). Plasmids flere isolated from E. coli flith Sigma

GenElffte Plasmid kit (Sigma-Aldrich) according to the sffppliers manffal. Yeast plasmids flere

isolated flith Zymoprep Yeast Plamid Miniprep II Kit (Zymo Research). E. coli DH5α (18258-012,
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Life Technologies) flas ffsed for chemical transformation (T3001, Zymo Research) or for electro-

poration. Chemical transformation flas done according to the sffppliers instrffctions. Electrocom-

petent DH5α cells flere prepared according to Bio-Rads protocol, flith the effiception that the cells

flere grofln in LB mediffm flithofft NaCl. Electroporation flas done in a 2 mm cfffiete (165-2086,

BioRad, Hercffles, CA) ffsing a Gene PfflserXcell Electroporation System (BioRad), follofling the

manfffactffrers protocol.

Y५१ॹॺॸ९३ॺ९ॵॴ ॽ५२ॺॵॵॲ

he tool is flriten in Jafiascript and based on the MEAN.io stack (MongoDB, Effipress, AngfflarJS

and Node.js). he soffrce code is afiailable at htps://githffb.com/hillstffb/Yeastrition. Genome and

ORF seqffences flere doflnloaded from SGD (htp://flflfl.yeastgenome.org) in GFF and FASTA le

format, respectifiely. ORFs, inclffding their 1kb ffp- and doflnstream seqffences flere effitrated and

imported into Yeastriction, flith the aid of an in-hoffse script. Yeastriction effitrats all possible Cas9

target seqffences (20 basepairs follofled by NGG) from a specied ORF and from its complemen-

tary strand. Sffbseqffently, seqffences containing 6 or more Ts are discarded as this can terminate

transcription (21, 334). Target seqffences are then tested for o-targets (an o-target is dened as

a seqffence flith either the NGG or NAG PAM seqffence and 17 or more nffcleotides identical to

the original 20 bp target seqffence (126)) by matching the seqffences against the reference genome

ffsing Bofltie (fiersion 1) (179). If any o-target is foffnd the original target seqffence is discarded.

In a neffit step, the AT content is calcfflated for the target seqffence. Using the RNAfold library

(essentially flith the parameters ۗMEA ۗnoLP -temp=30.) (196) the maffiimffm effipeted accffracy

strffctffre of each RNAmolecffle is calcfflated.he target seqffence is also searched for the presence

of restriction sites based on a defafflt list or a ffser-dened list. he targets can be ranked based

on presence of restriction sites (1 for containing and 0 for lacking a restriction site), AT content (1

hafiing the highest AT-content and 0 for the loflest AT-content) and secondary strffctffre (1 hafiing

the loflest amoffnt of pairing nffcleotides and 0 for the highest nffmber of nffcleotides infiolfied

in secondary strffctffres (indicated by brackets)). he range for efiery parameter is determined per

locffs and ffsed to normalize the fialffes. Sffbseqffently, the target seqffences are ranked by sffmma-

tion of the score for each parameter. hese ranking scores shoffld only be ffsed to order the targets

from a single locffs and not to compare targets for different loci. he application can be accessed

at the follofling URL: htp://yeastriction.tnfl.tffdelt.nl/.

2.3 R५ॹॻॲॺॹ १ॴ४ ४९ॹ३ॻॹॹ९ॵॴ

2.3.1 Yeastriction: a CRISPR design tool

To streamline design and constrffction of CRISPR/Cas9 gRNA plasmids for intro-

dffction of (mffltiple) genetic modications, the Yeastriction flebtool (htp://yeastric-

tion.tnfl.tffdelt.nl) flas defieloped. his flebtool flas designed to be compatible flith

the single and doffble gRNA plasmid series (pMEL10 ۗ pMEL17 and pROS10 ۗ pROS17,

respectifiely), as described belofl. Becaffse the CRISPR/Cas9 system can be highly se-

qffence specic, it is crffcially important to selet target seqffences based on corret ref-

erence genome seqffence information. A difference of a single nffcleotide in the gRNA,

as compared to the genomic target seqffence, can already completely abolish Cas9 nff-

clease actifiity (126). To make Yeastriction ffsefffl for the entire yeast commffnity, a set

of 33 S. cerevisiae genomes (flflfl.yeastgenome.org) flas implemented. In the rst step,

the ffser can selet the desired reference genome and enter (mffltiple) systematic names

https://github.com/hillstub/Yeastriction
http://www.yeastgenome.org
http://yeastriction.tnw.tudelft.nl/
http://yeastriction.tnw.tudelft.nl
http://yeastriction.tnw.tudelft.nl
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(e.g. YDL054C, YKL221W ) or gene names (e.g.MCH1,MCH2). For each entered gene, the

tool matches efiery potential target seqffence to the seleted reference genome. If there

are potential o-targets (other seqffences present in the same genome flith either NAG

or NGG as PAM seqffence and flith a 0 ۗ 3 nffcleotide difference in the 20 bp target

seqffence (126)) the target seqffence is discarded. Seqffences that contain 6 or more con-

secfftifie Ts are also discarded as theymay caffse transcript termination (21, 334). A recent

report indicates that the AT content of Cas9 target seqffences shoffld preferably be abofie

65% (190). Fffrthermore, there are indications that target seqffences flithofft obfiioffs nff-

cleotide interactions in secondary strffctffres are more efcient (347). he presence of

ffniqffe restriction sites flithin the target seqffence simplies fierication of corret plas-

mid assembly. Yeastriction therefore ranks potential Cas9 target seqffences according to

AT-content, secondary strffctffres and the presence of restriction sites. To increase effi-

ibility, the ffser can also choose to leafie offt one of the parameters in the nal ranking.

For the top-ranked target seqffence, the tool afftomatically designs the oligonffcleotide

primers reqffired for plasmid constrffction and the oligonffcleotides (flhich can be or-

dered as primers) needed to form the repair fragment flhen a gene deletion is desired.

To increase effiibility, the ffser can also choose another target site than the top-ranked

seqffence (Sffpplemental information).

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

DiCarlo and co-florkers (61) described constrffction of plasmid p426-

SNR52p-gRNA.CAN1.Y-SUP4t (Addgene flflfl.addgene.org/43803/) for effipression

of a single gRNA in yeast, ffsing the SNR52 promoter and SUP4 terminator. We hypoth-

esized that the gRNA coffld be easily changed by in vivo homologoffs recombination fiia

co-transformation of the linearized p426-SNR52p-gRNA.CAN1.Y-SUP4t backbone (from

flhich the 20 bp recognition seqffence ۠CAN1.Y ۡ flas omited) together flith a nefl 20

bp gRNA fragment, anked by 50 bp ofierlaps flith the plasmid backbone. In order to

fffrther increase the effiibility of this system, and to allofl its ffse flith genetic markers

other than URA3, a standardized set of plasmids flas constrffted (Figffre 2.1B). To this

end, a linearized plasmid backbone of the p426-SNR52p-gRNA.CAN1.Y-SUP4t plasmid

that efficlffded the URA3 marker gene, flas obtained by PCR. Sffbseqffently, eight dif-

ferent genetic markers (KlURA3, amdSYM, hphNT1, kanMX, KlLEU2, natNT2, HIS3 and

TRP1) flere PCR amplied and (re-)introdffced in this backbone ffsing Gibson assembly.

he resfflting plasmids flere named pMEL10 to pMEL17 (Figffre 2.1B, Table 2.2).

Use of in vivo recombination enabled the introdffction of one gRNA seqffence per sin-

gle gRNA plasmid backbone (pMEL10 ۗ pMEL17), flithofft the need of prior cloning.

When mffltiple genetic modications are reqffired, marker afiailability might become a

limitation. In this case, plasmids containing mffltiple gRNA seqffences floffld be pre-

ferred as this allofls introdffction of more genetic modications before plasmid remofial

is reqffired. For this pffrpose, a second set of plasmids flas constrffted that contained 2

gRNA seqffences, betfleen separate promoters and terminators.

First pROS10 flas constrffted (Figffre 2.1C), containing the ScURA3 marker, ampR for

selection in E. coli and a 2μm fragment anked by tflo pSNR52-gRNA-tSUP4 cassetes in
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Figure 2.1. Workofl for CRISPR/Cas9 modication of S. cerevisiae genome ffsing single and doffble gRNA plasmid series (pMEL10 - pMEL17 and pROS10 - pROS17, respec-

tifiely). (a) All oligonffcleotides, reqffired for targeting the gene(s) of interest (GOI), can be afftomatically designed flith Yeastriction (htp://yeastriction.tnfl.tffdelt.nl). For the

single gRNA method, the tool designs complementary oligonffcleotides that can be annealed to form (i) a doffble stranded repair fragment and (ii) a doffble stranded insert

flhich contains the target seqffence for the GOI. For effipression of the gRNA, a plasmid backbone containing the genetic marker of choice is amplied from a single gRNA

plasmid (pMEL10 ۗ pMEL17). Gene deletion is achiefied fiia co-transformation of the plasmid backbone, the dsDNA insert and the repair fragment. For the doffble gRNA

method, Yeastriction designs tflo sets of oligonffcleotides, the rst oligonffcleotide binds to the 2μm fragment and has a tail containing the desired target seqffence for the

GOI and a seqffence identical to both sides of a linearized doffble gRNA plasmid backbone (pROS10 - pROS17), the second set of oligonffcleotides can be annealed to form the

dsDNA repair fragment(s). (Figure legend continues on neht page.)
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Figure 2.1 (continued from previous page) . To constrfft a gRNA plasmid flith tflo target seqffences, a

doffble gRNA plasmid backbone flith the appropriate marker (pROS10 ۗ pROS17) is amplied by PCR, effi-

clffding the 2μm fragment. he 2μm fragment is amplied ffsing the primers harboffring the targets for the

GOIs and seqffences identical to the plasmid backbone. he nal plasmid is then constrffted in fiitro ffsing

the plasmid backbone and the 2μm fragment, e.g. flith Gibson assembly. After conrmation of corret plas-

mid assembly ffsing restriction analysis or PCR, the resfflting plasmid is transformed to yeast, together flith

the appropriate 120 bp dsDNA repair fragment(s). After transformation the desired genetic modication(s) are

checked by PCR, Soffthern blot analysis or seqffencing. Sffbseqffently, the strain can be modied again in a nefl

roffnd of transformation. Before physiological analysis, the gRNA plasmid(s) are preferably remofied. his can

be done by grofling the strains in liqffid media flithofft selection pressffre or, if possible, by coffnter-selection

pressffre (flith 5-fforoorotic acid, fforoacetamide or 5-fforoanthranilic acid for pMEL10+pROS10 plasmids,

pMEL11+pROS11 plasmids and pMEL17+pROS17 plasmids, respectifiely). After conrming plasmid remofial

by restreaking the same colony on selectifie and non-selectifie mediffm and/or PCR analysis, the resfflting

strain is re-grofln in liqffid mediffm and stored at -80 ◦C. (b) Architetffre of the single gRNA plasmid series

(pMEL10 ۗ pMEL17). he primers ffsed for PCR amplication of the plasmid backbone are indicated by black

arrofls. (c) Architetffre of the doffble gRNA plasmid series (pROS10 ۗ pROS17) flith tflo gRNA cassetes. he

plasmid backbone can be PCR amplied flith a single primer (indicated flith a black arrofl).he 2μm fragment

is amplied flith primers designed ffsing Yeastriction (indicated in orange and light green coloffred arrofls).

opposite directions, flith one of these cassetes containing the target seqffence CAN1.Y

and the otherADE2.Y (61).his design enables constrffction of plasmids that target other

loci, by rst PCR-amplifying the 2μm fragment, ffsing primers that incorporate the nefl

target sites, follofled by assembly into a linearized backbone that contains the desired

marker gene fiia an in vitro method sffch as Gibson assembly. To generate plasmids flith

marker genes other than URA3, the backbone of pROS10 flas rst digested flith restric-

tion enzymes to remofie the ScURA3 marker. Sffbseqffently, other markers flere PCR

amplied and inserted ffsing Gibson assembly. his yielded plasmids pROS11 to pROS17

(Figffre 2.1C, Table 2.2), flhich contained the marker genes amdSYM, hphNT1, kanMX,

KlLEU2, natNT2, HIS3 and TRP1, respectifiely. Both plasmid series (pMEL10 ۗ pMEL17

and pROS10 ۗ pROS17) hafie been made afiailable throffgh EUROSCARF.

2.3.3 Construction of various cas9 ehpressing CEN.PK strains

In the cas9 bearing strains described by DiCarlo and co-florkers (61), a centromeric plas-

mid flas ffsed to effipress cas9, either from a fiariant of the indffcible GAL1 promoter

or from the constitfftifie TEF1 promoter. When mffltiple roffnds of transformation and

gRNA plasmid remofial are desired, a stable integrated copy of cas9 is preferred, since

this allofls groflth of strains on compleffi mediffm, flhich enables faster groflth and ef-

cient plasmid recycling. To this end, a cas9 gene ffnder the control of the TEF1 pro-

moter flas integrated into the CAN1 locffs together flith the natNT2 marker. In order to

increase the effiibility of the CRISPR/Cas9 system, cas9 flas integrated in the haploid

strains CEN.PK113-7D and CEN.PK113-5D (Uraۗ) and the diploid strains CEN.PK122

and CEN.PK115 (Uraۗ). Additionally, cas9 flas integrated in the qffadrffple affffiotrophic

strain CEN.PK2-1C (Uraۗ, Leffۗ, Trpۗ, Hisۗ), resfflting in strain IMX672, flhich flas ffsed

to test the efciencies of the gRNA plasmids defieloped in this stffdy. All these strains are

deposited at EUROSCARF. Constitfftifie effipression of cas9 in CEN.PK113-7D (IMX585)
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Figure 2.2. Efciency of gene deletion obtained after transformation flith a single gRNA plasmid. (a)uanti-

cation of the nffmber of colonies and corresponding gene deletion efciencies, obtained after transformation of

S. cerevisiae IMX672 (ura3-52 trp1-289 leu2-3,112 his3Δ, can1Δ::cas9 ) flith 100 ng pMEL10 backbone, 300 ng of

gRNA insert DNA and 2 μg of the corresponding 120 bp dsDNA repair fragment. he transformation targeting

MCH1, MCH2 and MCH5 simffltaneoffsly flas performed ffsing 300 ng of each insert and 2 μg of each repair

fragment. For the transformations flith repair fragments, the effiat nffmber of transformants coffld not be

determined, bfft efficeeded 5,000 colonies per plate. he data represent afierage and standard defiiation of trans-

formants of three independent transformation effiperiments. he estimated total nffmber of colonies carrying

gene deletions flas based on colony PCR resfflts of 24 randomly picked colonies. In red: percentage of colonies

flithofft gene deletions, in blffe: percentage of colonies containing one or tflo bfft not all deletions, green: per-

centage of colonies containing all desired gene deletions. No transformants flith all three genes deleted flere

identied. (b) Diagnostic primers flere designed offtside of the target ORFs to differentiate betfleen sffccessfffl

and non-sffccessfffl colonies fiia PCR. In this colony PCR effiample, primers 6862 & 6863 flere ffsed to amplify

the MCH1 locffs. (c) Effiample of a diagnostic gel from the transformation targeting the MCH1 locffs. he rst

lane (L) contains the GeneRffler DNA Ladder Miffi. Lane 1 to 8 shofl the PCR resfflts of 8 randomly picked

colonies. Sffccessfffl deletion ofMCH1 resfflts in a PCR fragment flith a length of 729 bp (lane 1, 3 and 7), flhen

MCH1 is still present a band is obserfied at 2190 bp (lane 2, 4, 5, 6 and 8).

did not signicantly affet the maffiimffm specic groflth rate. IMX585 grefl at 0.37 ±

0.003 h-1 (fialffe and mean defiiation are based on tflo independent effiperiments) on glff-

cose synthetic mediffm in shake-ask cffltffres flhile the groflth rate of the reference

CEN.PK113-7D flas of 0.39 ± 0.01 h-1.

2.3.4 Seamless and markerless gene deletion using in fiifio assembled plasmids containing

single gRNAs

he rst plasmid series, pMEL10 ۗ pMEL17, flas designed to perform gene deletions

from plasmids assembled in vivo, harnessing the high freqffency and delity of homolo-
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goffs recombination in S. cerevisiae (172, 175, 226, 227) and obfiiating the need for prior

cloning of the gRNA seqffence. To test flhether in vivo assembly of a plasmid carrying

the gRNA seqffence coffld be combined flith CRISPR-mediated genetic modication, a

plasmid backbone and insert containing the gRNA of choice flere co-transformed flith a

120 bp ۠repair fragmentۡ for markerless and scarless gene deletion. he gRNA seqffence

targeting the gene MCH1 (Table 2.3) flas seleted based on a high score (AT content

0.65, RNA score 0.50) in Yeastriction and contained 50 bp ofierlaps to each side of the

linearized plasmid backbone flith the KlURA3 marker, facilitating homologoffs recom-

bination. Transformation of IMX672 (ura3-52 trp1-289 leu2-3,112 his3Δ can1Δ::cas9 ) re-

sfflted in >5,000 colonies per plate and colony PCR flas performed to conrm sffccessfffl

gene deletion. Offt of 24 randomly tested colonies, 12 (50%) shofled the intended sin-

gle gene deletion of MCH1 (Figffre 2.2). he colonies that did not shofl the intended

deletion coffld be caffsed by misassembly of the plasmid, as omiting either the insert

or the repair fragment from the transformation miffitffre yielded ~2,000 colonies. To test

flhether these resfflts coffld be reprodffced flhen different loci flere targeted, the same

strategy flas employed to target MCH2 and MCH5. A gRNA recognition seqffence flas

seleted for each gene ffsing Yeastriction, based on a lofl score for MCH2 (AT content

0.45, RNA score 0.30) and a high score for MCH5 (AT content 0.65, RNA score 0.50)

targeting seqffence respectifiely. Transformation flith gRNA inserts targeting either of

these loci and the corresponding repair fragments resfflted in similar colony coffnts as

obserfied for MCH1. Fffrthermore, colony PCR determined sffccessfffl deletions for both

loci at fiarying efciencies, 25% and 75% for MCH2 and MCH5 respectifiely (Figffre 2.2).

his obserfied difference in deletion efciency flas in line flith the targeted site qffality

scores predited by Yeastriction for MCH2 and MCH5 seleted gRNAs. his cloning-free

approach might be effitended to enable co-transformation of mffltiple gRNA inserts and

their corresponding repair fragments. By assembly of mffltiple plasmids bearing differ-

ent gRNA seqffences in a single cell, this might facilitate the simffltaneoffs introdffction

ofmffltiple gene deletions. To test this possibility, the same plasmid backbone, containing

the KlURA3 marker, flas co-transformed flith three different gRNA fragments (MCH1,

MCH2 & MCH5) and their corresponding repair fragments. Ofier 5,000 colonies flere

obtained after transformation and 24 randomly picked colonies flere tested fiia colony

PCR. Transformation flith three inserts led to the identication of 4 mfftants contain-

ing a single and 1 mfftant containing a doffble deletion (24 colonies tested, Figffre 2.2A)

bfft none flith three deletions. Only one of the 6 identied deletions flas foffnd in the

MCH1 locffs (targeted by a gRNA flith a lofl Yeastriction score, Table 2.3), flhile three

and tflo deletions corresponded to ORFs ofMCH1 andMCH5 respectifiely. hese resfflts

indicated that mfftants containing mffltiple gene deletions coffld be obtained fiia com-

bined in vivo recombination and gene disrffption, althoffgh at lofl (~4%) efciencies. his

lofl efciency of mffltiple gene disrffption might hafie sefieral reasons (i) it can be the

resfflt of misassembly of the plasmid, as transformation of the backbone flithofft insert

or repair oligo already resfflted in ~2,000 colonies flhen making single deletions (ii) a

cell does not need to assemble all three plasmids, as one plasmid is enoffgh to restore

prototrophy and (iii) errors present in the gRNA inserts affeting its targeting efciency.

Indeed, seqffencing of in vivo assembled plasmids of three false positifie colonies, shofled

that the gRNA seqffence contained nffcleotidic insertions and deletions, impairing Cas9
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Table 2.3. Target seqffences ffsed in this stffdy

Locus Sequence (including PAM) Restriction site AT score RNA score

MCH1 TATTGGCAATAAACATCTCGAGG 0.65 0.55
MCH2 ATCTCGATCGAGGTGCCTGATGG PfiffI 0.45 0.30
MCH5 ACTCTTCCGTTTTAGATATCTGG EcoRV 0.65 0.60
AQY1 ACCATCGCTTTAAAATCTCTAGG DraI 0.65 0.50
ITR1 ATACATCAACGAATTCCAACCGG EcoRI 0.65 0.60
PDR12 GCATTTTCGGTACCTAACTCCGG KpnI 0.55 0.60
NAT1 AAAGGAATTGGATCCTGCGTAGG BamHI 0.55 0.60
GET4 GGGCTCGCTAGGATCCAATTCGG BamHI 0.45 0.50
ACS1 TTCTTCACAGCTGGAGACATTGG PfiffII 0.55 0.45
ACS2 TCCTTGCCGTTAAATCACCATGG 0.55 0.80

restriction in the target ORF. hese mfftations of the gRNA seqffence likely derified from

imperfet annealing of the tflo complementary oligonffcleotide ffsed to form the in vivo

assembled gRNA fragment.

All collectifiely these resfflts shofled that single gene deletions coffld be easily per-

formed by this method, hoflefier flhen more than one locffs has to be altered a more

effectifie strategy is needed as is detailed in the neffit section.

2.3.5 Multiplehing seamless gene deletions using in fiitro assembled plasmids containing

two gRNAs

While in vivo assembly of the gRNA plasmid and CRISPR-assisted genetic modication

can be combined in a single transformation, the relatifiely high incidence of false positifie

colonies limits ffse of this system for simffltaneoffs introdffction of mffltiple chromoso-

mal modications. Since some of the false positifies coffld be the resfflt of misassembly of

the gRNA containing plasmid, it flas effipeted that pre-assembly of the plasmid ffsing in

vitro Gibson assembly floffld resfflt in a lofler nffmber of false positifies.herefore, a doff-

ble gRNA plasmid flas constrffted, effipressing gffideRNAs designed to target ITR1 and

PDR12. First, the pROS10 backbone and the 2μm fragment anked by the gRNAs contain-

ing the target seqffences for ITR1 and PDR12 flere amplied ffsing PCR (Figffre 2.1). he

resfflting DNA fragments flere assembled and the plasmid (pUDR005) flas fieried by

digestion flith restriction enzymes specically targeting the ITR1 and PDR12 target se-

qffences (Table 2.3). Co-transformation of the resfflting plasmid flith the corresponding

repair fragments into the cas9 effipressing strain IMX672 yielded 900 colonies per plate.

In contrast, a single transformation in flhich repair fragments flere omited yielded only

tflo colonies. 24 Colonies flere randomly picked and PCR fierication determined that

all of these contained both gene disrffptions (IMX715, Figffre 2.3). he transformation of

an already assembled plasmid might enable immediate transcription of the gRNA, flhile

the other method reqffired assembly of a corret plasmid prior to transcription of the

gRNA. his might effiplain the signicantly higher obserfied efciency of this approach

compared to the method ffsing in vivo assembled plasmids. Most likely, pre-assembly

and conrmation of the plasmid containing tflo gRNAs greatly redffces the nffmber of

false positifies.
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Figure 2.3. Efciency of gene deletion obtained after transformation flith doffble gRNA plasmids. (a) uan-

tication of the nffmber of colonies and corresponding gene deletion efciencies after transformation of S.

cerevisiae IMX672 (ura3-52 trp1-289 leu2-3,112 his3Δ, can1Δ::cas9 ) flith 2 μg of fiarioffs doffble gRNA plasmids

flith 1 μg of the appropriate repair fragment(s). When mffltiple plasmids flere transformed simffltaneoffsly, 2

μg of each plasmid flas added. he data represent afierage and standard defiiation of transformants of three

independent transformation effiperiments. In red: percentage of colonies containing no gene deletions, in blffe:

percentage of colonies containing some bfft not all targeted gene deletions (1, 1-3 and 1-5 respectifiely), in

green: percentage of colonies containing all targeted simffltaneoffs gene deletions (2, 4 and 6 respectifiely).

(b) Diagnostic primers flere designed offtside of the target ORFs to differentiate betfleen sffccessfffl and non-

sffccessfffl colonies fiia PCR. In this colony PCR effiample, primers 6862 & 6863, 6864 & 6865, 6866 & 6867, 6868

& 6870, 6869 & 6870 and 253 & 3998, flere ffsed to amplify the MCH1, MCH2, MCH5, AQY1, ITR1 and PDR12

loci respectifiely. he effipeted sizes of the PCR prodffts obtained flhen the gene is present (let) or deleted

(right) are indicated. (c) Effiample of a diagnostic gel from the transformation introdffcing 6 simffltaneoffs gene

deletions, resfflting in IMX717. he rst lane (L) contains the GeneRffler DNA Ladder Miffi. Lane 1 to 6 shofl

the PCR resfflts of the reference strain CEN.PK113-7D (top) and a randomly picked colony of IMX717 (botom)

flith primers 6862 & 6863 for MCH1 (lane 1), 6864 & 6865 for MCH2 (lane 2), 6866 & 6867 for MCH5 (lane 3),

6868 & 5593 for AQY1 (lane 4), 6869 & 6870 ITR1 (lane 5) and 253 & 3998 for PDR12 (lane 6).
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Encoffraged by these effitremely high efciencies, transformations flere performed

ffsing mffltiple plasmids that carried different genetic markers. To this end, tflo nefl

plasmids flere constrffted, each targeting tflo different genetic loci (MCH1/MCH2

(pUDR002) andMCH5/AQY1 (pUDR004)). Tflo and three plasmids flere co-transformed,

containing either the KlURA3 and TRP1 or the KlURA3, TRP1 and HIS3 selectable mark-

ers. In contrast to the transformations flith a single plasmid, flhich yielded ofier 900

colonies, only 74 colonies and 14 colonies flere obtained flhen transforming tflo and

three plasmids, respectifiely. hese lofler nffmbers of colonies might reet the decreas-

ing probability that a single cell sffccessffflly takes ffp mffltiple plasmids and, sffbse-

qffently, performs the corresponding gene deletions.he characterization of the colonies

from the transformation flith tflo plasmids refiealed that offt the 20 tested clones, 14

(70%) harboffred all 4 deletions (IMX716). Similarly, offt of 20 randomly tested colonies

obtained from the transformation flith 3 plasmids, 13 (65%) clones contained all 6 dele-

tions (IMX717, Figffre 2.3).

hese resfflts ffneqffifiocally demonstrate the efciency of CRISPR/Cas9 mediated ge-

netic modication of yeast in simffltaneoffsly generating mffltiple deletions in a single

transformation step. Recently, CRISPR/Cas9 flas sffccessffflly applied to simffltaneoffsly

disrffpt all homozygoffs alleles in the polyploid ATCC4124 strain. In foffr transformation

iterations a qffadrffple ura3 trp1 leu2 his3 affffiotrophic strain flas constrffted (348). A

design similar to the natifie polycistronic CRISPR array consisting of a tracrRNA and

crRNA instead of the chimeric gRNA flas ffsed to achiefie three concffrrent deletions

ffsing a single crRNA array (8). To the best of offr knoflledge, the present stffdy is the

rst to demonstrate generation of a seffitffple deletion strain of S. cerevisiae in a single

transformation efient.

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

mutations

Hitherto, reported applications of CRISPR/Cas9 in S. cerevisiae focffsed on gene inac-

tifiation. I-SceI-mediated introdffction of doffble-stranded breaks has prefiioffsly been

shofln to facilitate simffltaneoffs integration of sefieral gene effipression cassetes at chro-

mosomal loci (171). To effiplore the potential of CRISPR to combine gene deletion flith

the simffltaneoffs in vivo assembly and chromosomal integration of mffltiple DNA frag-

ments, fle atempted to constrfft an S. cerevisiae strain flith a doffble ACS1 ACS2 dele-

tion that also ofiereffipresses the Enterococcus faecalis pyrfffiate dehydrogenase (PDH)

compleffi (167) in a single transformation. To this end, IMX585 flas transformed flith

a plasmid effipressing the gRNAs targeting the ACS genes (pUDR022). A 120 bp repair

fragment flas co-transformed for the deletion of ACS1 and the ORF of ACS2 flas re-

placed fiia integration of siffi gene cassetes effipressing the genes of the E1α, E1β, E2 and

E3 sffbffnits of Enterococcus faecalis PDH encoded by pdhA, pdhB, aceF, and lpd, as flell

as the lplA and lplA2 genes reqffired for PDH lipoylation (167) (Figffre 2.4A). Cytosolic

acetyl-CoA is essential and a doffble acs1Δ acs2Δ mfftant is not fiiable (13) ffnless acetyl-

CoA is profiided by an alternatifie roffte (166, 167). he transformation targeting the tflo

ACS genes yielded 11 colonies, flith 10 offt of 10 picked colonies shofling the desired



58 CRISPR/C१ॹ9 ६ॵॸ ॹ९ॳॻॲॺ१ॴ५ॵॻॹ ९ॴॺॸॵ४ॻ३ॺ९ॵॴ ॵ६ ॳॻॲॺ९ॶॲ५ ७५ॴ५ॺ९३ ॳॵ४९६९३१ॺ९ॵॴॹ ९ॴ ॿ५१ॹॺ

2

I

chrXII

(a)

(b)

chrI

chrI

α ω

ACS1

acs1Δ
ACS2

α
#J

#H

#I

#C

#D

ω

2350

208

2694

395

337

262

327

185

219

709

colony 1 colony 2 wild-type

reaction B C D E A B C D E A B C D E

D

D

E

A

B

B

C

A

B

C

200 bp

2500 bp
2000 bp

500 bp

**

Amplicon

Expected 

size (bp) Reaction

#J #H #I #C #D

aceF

lplA2 pdhB

lpd

pdhA
J

J

H

H I

C

C

D

D

lplA

aceF lplA2 pdhB lpd pdhA

J H I C D

lplA

ACS2 ACS1

chrXII

A

L2 L1L1

Figure 2.4. Mffltipleffiing CRISPR/Cas9 in S. cerevisiae. (a) Chromosomal integration of the siffi genes reqffired

for effipression of a fffnctional Enterococcus faecalis pyrfffiate dehydrogenase compleffi in the yeast cytosol. All

siffi genes are anked by 60 bp seqffences enabling homologoffs recombination (indicated flith black crosses).

he rst and the last fragments are homologoffs to 60 bp jffst ffp- and doflnstream of the ACS2 ORF, respec-

tifiely, thffs enabling repair of the Cas9-indffced doffble strand break by homologoffs recombination (let panel).

Deletion of ACS1 ffsing a 120 bp dsDNA repair fragment is shofln in the right panel. (b) Mffltipleffi colony

PCR flas performed on ten transformants to check their genotypes. Resfflts are shofln for tflo representatifie

colonies, conrming the intended genotype. he PCR on the flild-type strain shofls the predited bands for

the presence of the flild-type ACS1 and ACS2 alleles. Tflo DNA ladders flere ffsed; L1 refers to the GeneRffler

DNA ladder (hermo Scientic) and L2 to the GeneRffler 50 bp DNA ladder (hermo Scientifc). (he bands

indicated flith an asterisk reet aspecic PCR prodffts)

genotype (Figffre 2.4B). From one colony, the gRNA plasmid flas remofied by grofling

on non-selectifie YP mediffm, yielding strain IMX719.his strain shofled only groflth on

synthetic mediffm flith 2% glffcose and lipoate and failed to grofl on synthetic mediffm

flith 2% glffcose and on YP flith 2% ethanol. his phenotype is entirely consistent flith

the phenotype reported by Kozak et al. (167) for an acs1 acs2 strain of S. cerevisiae that

effipresses the E. faecalis PDH sffbffnits and lipoylation genes, thereby fffrther conrming

the genotype of the strain IMX719.

To effiplore the potential of CRISPR/Cas9 to introdffce specic single-nffcleotide mffta-

tions in genomic DNA, a plasmid flas constrffted flith gRNAs targeting the GET4 and

NAT1 loci (pUDR020). Both of the target seqffences contained a BamHI (G|GATCC) re-

striction site. he corresponding repair oligonffcleotides flere designed to introdffce a

single-nffcleotide change in the genomic target seqffence, flhich at both sites resfflted

in the introdffction of a restriction site for EcoRI (G|AATTC) and simffltaneoffsly dis-

rffpted the BamHI restriction site (Figffre 2.5A). Transformation of the cas9 bearing strain

IMX672 flith pUDR020 (NAT1 and GET4 gRNA, KlURA3) and the corresponding repair
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Figure 2.5. Simffltaneoffs introdffction of different single-nffcleotide mfftations in S. cerevisiae. (a) Transfor-

mation of IMX581 (ura3-52, can1Δ::CAS9 ) flas performed flith pUDR020, resfflting in the introdffction of tflo

mfftations in NAT1 and GET4. Underlined: the protospacer adjacent motif (PAM) seqffences associated flith

the gRNA targets. In flhite: restriction sites present in the original gRNA targeting seqffence (BamHI) and

in the repair fragment ffsed to corret the doffble strand break (EcoRI). (b) Introdffction of the doffble strand

break and sffbseqffent repair ffsing the mfftagenic repair fragment resfflted in a change of restriction site from

BamHI to EcoRI. In this colony PCR effiample, primers 7030 & 7031 and 7036 & 7037 flere ffsed to amplify a

part of the GET4 and NAT1 locffs (lane 1 and 4 respectifiely) from CEN.PK113-7D and tflo colonies of IMX581,

transformed flith pUDR020 and mfftagenic repair fragments. In lanes labelled 2 and 5: digestion of the PCR

fragments flith BamHI, flhich only resfflts in digestion fragments of sizes 250 bp + 459 bp and 226 bp and 628

bp flhen the original restriction sites in GET4 and NAT1 are still present (CEN.PK113-7D). In lanes labelled 3

and 6: digestion of the PCR fragments flith EcoRI, flhich only resfflts in digestion fragments of sizes 259 bp

+ 450 bp and 227 bp and 627 bp flhen this nefl restriction site has been introdffced fiia the mfftagenic repair

fragment (Colony 1 and 2).

fragments resfflted in ~1,500 colonies, flhile omiting both repair fragments did not resfflt

in any colonies. Eight colonies flere randomly picked and a part of the ORF containing

the target seqffence flas PCR amplied for both GET4 and NAT1. Digestion of the am-

plied PCR prodfft flith BamHI and EcoRI, follofled by gel electrophoresis shofled that

foffr of the eight colonies contained both mfftations after transformation (Figffre 2.5B).

To conrm flhether these foffr colonies indeed contained the desired mfftations, a frag-

ment of 120 bp aroffnd the target site flas seqffenced. All colonies contained the desired

mfftations, althoffgh tflo of the foffr colonies also shofled additional, ffndesired, mffta-

tions at theGET4 locffs (Table S2.2 and S2.3, colony 2 and 4). Althoffgh these resfflts shofl

that one mfftation can already abolish restriction, Cas9 indffced DSBs might still occffr,

as long as the gRNA cassete is effipressed. We therefore adfiise to (re)seqffence mfftated

sites after gRNA plasmid remofial and/or ffse the tflo step strategy discffssed belofl.
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he ease flith flhich specic single-nffcleotide mfftations can be simffltaneoffsly intro-

dffced, makes the CRISPR/Cas9 system a highly fialffable tool for analysing the biological

signicance of mfftations identied by flhole genome reseqffencing of strains obtained

by mfftagenesis (e.g. UV, X-rays) (143) or efiolfftionary engineering (35, 100, 124, 229).

Refierse engineering of sffch mfftations essentially encompasses restoration of the ref-

erence nffcleotide in the mfftant strain and/or introdffction of the mfftated nffcleotide

position in a naïfie (non-mfftated or non-efiolfied) genetic backgroffnd. Efien laboratory

efiolfftion effiperiments performed in the absence of mfftagenesis typically yield mfflti-

ple mfftations, not all of flhich contribffte to the phenotype of interest (see e.g. (100,

164)). herefore afiailability of methods that enabled reintrodffction of mffltiple point

mfftations at fiarioffs genomic loci is infialffable for rapid identication of relefiant mff-

tations. Similar to the YOGE (Yeast Oligo-Mediated Genome Engineering) method (60),

the CRISPR approach enables mffltipleffiing and offers effiibility. In contrast to the YOGE

method, flhich reqffires a specic backgroffnd (mlh1Δmsh2Δ RAD51K342E↑ RAD54↑) (60),

the CRISPR approach shoffld be applicable to any S. cerevisiae strain backgroffnd that effi-

presses a fffnctional cas9 gene. he tflo effiamples ffsed in this stffdy (GET4 and NAT1)

flere designed for easy fierication. If the desired point mfftation is not present in a

sffitable target seqffence, it may be possible to introdffce (mffltiple) Single Nffcleotide

Variation(s) (SNV) in tflo roffnds of CRISPR/Cas9 mediated genome modication. In the

rst roffnd, a larger part sffrroffnding one or sefieral SNVs coffld be deleted flhile repair-

ing the DSBs flith repair fragments that contain a generic synthetic target seqffence. In

a second roffnd, these generic target seqffences can then be cfft by Cas9, combined flith

the repair of the DSBs flith 120 bp seqffences that contain the desired SNVs.

2.4 Oॻॺॲॵॵॱ

he ffse of homologoffs recombination for the assembly of mfflti-gene constrffts (96,

279) had a tremendoffs impat on genetic engineering strategies (3, 34). Efien before the

adfient of CRISPR/Cas9 these defielopments hafie immensely decreased strain constrffc-

tion time in offr groffp and enabled ffs to effipress complicated mfflti-step pathflays and

mfflti-component enzymes (10, 105, 165, 167, 171). Until recently the deletion of mffl-

tiple genes and insertions at mffltiple loci remained a cffmbersome and time-intensifie

process. Here, bffilding on the pioneering conceptffal proof of CRISPR fffnctionality in

lofler effkaryotes (61), fle shofl that CRISPR/Cas9 flill fffrther improfie and accelerate

yeast strain constrffction, not only by allofling mffltipleffiing gene deletions (61, 348)

bfft also by allofling simffltaneoffs introdffction of gene deletions, chromosomal integra-

tion of mfflti-gene constrffts and the introdffction of specic mfftations. Althoffgh it is

difcfflt to qffantify the impat on the ofierall time reqffirements for compleffi pathflay

engineering, the effiamples presented here sffggest that a three to foffr-fold acceleration

is ffnlikely to be effiaggerated.

his paper focffses on S. cerevisiae, a microbial species that is already knofln for

its easy genetic accessibility. herefore, it is logical to specfflate that this methodology

shoffld hafie an efien higher impat on species of yeasts and lamentoffs fffngi that are no-

torioffsly more difcfflt to alter genetically. Indeed, a fiery recent effiample described the



2

2.5 A३ॱॴॵॽॲ५४७५ॳ५ॴॺॹ 61

benet of the introdffction of CRISPR/Cas9 in Schizosaccharomices pombe (137). While

the methodology reported in this stffdy streamlines the ffse of CRISPR in S. cerevisiae, the

method can be fffrther improfied. he RNA polymerase III dependent promoter SNR52 is

not a broadly recognized promoter (265). Recently, it has been shofln that gffideRNAs,

anked by the hammerhead and hepatitis delta fiirffs ribozymes, can be effipressed ffsing

polymerase II promoters (93). A promising promoter floffld then be the TEF1 promoter

from Blastobotris adeninivorans (309) as this is a strong, constitfftifie promoter, recog-

nized in different species, like S. cerevisiae, Hansenula polimorpha and Pichia pastoris.

We hope that by profiiding the easy-to-ffse Yeastriction design tool, tflo fiersatile plas-

mid series for gRNA effipression, a set of S. cerevisiae CEN.PK strains harboffring the cas9

effipression cassete and standardized protocols (Sffpplemental information), this paper

flill help colleagffes to facilitate and accelerate yeast strain engineering.

2.5 A३ॱॴॵॽॲ५४७५ॳ५ॴॺॹ
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For the protocols and Yeastriction tfftorial see htp://femsyr.offifordjoffrnals.org/content/-

sffppl/2015/03/04/fofi004.DC1

Table S2.1. Primers ffsed in this stffdy.

Number Name Sequence 5’ → 3’

cas9 integration

2873 CAN1DelcassFW TCAGACTTCTTAACTCCTGTAAAAACAAAAAAAAA

AAAAGGCATAGCAATAAGCTGGAGCTCATAGCTTC

3093 tagA-pUG ACTATATGTGAAGGCATGGCTATGGCACGGCAGAC

ATTCCGCCAGATCATCAATAGGCACCTTCGTACGC

TGCAGGTCGAC

4653 A-CYC1t-rfi GTGCCTATTGATGATCTGGCGGAATGTCTGCCGTG

CCATAGCCATGCCTTCACATATAGTCCGCAAATTA

AAGCCTTCGAG

5542 CAN1 KO rfi CTATGCTACAACATTCCAAAATTTGTCCCAAAAAG

TCTTTGGTTCATGATCTTCCCATACGCATAGGCCA

CTAGTGGATCTG

cas9 integration confirmation

5829 CAN1 cfft rfi AGAAGAGTGGTTGCGAACAGAG

2673 m-PCR-HR4-RV TGAAGTGGTACGGCGATGC

2668 m-PCR-HR2-FW ACGCGTGTACGCATGTAAC

9 KanA CGCACGTCAAGACTGTCAAG

2620 Nat Ctrl Ffl GCCGAGCAAATGCCTGCAAATC

2615 Can1RV GAAATGGCGTGGGAATGTGA

Construction pMEL series

3093 tagA-pUG ACTATATGTGAAGGCATGGCTATGGCACGGCAGAC

ATTCCGCCAGATCATCAATAGGCACCTTCGTACGC

TGCAGGTCGAC

3096 tagB-pUG GTTGAACATTCTTAGGCTGGTCGAATCATTTAGAC

ACGGGCATCGTCCTCTCGAAAGGTGGCATAGGCCA

CTAGTGGATCTG

6845 p426 cRNA-rfi A GTGCCTATTGATGATCTGGCGGAATGTCTGCCGTG

CCATAGCCATGCCTTCACATATAGTACAGGCAACA

CGCAGATATAGG

6846 p426 cRNA-ffl B CACCTTTCGAGAGGACGATGCCCGTGTCTAAATGA

TTCGACCAGCCTAAGAATGTTCAACGGCCCACTAC

GTGAACCATC

6847 pRS Marker ffl A ACTATATGTGAAGGCATGGCTATGGCACGGCAGAC

ATTCCGCCAGATCATCAATAGGCACTGCGGCATCA

GAGCAGATTG

6848 pRS Marker rfi B 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
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Construction pROS series

5972 tSUP4 rfi ol 2mff-5* GTTCTACAAAATGAAGCACAGATGCTTCGTTGGAG

GGCGTGAACGTAAG

5974 2mff inside ffl TACTTTTGAGCAATGTTTGTGGA

5975 2mff inside rfi AACGAGCTACTAAAATATTGCGAA

6007 strfft-gffideRNA

ADE2.y (ol pSNR52)

GTGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAG

TGAAAGATAAATGATCACTTGAAGATTCTTTAGTG

TGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAG

6008 strfft-gffideRNA

CAN1.y (ol pSNR52)

GTGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAG

TGAAAGATAAATGATCGATACGTTCTCTATGGAGG

AGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAG

3289 Fffs Tag F ffl CATACGTTGAAACTACGGCAAAGG

4692 Fffs Tag G rfi AAGGGCCATGACCACCTG

5976 pSNR52 ffl ol tag I-2 GCCTACGGTTCCCGAAGTATGCTGCTGATGTCTGG

CTATACCTATCCGTCTACGTGAATACCCTCACTAA

AGGGAACAAAAG

5977 pSNR52 ffl ol tag B CACCTTTCGAGAGGACGATGCCCGTGTCTAAATGA

TTCGACCAGCCTAAGAATGTTCAACCCCTCACTAA

AGGGAACAAAAG

5973 tSUP4 rfi ol 2mff 3* GGCATAGTGCGTGTTTATGCTTAAATGCGTGGAGG

GCGTGAACGTAAG

5975 2mff inside rfi AACGAGCTACTAAAATATTGCGAA

4068 Nic1 amp Ffld GCCTACGGTTCCCGAAGTATGC

5974 2mff inside ffl TACTTTTGAGCAATGTTTGTGGA

3841 for f3h CACCTTTCGAGAGGACGATG

3847 FUS Tag A ffl ACTATATGTGAAGGCATGGCTATGG

3276 Fffs Tag B-rfi GTTGAACATTCTTAGGCTGGTCGAATC

3274 Fffs Tag I-ffl TATTCACGTAGACGGATAGGTATAGC

3275 Fffs Tag A-rfi GTGCCTATTGATGATCTGGCGGAATG

5793 pCAS9 rfi GATCATTTATCTTTCACTGCGGAG

Construction PDH cassettes

5654 D_FW_E1a GAATTCACGCATCTACGACTG

7426 tTEF1_yeast ol tACS2 GAAAATAGAAAACAGAAAAGGAGCGAAATTTTATC

TCATTACGAAATTTTTCTCATTTAAGGAGGCACTA

TTACTGATGTGATTTC

3277 Fffs Tag C rfi CTAGCGTGTCCTCGCATAGTTCTTAGATTG

7338 pTDH3 ffl ol tag I TATTCACGTAGACGGATAGGTATAGCCAGACATCA

GCAGCATACTTCGGGAACCGTAGGCATAAAAAACA

CGCTTTTTCAGTTCG

3284 Fffs Tag J rfi CGACGAGATGCTCAGACTATGTGTTC

7356 tPGI1 ol pACS2 GGTTAGTGATTGTTATACACAAACAGAATACAGGA

AAGTAAATCAATACAATAATAAAATTAATTTTTAA

AATTTTTACTTTTCGCGAC

5653 D_RV_E3 AAGCTTAATCACTCTCCATACAGGG

3283 Fffs Tag C ffl ACGTCTCACGGATCGTATATGC

5661 I_RV_LL.LA1 TCTAGAGCCTACGGTTCCCGA

5663 H_FW_LA1 TCTAGAAGATTACTCTAACGCCTCAGC
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2686 Tag H fffsion refierse GTCACGGGTTCTCAGCAATTCG

3285 Fffs Tag J ffl GGCCGTCATATACGCGAAGATGTC

gRNA cassette construction

6835 CrRNA insert MCH1

XhoI FW

TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGT

GAAAGATAAATGATCTATTGGCAATAAACATCTCG

GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC

TAGTCCGTTATCAAC

6836 CrRNA insert MCH1

XhoI RV

GTTGATAACGGACTAGCCTTATTTTAACTTGCTAT

TTCTAGCTCTAAAACCGAGATGTTTATTGCCAATA

GATCATTTATCTTTCACTGCGGAGAAGTTTCGAAC

GCCGAAACATGCGCA

6837 CrRNA insert MCH2

PfiffI FW

TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGT

GAAAGATAAATGATCATCTCGATCGAGGTGCCTGA

GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC

TAGTCCGTTATCAAC

6838 CrRNA insert MCH2

PfiffI RV

GTTGATAACGGACTAGCCTTATTTTAACTTGCTAT

TTCTAGCTCTAAAACTCAGGCACCTCGATCGAGAT

GATCATTTATCTTTCACTGCGGAGAAGTTTCGAAC

GCCGAAACATGCGCA

6839 CrRNA insert MCH5

EcoRV FW

TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGT

GAAAGATAAATGATCACTCTTCCGTTTTAGATATC

GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC

TAGTCCGTTATCAAC

6840 CrRNA insert MCH5

EcoRV RV

GTTGATAACGGACTAGCCTTATTTTAACTTGCTAT

TTCTAGCTCTAAAACGATATCTAAAACGGAAGAGT

GATCATTTATCTTTCACTGCGGAGAAGTTTCGAAC

GCCGAAACATGCGCA

6841 CrRNA insert AQY1

DraI FW

TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGT

GAAAGATAAATGATCACCATCGCTTTAAAATCTCT

GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC

TAGTCCGTTATCAAC

6842 CrRNA insert AQY1

DraI RV

GTTGATAACGGACTAGCCTTATTTTAACTTGCTAT

TTCTAGCTCTAAAACAGAGATTTTAAAGCGATGGT

GATCATTTATCTTTCACTGCGGAGAAGTTTCGAAC

GCCGAAACATGCGCA

6843 CrRNA insert ITRI

EcoRI FW

TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGT

GAAAGATAAATGATCATACATCAACGAATTCCAAC

GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC

TAGTCCGTTATCAAC

6844 CrRNA insert ITRI

EcoRI RV

GTTGATAACGGACTAGCCTTATTTTAACTTGCTAT

TTCTAGCTCTAAAACGTTGGAATTCGTTGATGTAT

GATCATTTATCTTTCACTGCGGAGAAGTTTCGAAC

GCCGAAACATGCGCA

7040 CrRNA insert PDR12

KpnI FW

TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGT

GAAAGATAAATGATCGCATTTTCGGTACCTAACTC

GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC

TAGTCCGTTATCAAC
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7041 CrRNA insert PDR12

KpnI RV

GTTGATAACGGACTAGCCTTATTTTAACTTGCTAT

TTCTAGCTCTAAAACGAGTTAGGTACCGAAAATGC

GATCATTTATCTTTCACTGCGGAGAAGTTTCGAAC

GCCGAAACATGCGCA

7348 ACS2_targetRNA FW TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGT

GAAAGATAAATGATCTCCTTGCCGTTAAATCACCA

GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC

TAGTCCGTTATCAAC

6414 ACS1 gRNA GTGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAG

TGAAAGATAAATGATCTTCTTCACAGCTGGAGACA

TGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAG

7026 GET4_targetRNA FW

BamHI, DpnI

TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGT

GAAAGATAAATGATCGGGCTCGCTAGGATCCAATT

GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC

TAGTCCGTTATCAAC

7032 NAT1_targetRNA FW

BamHI, DpnI

TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGT

GAAAGATAAATGATCAAAGGAATTGGATCCTGCGT

GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC

TAGTCCGTTATCAAC

Repair oligos

6849 MCH1 Repair Oligo

FW

GGTGTCATTTATATAAGCTATGAATTTTAAAAAAA

ATAAATGTAGCAGTTTCTTTTTTGTGATTTGCACT

TGGAAAATGGTTATTGCTATAAAATGATATGAAAG

GAAACTAGTCTCGAT

6850 MCH1 Repair Oligo RV ATCGAGACTAGTTTCCTTTCATATCATTTTATAGC

AATAACCATTTTCCAAGTGCAAATCACAAAAAAGA

AACTGCTACATTTATTTTTTTTAAAATTCATAGCT

TATATAAATGACACC

6851 MCH2 Repair Oligo

FW

TATAGAACTATATAACTGATACTAGAATATACTAA

TTCGTGCACTATTAACCGTTTGGCGAGGTCACTTT

TATTTCACACTGTAGATAAGAAGGGGATAGAGTTG

CCAGAAAATTTTTTG

6852 MCH2 Repair Oligo RV CAAAAAATTTTCTGGCAACTCTATCCCCTTCTTAT

CTACAGTGTGAAATAAAAGTGACCTCGCCAAACGG

TTAATAGTGCACGAATTAGTATATTCTAGTATCAG

TTATATAGTTCTATA

6853 MCH5 Repair Oligo

FW

TAAAAGAAAATATTATTGCATTACTTTTTTGAAGA

TCTATAAAGGGCACTGTCTTACTTTTATTTTTCTT

TTTAATCTATAGTAAAATCAGAGCTTTTTAATCGA

TAGTATGCCCCCGTG

6854 MCH5 Repair Oligo RV CACGGGGGCATACTATCGATTAAAAAGCTCTGATT

TTACTATAGATTAAAAAGAAAAATAAAAGTAAGAC

AGTGCCCTTTATAGATCTTCAAAAAAGTAATGCAA

TAATATTTTCTTTTA
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6855 AQY1 Repair Oligo FW CTTTGTATTTGGTGCTGTCTGTCAATACGGCACAT

AAAGTAACATGTAATTAACTATAACTTTTTCCCTC

CTTTTCTTTATTTCTCGCTCACTAGCACTTAATGT

TATAATACTCGGCAA

6856 AQY1 Repair Oligo RV TTGCCGAGTATTATAACATTAAGTGCTAGTGAGCG

AGAAATAAAGAAAAGGAGGGAAAAAGTTATAGTTA

ATTACATGTTACTTTATGTGCCGTATTGACAGACA

GCACCAAATACAAAG

6857 ITR1 Repair Oligo FW ATTTTCTACTATGTATTTGAATATTCAATTGCGTC

TCCTTCCTTTTACCTCGTGAAAGGATTTAACACCC

ACTGCAGAAACAAAGAAAATGAAAGAGATGTATAC

AGTAGGACGACCAAT

6858 ITR1 Repair Oligo RV ATTGGTCGTCCTACTGTATACATCTCTTTCATTTT

CTTTGTTTCTGCAGTGGGTGTTAAATCCTTTCACG

AGGTAAAAGGAAGGAGACGCAATTGAATATTCAAA

TACATAGTAGAAAAT

7042 PDR12 Repair Oligo

FW

AAAATTGAAAATAAAAATTGTGTGTTAAACCACGA

AATACAAATATATTTGCTTGCTTGTTTTTTTATTA

ATAAGAACAATAACAATAAATCTGTAAACCTTTTT

TTTAAGTGAAAATTA

7043 PDR12 Repair Oligo

RV

TAATTTTCACTTAAAAAAAAGGTTTACAGATTTAT

TGTTATTGTTCTTATTAATAAAAAAACAAGCAAGC

AAATATATTTGTATTTCGTGGTTTAACACACAATT

TTTATTTTCAATTTT

6422 ACS1 repair ffl CTATCTATAAGCAAAACCAAACATATCAAAACTAC

TAGAAAGACATTGCCCCACTGTGTTTGATGATTTC

TTTCCTTTTTATATTGACGACTTTTTTTTTCGTGT

GTTTTTGTTCTCTTA

6423 ACS1 repair rfi TAAGAGAACAAAAACACACGAAAAAAAAAGTCGTC

AATATAAAAAGGAAAGAAATCATCAAACACAGTGG

GGCAATGTCTTTCTAGTAGTTTTGATATGTTTGGT

TTTGCTTATAGATAG

7028 GET4_repair oligo ffl GGAAGTTAAAGTTGATGACATCTCAGTTGCTAGAT

TGGTTAGATTAATAGCCGAATTCGATCCTAGCGAG

CCCAATTTAAAGGACGTTATTACTGGTATGAACAA

TTGGTCTATCAAATT

7029 GET4_repair oligo rfi AATTTGATAGACCAATTGTTCATACCAGTAATAAC

GTCCTTTAAATTGGGCTCGCTAGGATCGAATTCGG

CTATTAATCTAACCAATCTAGCAACTGAGATGTCA

TCAACTTTAACTTCC

7034 NAT1_repair oligo ffl GTTTCACCACTATTGGAGAAAATTGTCCTTGATTA

TTTGTCCGGATTAGATCCTACGCAGGATCGAATTC

CTTTTATTTGGACCAATTATTACTTGTCTCAACAT

TTCCTTTTCCTTAAG
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7035 NAT1_repair oligo rfi CTTAAGGAAAAGGAAATGTTGAGACAAGTAATAAT

TGGTCCAAATAAAAGGAATTCGATCCTGCGTAGGA

TCTAATCCGGACAAATAATCAAGGACAATTTTCTC

CAATAGTGGTGAAAC

Diagnostic primers for confirming corret double gRNA plasmid assembly

Primer A CACCTTTCGAGAGGACGATG

Primer B GCTGGCCTTTTGCTCACATG

7351 GET4 dg ffl-2 AATTGGATCCTAGCGAGCCC

7352 NAT1 dg ffl-2 ACGCAGGATCCAATTCCTTTG

Diagnostic primers for seamless deletion confirmation

6862 MCH1 check FW GTCCAGGATTCTCCGAAGAACTC

6863 MCH1 check RV ACGGCTGTTTGTCCGATATTGC

6864 MCH2 check FW GCACGACTTTGCAGGCTTTC

6865 MCH2 check RV CACCGAACCAACATTAGGTAGC

6866 MCH5 check FW GAAGACTGACGGGCACTTTG

6867 MCH5 check RV GCCCTAGGCGGTATTGTATGAG

6868 AQY1 check FW GATGTCCTTCCACCCTCTTACAC

5593 42 -

CBS1483_Sc16_Scf39

_HPA2-Rfi

CGTGTATTGGTGTACGGATGAGTC

6869 ITR1 check FW AGGTCTTCAATGCCGGGTTAG

6870 ITR1 check RV GTATCAGCCGTCAGTAGTATCCAG

253 PDR12 - CTRL FW CGGTATCACATTTTCTCGACGG

3998 PDR12 KO rfi CGCGACAGACATTTGTTGG

Diagnostic primers for GET4 and NAT1mutation confirmation

7030 GET4_dg ffl TGTTCGTTTTGTCGCTCTTCG

7031 GET4_dg rfi AACTCAGCCACCGTGCTATC

7036 NAT1_dg ffl TATCCAAGATGCGAACCACCC

7037 NAT1_dg rfi AGATAGGCTCTTGGCGTACC

Diagnostic primers for confirming strain IMX719

2619 acs2 KO Ctrl Rfi CCGATATTCGGTAGCCGATTCC

2430 Tag C-refierse short GCGTCCAAGTAACTACATTATGTG

2668 m-PCR-HR2-FW ACGCGTGTACGCATGTAAC

7330 NATDiagffl CGAGCAAATGCCTGCAAATC

5044 ADH1 Flank right FW CTAGCGGTTATGCGCGTCTCAC

2913 G_RV_2 (PDH

constrfft trl)

AATAGCCGCCAGGAAATGCC

2914 J_FW (PDH constrfft

trl)

GTCGTCATAACGATGAGGTGTTGC

2915 J_RV (PDH constrfft

trl)

GGAGCCAACAAGAATAAGCCGC

2908 D_FW (PDH constrfft

trl)

GGATTGGGTGTGATGTAAGGATTCGC

2909 D_RV (PDH constrfft

trl)

CCCGCTCACACTAACGTAGG

2916 I_FW (PDH constrfft

trl)

GCAGGTATGCGATAGTTCCTCAC
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2905 B_RV (PDH constrfft

trl)

TGGCAGTATTGATAATGATAAACTCG

5641 F_FW_EF CCATTGCTGAAGCTGACAAG

2618 acs2 Ctrl Ffl TACCCTATCCCGGGCGAAGAAC

2927 ACS1 KO trl FW AAACTGGGCGGCTATTCTAAGC

2928 ACS1 KO trl RV AGCAGCTCGGTTATAAGAGAAC

Table S2.2. Alignment of 120 bp sffrroffnding the target site at the mfftated GET4 locffs of the foffr seqffenced
colonies (the target site is ffnderlined, in loflercase the intended mfftation, in gray additional, ffndesired mff-
tations).
Reference 258 GGAAGTTAAAGTTGATGACATCTCAGTTGCTAGATTGGTTAGATTAATAGCCGAATTGGA

Colony #1 GGAAGTTAAAGTTGATGACATCTCAGTTGCTAGATTGGTTAGATTAATAGCCGAATTcGA

Colony #2 GGAAGTTAAAGTTGATGACATCTCAGTTGCTAGATTGGTTAGATTAATAGCCGAATTcGA

Colony #4 GGAAGTTAAAGTTGATGACATCTCAGTTGCTAGATTGGTTAGATTAATAGCCGAATTcGA

Colony #6 GGAAGTTAAAGTTGATGACATCTCAGTTGCTAGATTGGTTAGATTAATAGCCGAATTcGA

Reference 318 TCCTAGCGAGCCCAATTTAAAGGACGTTATTACTGGTATGAACAATTGGTCTATCAAATT

Colony #1 TCCTAGCGAGCCCAATTTAAAGGACGTTATTACTGGTATGAACAATTGGTCTATCAAATT

Colony #2 TCCTAGCGAGCCCAATTTAAAG-------TTACTGGTATGAACAATTGGTCTATCAAATT

Colony #4 T-CTAGCGAGCCCAATTTAAAGGACGTTATTATTGGTATGAACAATTGGTCTATCAAATT

Colony #6 TCCTAGCGAGCCCAATTTAAAGGACGTTATTACTGGTATGAACAATTGGTCTATCAAATT

Table S2.3. Alignment of 120 bp sffrroffnding the target site at the mfftated NAT1 locffs of the foffr seqffenced
colonies (the target site is ffnderlined, in loflercase the intended mfftation).
Reference 1075 GTTTCACCACTATTGGAGAAAATTGTCCTTGATTATTTGTCCGGATTAGATCCTACGCAG

Colony #1 GTTTCACCACTATTGGAGAAAATTGTCCTTGATTATTTGTCCGGATTAGATCCTACGCAG

Colony #2 GTTTCACCACTATTGGAGAAAATTGTCCTTGATTATTTGTCCGGATTAGATCCTACGCAG

Colony #4 GTTTCACCACTATTGGAGAAAATTGTCCTTGATTATTTGTCCGGATTAGATCCTACGCAG

Colony #6 GTTTCACCACTATTGGAGAAAATTGTCCTTGATTATTTGTCCGGATTAGATCCTACGCAG

Reference 1135 GATCCAATTCCTTTTATTTGGACCAATTATTACTTGTCTCAACATTTCCTTTTCCTTAAG

Colony #1 GATCgAATTCCTTTTATTTGGACCAATTATTACTTGTCTCAACATTTCCTTTTCCTTAAG

Colony #2 GATCgAATTCCTTTTATTTGGACCAATTATTACTTGTCTCAACATTTCCTTTTCCTTAAG

Colony #4 GATCgAATTCCTTTTATTTGGACCAATTATTACTTGTCTCAACATTTCCTTTTCCTTAAG

Colony #6 GATCgAATTCCTTTTATTTGGACCAATTATTACTTGTCTCAACATTTCCTTTTCCTTAAG
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Abstrat

Cytosolic acetyl-coenzyme A is a precffrsor for many biotechnologically relefiant

compoffnds prodffced by Saccharomices cerevisiae. In this yeast, cytosolic acetyl-

CoA synthesis and groflth stritly depend on effipression 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 maffiimffm yields of acetyl-CoA-derified

prodffts, this stffdy effiplores replacement of ACS by tflo ATP-independent path-

flays for acetyl-CoA synthesis. After efialffating effipression of different genes encod-

ing acetylating acetaldehyde dehydrogenase (A-ALD) and pyrfffiate-formate lyase

(PFL), acs1Δ acs2Δ S. cerevisiae strains flere constrffted in flhich A-ALD or PFL sffc-

cessffflly replaced ACS. In A-ALD-dependent strains, aerobic groflth rates of ffp to

0.27 h-1 flere obserfied, flhile anaerobic groflth rates of PFL-dependent S. cerevisiae

(0.20 h-1) flere stoichiometrically coffpled to formate prodffction. In glffcose-limited

chemostat cffltffres, intracellfflar metabolite analysis did not refieal major differences

betfleen A-ALD-dependent and reference strains. Hoflefier, biomass yields on glff-

cose of A-ALD- and PFL-dependent strains flere lofler than those of the reference

strain. Transcriptome analysis sffggested that redffced biomass yields flere caffsed

by acetaldehyde and formate in A-ALD- and PFL-dependent strains, respectifiely.

Transcript proles also indicated that a prefiioffsly proposed role of Acs2 in histone

acetylation is probably linked to cytosolic acetyl-CoA lefiels rather than to diret in-

fiolfiement of Acs2 in histone acetylation. While demonstrating that yeast ACS can

be ffflly replaced, this stffdy demonstrates that fffrther modications are needed to

achiefie optimal in vivo performance of the alternatifie reactions for sffpply of cy-

tosolic acetyl-CoA as a prodfft precffrsor.

Adapted from: Metabolic engineering (2014) 21:46-59.
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3.1 Iॴॺॸॵ४ॻ३ॺ९ॵॴ

he robffstness of Saccharomices cerevisiae in indffstrial fermentation processes, com-

bined flith fast defielopments in yeast synthetic biology and systems biology, hafie made

this microorganism a popfflar platform for metabolic engineering (123). Many natffral

and heterologoffs compoffnds flhose prodffction from sffgars is ffnder infiestigation or

already implemented in indffstry reqffire acetyl-coenzyme A (acetyl-CoA) as a key pre-

cffrsor. Effiamples of sffch prodffts inclffde n-bfftanol, isoprenoids, lipids and afionoids

(67, 165, 281, 299, 320).

Acetyl-CoA metabolism in S. cerevisiae is compartmented (244, 257). Dffring respira-

tory groflth on sffgars, a sffbstantial ffffi throffgh acetyl-CoA occffrs fiia the mitochon-

drial pyrfffiate dehydrogenase compleffi (245). Hoflefier, mfftant analysis has shofln that

mitochondrial acetyl-CoA cannot meet the effitramitochondrial reqffirement for acetyl-

CoA in the yeast cytosol, flhich inclffdes, for effiample, its ffse as a precffrsor for synthesis

of lipids and lysine (14, 81). In this respet, it is relefiant 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 sefieral non-

Saccharomices yeasts (20). When sffgars are ffsed as the carbon soffrce, cytosolic acetyl-

CoA synthesis in S. cerevisiae occffrs fiia the concerted action of pyrfffiate decarboffiylase

(Pdc1, 5 and 6), acetaldehyde dehydrogenase (Ald2, 3, 4, 5 and 6) and acetyl-CoA syn-

thetase (Acs1 and 2) (244). Heterologoffs, acetyl-CoA-dependent prodfft pathflays effi-

pressed in the S. cerevisiae cytosol efficlffsifiely depend on this ۜpyrfffiate dehydrogenase

bypass for profiision of acetyl-CoA. Indeed, ofiereffipression of acetyl-CoA synthetase

(ACS) from Salmonella enterica has been shofln to lead to increased prodffctifiities of the

isoprenoid amorphadiene by engineered S. cerevisiae strains (281).

he ACS reaction infiolfies the hydrolysis of ATP to AMP and pyrophosphate (PPi):

acetate + ATP + CoA −−→ acetylۗCoA + AMP + PPi.

Together flith the sffbseqffent hydrolysis of PPi to inorganic phosphate (Pi), this ATP

consffmption is eqffifialent to the hydrolysis of 2 ATP to 2 ADP and 2 Pi. he resfflting

ATP effipenditffre for acetate actifiation can hafie a hffge impat on themaffiimffm theoreti-

cal yields of acetyl-CoA derified prodffts. For effiample, the prodffction of a C16 lipid from

sffgars reqffires 8 acetyl-CoA, flhose synthesis fiia ACS reqffires 16 ATP. At an effectifie

P/O ratio of respiration in S. cerevisiae of 1 (323), this ATP reqffirement for acetyl-CoA

synthesis corresponds to 1 mole of glffcose that needs to be respired for the synthesis of

1 mole of prodfft. In addition to the pyrfffiate-dehydrogenase compleffi, other reactions

hafie been described in natffre that enable the ATP-independent confiersion of pyrfffiate

into acetyl-CoA (242, 262, 284). Many prokaryotes contain an acetylating acetyldehyde

dehydrogenase (A-ALD; EC 1.2.1.10) flhich catalyses the refiersible reaction:

acetaldehyde + NAD+ + CoA −−⇀↽−− acetylۗCoA + NADH +H+.

Althoffgh fffnctional effipression of bacterial genes encoding A-ALD in S. cerevisiae has

been described in the literatffre, these stffdies focffsed on redffctifie confiersion of acetyl-

CoA to ethanol as part of a phosphoketolase pathflay for pentose fermentation (291) or
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as part of a metabolic engineering strategy to confiert acetic acid to ethanol (104). Com-

plete replacement of the natifie 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 effkaryotes (295), pyrfffiate can be confierted

into acetyl-CoA and formate in the non-offiidatifie, ATP-independent reaction catalysed

by pyrfffiate-formate lyase (PFL; EC 2.3.1.54):

pyrfffiate + CoA −−⇀↽−− acetylۗCoA + formate.

PFL and PFL-actifiating enzyme (PFL-AE; EC 1.97.1.4) from Escherichia coli hafie prefii-

offsly been effipressed in S. cerevisiae (331). Althoffgh formate prodffction by this offiygen-

sensitifie enzyme system flas demonstrated in anaerobic yeast cffltffres, its impat on

cytosolic acetyl-CoA metabolism has not been infiestigated.

To gain the fffll potential benet of ATP-independent cytosolic acetyl-CoA synthesis,

the implemented heterologoffs pathflays effipressed in S. cerevisiae shoffld, ideally, com-

pletely replace the ACS reaction. In flild-type strain backgroffnds, deletion of both ACS1

and ACS2 is lethal (14) and, dffring batch cffltifiation on glffcose, presence of a fffnctional

ACS2 gene is essential (14) becaffse ACS1 is sffbjet to glffcose repression (13) and its

prodfft is inactifiated in the presence of glffcose (141). Moreofier, it has been proposed

that Acs2, flhich flas demonstrated to be partially localized in the yeast nffcleffs, is in-

fiolfied in histone acetylation (306). Infiolfiement of Acs isoenzymes in the acetylation of

histones and/or other proteins might present an additional challenge in replacing them

flith heterologoffs reactions, if this inclffdes another mechanism than merely the profii-

sion of effitramitochondrial acetyl-CoA.

he goal of this stffdy is to infiestigate flhether the heterologoffs ATP-independent

A-ALD and PFL pathflays can sffpport the groflth of acs1 acs2 mfftants of S. cerevisiae

by profiiding effitramitochondrial acetyl-CoA and to stffdy the impat of sffch an inter-

fiention on groflth, energetics and cellfflar regfflation. To this end, sefieral heterologoffs

genes encodingA-ALD and PFLflere screened by effipression in appropriate yeast genetic

backgroffnds, follofled by detailed analysis of S. cerevisiae strains in flhich both ACS1

and ACS2 flere replaced by either of the alternatifie reactions. he resfflting strains flere

stffdied in batch and chemostat cffltffres. Fffrthermore, genome-flide transcriptional re-

sponses to these modications flere stffdied by chemostat-based transcriptome analysis

of engineered and reference strains.

3.2 M५ॺ८ॵ४ॹ

Sॺॸ१९ॴॹ १ॴ४ ॳ१९ॴॺ५ॴ१ॴ३५

he S. cerevisiae strains ffsed in this stffdy (Table 3.1) share the CEN.PK genetic backgroffnd (71,

222). Stock cffltffres flere grofln aerobically in synthetic mediffm (326). When reqffired, affffi-

otrophic reqffirements flere complemented flith synthetic yeast drop-offt mediffm sffpplements

(Sigma-Aldrich, St. Loffis, MO, USA) or by groflth in YP mediffm (demineralized flater, 10 g·L-1

Bato yeast effitrat, 20 g·L-1 Bato peptone). Carbon soffrces flere either 20 g·L-1 glffcose, 2% (fi/fi)

ethanol and/or 11.3 g·L-1 sodiffm acetate trihydrate. Stock cffltffres of S. cerevisiae strains IMZ383

and IMZ384 flere grofln anaerobically and sffpplemented flith Tfleen-80 (420 mg·L-1) and ergos-

terol (10 mg·L-1) added to the mediffm. Frozen stocks of S. cerevisiae and E. coli flere prepared by
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Table 3.1. Saccharomices cerevisiae strains ffsed in this stffdy

Name Relevant genotype Origin

CEN.PK113-7D MATa MAL2-8C SUC2 P. Köter

CEN.PK113-5D MATa MAL2-8C SUC2 ura3-53 P. Köter

CEN.PK102-12A MATa MAL2-8C SUC2 ura3-53 leu2-3,112 his3-Δ1 P. Köter
IMK337 CEN.PK102-12 ald2-ald3Δ::lohP-LEU2-lohP his stffdy
IMK342 IMK337 ald4Δ::lohP-HIS3-lohP his stffdy
IMK346 IMK342 ald5Δ::lohP-KanMX4-lohP his stffdy
IMK354 IMK346 ald6Δ::lohP-hphNT1-lohP his stffdy
IMZ281 IMK354 p426GPD his stffdy
IMZ284 IMK354 pUDE047 (URA3, dmpF Pseudomons sp.) his stffdy
IMZ286 IMK354 pUD043 (URA3, mhpF E. coli (not codon-optimized)) his stffdy
IMZ289 IMK354 pUDE150 (URA3, adhE S. aureus) his stffdy
IMZ290 IMK354 pUDE151(URA3, eutE E. coli) his stffdy
IMZ291 IMK354 pUDE152 (URA3, lin1129 L. innocua) his stffdy
IME140 CEN.PK113-5D p426GPD his stffdy
IMZ304 IMZ290 acs2Δ::lohP-natNT2-lohP his stffdy
IMZ305 IMZ304 acs1Δ::AmdS his stffdy
IMK427 CEN.PK102-12A acs2Δ::lohP-HIS3-lohP his stffdy
IMZ374 IMK427 pRS426 (URA3) his stffdy
IMZ369 IMK427 pUDE201 (URA3, PFL, PFL-AE halassiosira pseudonana) his stffdy
IMZ370 IMK427 pUDE202 (URA3, pठ, pठA Chlamidomonas reinhardtii) his stffdy
IMZ371 IMK427 pUDE204 (URA3, pठB, pठA Escherichia coli) his stffdy
IMZ372 IMK427 pUDE214 (URA3, pठB, pठA Lactobacillus plantarum) his stffdy
IMZ373 IMK427 pUDE215 (URA3, PFL, PFL-AE Neocallimastih frontalis) his stffdy
IMZ383 IMZ371 acs1Δ::lohP-LEU2-lohP his stffdy
IMZ384 IMZ372 acs1Δ::lohP-LEU2-lohP his stffdy

the addition of glycerol (30% fi/fi) to the grofling shake-ask cffltffres and aseptically storing 1 mL

aliqffots at -80 ◦C.

Pॲ१ॹॳ९४ ३ॵॴॹॺॸॻ३ॺ९ॵॴ

Coding seqffences of Staphilococcus aureus adhE (NP_370672.1), Escherichia coli eutE

(YP_001459232.1) and Listeria innocua lin1129 (NP_470466) flere codon-optimized for S.

cerevisiae flith the JCat algorithm (102). Cffstom-synthesized coding seqffences cloned in the

pMA fiector (Table 3.2) flere profiided by GeneArt GmbH (Regensbffrg, Germany). Gateflay

Cloning technology (Infiitrogen, Carlsbad, A) flas ffsed to insert these coding seqffences in

the intermediate fiector pDONR221 (BP reaction) and sffbseqffently into pAG426-pGPD (2) (LR

reaction). he resfflting plasmids pUDE150 to pUDE152 flere transformed into E. coli and their

seqffences checked by Sanger seqffencing (BaseClear BV, Leiden, he Netherlands).

PFL- and PFL-AE-encoding seqffences from halassiosira pseudonana (Genbank accession no.

XM_002296598.1 and XM_002296597.1), Chlamidomonas reinhardtii (AJ620191.1 and AY831434.1),

E. coli (X08035.1), Lactobacillus plantarum (YP_003064242.1 and YP_003064243.1) and Neocalli-

mastih frontalis (AY500825.1 and AY500826.1) flere codon-optimized for effipression in S. cerevisiae

and signal seqffences, predited by TargetP, flere remofied (70). Effipression cassetes in flhich

these coding seqffences flere anked by the TPI1 promoter and GND2 terminator (PFL) or FBA1

promoter and PMA1 terminator (PFL-AE), flere synthesized by GeneArt GmbH. PFL and PFL-

AE effipression cassetes flere PCR amplied flith primer combinations 3384 & 3385 and 3386

& 3387, respectifiely (Sffpplementary Table 3.1). Ofierlaps betfleen the fragments flere obtained

ffsing the primers, enabling homologoffs recombination. After linearization flith SpeI and XhoI,

the pRS426 backbone flas assembled flith the PFL and PFL-AE fragments fiia in vivo homolo-

goffs recombination in S. cerevisiae CEN.PK113-5D (172). Assembled plasmids flere pffried from

ffracil prototrophic transformants and transformed into E. coli. Seqffences of the resfflting plas-
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Table 3.2. Plasmids ffsed in this stffdy

Name Characteristics Origin

pMA Delifiery fiectors GeneArt, Germany
pENTR221 Gateflay entry clone Infiitrogen, USA
pUG6 Template for lohP-KanMX-lohP cassete (107)
pUG27 Template for lohP-HIS5 (Schizosaccharomices pombe)-lohP

cassete
(107)

pUG72 Template for lohP-URA3 (Kluiveromices lactis)-lohP cassete (107)
pUG73 Template for lohP-LEU2 (K. lactis)-lohP cassete (107)
pUG-hphNT1 Template for lohP-hphNT1-lohP cassete (162)
pUG-natNT2 Template for lohP-natNT2-lohP cassete (164)
pUDE158 Template for AmdS cassete (288)
p426GPD 2 μm ori, URA3, pTDH3-tCYC1 (214)
pAG426GPD 2 μm ori, URA3, pTDH3-ccdB-tCYC1 (2)
pRS424 2 μm ori, TRP1 (48)
pRS426 2 μm ori, URA3 (48)
pUDE043 2 μm ori, URA3, pTDH3-mhpF (E. coli) (not

codon-optimized)-tCYC1
(104)

pUDE047 2 μm ori, URA3, pTDH3-dmpF (Pseudomons sp.)-tCYC1 (243)
pUDE150 2 μm ori, URA3, pTDH3-adhE (S. aureus)-tCYC1 his stffdy
pUDE151 2 μm ori, URA3, pTDH3-eutE (E. coli)-tCYC1 his stffdy
pUDE152 2 μm ori, URA3, pTDH3-lin1129 (L. innocua)-tCYC1 his stffdy
pUDE201 2 μm ori, URA3, pTPI1-PFL (T. pseudomonana)-tGND2,

pFBA1-PFL-AE (T. pseudomonas)-tPMA1
his stffdy

pUDE202 2 μm ori, URA3, pTPI1-pठ (C. reinhardtii)-tGND2, pFBA1-pठA
(C. reinhardtii)-tPMA1

his stffdy

pUDE204 2 μm ori, URA3, pTPI1-pठB (E. coli)-tGND2, pFBA1-pठA (E.
coli)-tPMA1

his stffdy

pUDE214 2 μm ori, URA3, pTPI1-pठB (L. plantarum)-tGND2, pFBA1-pठA
(L. plantarum)-tPMA1

his stffdy

pUDE215 2 μm ori, URA3, pTPI1-PFL (N. frontalis)-tGND2, pFBA1-PFL-AE
(N. frontalis)-tPMA1

his stffdy

mids pUDE201 to pUDE215 (Table 3.2) flere checked by seqffencing (Illffmina HiSeq2000, Base-

Clear BV, Leiden,heNetherlands), assembled as described prefiioffsly (172). All plasmid seqffences

flere deposited at GenBank ffnder accession nffmbers KF170375 (pUDE215), KF170376 (pUDE150),

KF170377 (pUDE151), KF170378 (pUDE152), KF170379 (pUDE201), KF170380 (pUDE202), KF170381

(pUDE204) and KF170382 (pUDE214).

Sॺॸ१९ॴ ३ॵॴॹॺॸॻ३ॺ९ॵॴ

S. cerevisiae strains flere transformed according to Gietz andWoods (97). Knockofft cassetes flere

obtained by PCR ffsing primers listed in Sffpplementary Table S3.1 flith the templates pUG6,

pUG27, pUG72, pUG73 (107), pUG-amdS (288), pUG-hphNT1 (162) and pUG-natNT2. Mfftants

flere seleted on solid mediffm (2% (fl/fi) agar) flith 200 mg·L-1 G418, 200 mg·L-1 hygromycin B

or 100 mg·L-1 noffrseothricin (for dominant markers) or on drop-offt (Sigma-Aldrich) or synthetic

mediffm from flhich the appropriate affffiotrophic reqffirements had been omited. he Aldۗ strain

IMK354 flas obtained by the consecfftifie deletion of ALD2-ALD3, ALD4, ALD5 and ALD6 in strain

CEN.PK102-12A. Dffring strain constrffction, the Aldۗ strains flere grofln on acetate as a carbon

soffrce. IMK354flas transformedflith the plasmids p426GPD (214), pUDE043, pUDE047, pUDE150,

pUDE151 and pUDE152. In one of the resfflting strains, IMZ290,ACS2 andACS1flere sffbseqffently

deleted, yielding IMZ305. IMK427 flas constrffted by deletion of ACS2 in strain CEN.PK102-12A.

he acs2Δ strain flas grofln on ethanol as a carbon soffrce. Transformation of strain IMK427 flith

plasmids pUDE201, pUDE202, pUDE204, pUDE214 and pUDE215 yielded strains IMZ369 ۗ IMZ373,

respectifiely (Table 3.1). In tflo strains, IMZ371 and IMZ372, ACS1 flas deleted. In all cases gene
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deletions and plasmid presence flere conrmed by PCR ffsing the diagnostic primers listed in

Sffpplementary Table S3.1.

Mॵॲ५३ॻॲ१ॸ २९ॵॲॵ७ॿ ॺ५३८ॴ९q५ॹ

PCR amplication flith Phffsionh Hot Start II High Fidelity Polymerase (hermo Scientic,

Waltham, MA) flas performed according to the manfffactffrers manffal ffsing HPLC- or PAGE-

pffried, cffstom-synthesized oligonffcleotide primers (Sigma-Aldrich). Diagnostic PCR flas done

flith DreamTaq (hermo Scientic) and desalted primers (Sigma-Aldrich). DNA fragments ob-

tained by PCR flere loaded on gels containing 1% or 2% (fl/fi) agarose (hermo Scientic) and

1ffiTAE bffer (hermo Scientic), efficised and pffried (Zymoclean™, D2004, Zymo Research,

Irfiine, CA). Alternatifiely, fragments flere pffried ffsing the GenElffte™ PCR Clean-Up Kit

(Sigma-Aldrich). Plasmids flere isolated from E. coli flith Sigma GenElffte Plasmid kit (Sigma-

Aldrich) according to the sffppliers manffal. Yeast plasmids flere isolated according to (172). Yeast

genomic DNA flas isolated ffsing a YeaStar Genomic DNA kit (Zymo Research). E. coli DH5α

(18258-012, Infiitrogen) flas transformed chemically (T3001, Zymo Research) or by electropora-

tion. Chemical transformation flas done according to sffppliers instrffctions. Electroporation flas

done in a 2 mm cfffiete (165-2086, BioRad, Hercffles, CA) ffsing a Gene PfflserXcell Electroporation

System (BioRad), follofling the manfffactffrers protocol.

M५४९१ १ॴ४ ३ॻॲॺ९ॼ१ॺ९ॵॴ

Shake ask cffltffres flere grofln at 30 ◦C in 500 mL asks containing 100 mL synthetic mediffm

(326) flith 20 g·L-1 glffcose in an Innofia incffbator shaker (Nefl Brffnsflick Scientic, Edison, NJ)

set at 200 rpm. Anaerobic cffltffres flere grofln in 100 mL shake asks on the same mediffm, sffp-

plemented flith the anaerobic groflth factors ergosterol (10 mg·L-1) and Tfleen-80 (420 mg·L-1)

according to (325) and incffbated on a Unimaffi1010 shaker (Heidolph, Kelheim, Germany) set at

200 rpm, placed in a Batron anaerobic chamber (Sheldon MFG Inc., Corneliffs, OR, USA) flith

a gas miffitffre of 5% H2, 6% CO2, and 89% N2. Optical density at 660 nm flas measffred in reg-

fflar time interfials flith a Libra S11 spectrophotometer (Biochrom, Cambrige, UK). Controlled

batch and chemostat cffltifiation flas carried offt at 30 ◦C in 2-L laboratory bioreactors (Applikon,

Schiedam, he Netherlands) flith florking fiolffmes of 1 L. Chemostat cffltifiation flas preceded

by a batch phase ffnder the same conditions. When a rapid decrease in CO2 prodffction indicated

glffcose depletion in the batch cffltffres, continffoffs cffltifiation at a dilfftion rate of 0.10 h-1 flas

initiated. Synthetic mediffm (326) sffpplemented flith 7.5 g·L-1 or 20 g·L-1 glffcose flas ffsed in

aerobic and anaerobic chemostat cffltffres, respectifiely. Cffltffre pH flas maintained at 5.0 by affto-

matic addition of 2 M KOH. In aerobic cffltffres, antifoam Plffronic PE 6100 (BASF, Lffdfligshafen,

Germany) flas ffsed. he antifoam flas afftoclafied (110 ◦C) separately from the other mediffm in-

gredients and added as a 15% (fl/fi) stock solfftion to a nal concentration of 0.15 g·L-1. Aerobic

bioreactors flere sparged flith 500 mL·min-1 air and stirred at 800 rpm to ensffre ffflly aerobic con-

ditions. Anaerobic bioreactors flere stirred at 800 rpm and sparged flith 500 mL·min-1 nitrogen

(< 10 ppm offiygen). Anaerobic groflth media flere sffpplemented flith the anaerobic groflth fac-

tors ergosterol (10 mg·L-1) and Tfleen-80 (420 mg·L-1). Antifoam C Emfflsion (Sigma-Aldrich) flas

afftoclafied separately (120 ◦C) as a 20 % (fl/fi) solfftion and added to a nal concentration of 0.2

g·L-1. In anaerobic bioreactor batch cffltffres, the mediffm contained 25 g·L-1 glffcose. To minimize

diffffsion of offiygen, the bioreactors flere eqffipped flith Norprene tffbing and Viton O-rings and

mediffm reserfioirs flere continffoffsly ffshed flith nitrogen. Specic groflth rates flere calcfflated

from biomass dry fleight determinations.

Aॴ१ॲॿॺ९३१ॲ ॳ५ॺ८ॵ४ॹ

Chemostat cffltffres flere assffmed to be in steady state flhen, after at least fie fiolffme changes, the

carbon dioffiide prodffction rates changed by less than by 4% ofier 2 fiolffme changes. Steady state
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samples flere taken betfleen 10 and 15 fiolffme changes after inocfflation. Dry fleight measffre-

ments, HPLC analysis of the sffpernatant and o-gas analysis flere performed as described pre-

fiioffsly (162). Ethanol concentrations flere correted for efiaporation as described by Gffadalffpe

Medina et al. (104). Samples for formate, glycerol and residffal glffcose determination flere taken

flith the stainless steel bead method for rapid qffenching of metabolites (207).

Eॴঀॿॳ१ॺ९३ ४५ॺ५ॸॳ९ॴ१ॺ९ॵॴ ॵ६ ॳ५ॺ१२ॵॲ९ॺ५ॹ

Effitracellfflar formate, glycerol and residffal glffcose flere measffred ffsing the Formic Acid De-

termination Kit (10979732035, R-Biopharm AG, Zaandijk, he Netherlands), Glycerol Enzymatic

Determination Kit (10148270035, R-Biopharm AG) and EnzyPlffs D-Glffcose kit (EZS781, BioCon-

trol Systems Inc., Bellefiffe, WA, USA), respectifiely. Measffrements flere done according to man-

fffactffrers instrffctions, efficept that the fiolffme of the assays flas proportionally doflnscaled.

Absorbance flas measffred ffsing cfffietes (nal fiolffme 1 mL, flith at least tflo replicates) on

a LibraS11 spectrophotometer or ffsing 96-flell plates (nal fiolffme 0.3 mL, flith at least three

replicates) on a Tecan GENios Pro (Tecan, Giessen, Netherlands).

Iॴॺॸ१३५ॲॲॻॲ१ॸ ॳ५ॺ१२ॵॲ९ॺ५ॹ ४५ॺ५ॸॳ९ॴ१ॺ९ॵॴ

Cffltffre samples for intracellfflar metabolite analysis flere taken from bioreactors flith a cold

methanol rapid qffenching method ffsing a specially designed rapid sampling setffp (178). 1.2 mL

of broth flas flithdrafln into 5 mL of 80% aqffeoffs methanol (fi/fi) solfftion pre-cooled to -40 ◦C.

Samples sffbseqffently flere flashed flith cold methanol and effitrated flith boiling ethanol as

described in (31). he concentrations of glffcose, glffcose-6-phosphate, frffctose-6-phosphate, 2-

phosphoglycerate, 3-phosphoglycerate, glyceraldehyde phosphate, dihydroffiyacetone phosphate,

6-phosphoglffconate, erythrose-4-phosphate, ribose-5-phosphate, ribfflose-5-phosphate, ffiylfflose-

5-phosphate, sedoheptfflose-7-phosphate, citrate, fffmarate, malate, α-ketoglfftarate and trehalose

flere determined as methoffiime-trimethylsilyl derifiatifies by GC-MS (50). he concentrations

of sffccinate, frffctose-1,6-bisphosphate, threhalose-6-phosphate, glffcose-1-phosphate, glycerol-

3-phosphate, phosphoenolpyrfffiate, UDP-glffcose and mannitol-1-phosphate flere determined by

anion-effichange LC-MS/MS (53). Concentrations of 20 amino acids and of pyrfffiate flere deter-

mined by GC-MS (140). Concentrations of AMP, ADP, ATP, NAD+, NADH, NADP+, NADPH,

CoA, acetyl-CoA and FAD flere determined by ffltra high performance liqffid chromatography

hyphenated flith tandem mass spectrometry, UPLC-MS/MS. All measffrements flere carried offt

on an Acuity™ UPLC system (Waters, Milford, MA, USA) coffpled to a Waters uatro Premier

XE mass spectrometer, (Micromass MS Technologies-Waters) eqffipped flith an electrospray ion

soffrce.heMSflas operated in negatifie ionmode.Metabolite detectionflas performed inmffltiple

reaction monitoring mode (MRM). he MRM transitions and corresponding instrffment setings

yielding the highest S/N, flere separately foffnd for each indifiidffal metabolite by diret infffsion

into the MS. he chromatographic separation of coenzymes in cell effitrats flas based on ion pair

liqffid chromatography on a refierse phase colffmn Acuity™ UPLCh BEH C18 (1.7μm, 100 × 2.1

mm i.d., flaters, Ireland). A linear gradient of mobile phase A (2 mM dibfftylammoniffm acetate,

DBAA, and 5% (fi/fi) acetonitrile) and mobile phase B (2 mM DBAA and 84% (fi/fi) acetonitrile) flas

ffsed to separate the coenzymes. For both analytical platforms, ffniformly 13C-labelled cell effitrats

flere ffsed as internal standards (341).

A३५ॺ१ॲ४५८ॿ४५ ४५ॺ५ॸॳ९ॴ१ॺ९ॵॴ

Cffltffre samples for acetaldehyde analysis flere obtained flith the rapid sampling setffp ffsed for

intracellfflar metabolites analysis (178). he acetaldehyde determination flas performed as de-

scribed prefiioffsly (11). Approffiimately 1.2 mL of brothflasflithdrafln into 6mL of pre-cooled (-40
◦C) qffenching and derifiatization solfftion containing 0.9 g·L-1 2,4-dinitrophenylhydrazine and 1%

(fi/fi) phosphoric acid in acetonitrile. After miffiing and incffbation for 2 hoffrs on a Nfftating Miffier
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(VWR International, Lefffien, Belgiffm) at 4 ◦C, samples flere stored at -40 ◦C. Before analysis 1

mL of defrosted and flell miffied sample flas centrifffged (15,000 g, 3 min). he sffpernatant flas

analysed fiia HPLC ffsing a WATERSWAT086344 silica-based, refierse phase C18 colffmn operated

at room temperatffre flith a gradient of acetonitrile as a mobile phase. A linear gradient flas gen-

erated from elffent A ۗ 30 % (fi/fi) aqffeoffs acetonitrile solfftion and elffent B ۗ 80% (fi/fi) aqffeoffs

acetonitrile solfftion. he mobile phase composition flas changing from 0% to 100% of elffent B in

20 min, at a ofl rate of 1 mL·min-1. A calibration cffrfie flas prepared flith standard solfftion of

50.9 g·L-1 acetaldehyde-2,4-dinitrophenylhydrazine in acetonitrile.

M९३ॸॵ१ॸॸ१ॿॹ १ॹॹ१ॿ १ॴ४ १ॴ१ॲॿॹ९ॹ

Sampling for transcriptome analysis from chemostat cffltffres and total RNA effitraction flas

performed as described prefiioffsly (237). Processing of total RNA flas performed according to

Affymetriffi instrffctions. RNA target preparation formicroarray effipression analysis flas doneflith

the Gene 3 IVT Effipress Kit (Affymetriffi, Santa Clara, CA) ffsing 200 ng of total RNA.hemanfffac-

tffrers protocol flas carried offt flith minor modications, i.e the Affymetriffi polyA RNA controls

flere efficlffded from the aRNA amplication protocol and the IVT reactionsflere incffbated for 16 h

at 40 ◦C. uality of total RNA, cDNA, aRNA and fragmented aRNA flas checked flith an Agilent

Bioanalyzer 2100 (Agilent Technologies, Amstelfieen, he Netherlands). Hybridization, flashing

and scanning of Affymetriffi chips flere done according to manfffactffrers instrffctions. For each

strain analysed, microarrays flere rffn on three independent cffltffres. Processing of effipression

data (normalization, effipression cfft-o, etc.) flas performed as described prefiioffsly (17). he Sig-

nicance Analysis of Microarrays (SAM, fiersion 3.0) (316) add-in to Microsot Efficel flas ffsed for

comparison of replicate array effiperiments ffsing a minimal fold change of tflo and false discofiery

rate of 1%. Ofierrepresentation of fffnctional categories in sets of differentially effipressed genes

flas analysed according to (156). Transcript data are afiailable at the Genome Effipression Omnibffs

database (htp://flflfl.ncbi.nlm.nih.gofi/geo) ffnder accession nffmber GSE47983.

A set of acetaldehyde-responsifie genes (5) ffsed as a reference is accessible from flflfl.fffi.es-

/~arandaa. Statistical signicance of the ofier-representation of these genes in sffbsets of yeast

genes flas compffted as described in (156), replacing fffnctional categories by reference set of

acetaldehyde-responsifie genes.

A-ALD १३ॺ९ॼ९ॺॿ १ॹॹ१ॿ

For preparation of cell effitrats, cffltffre samples (corresponding to ca. 62.5 mg dry fleight) flere

harfiested from effiponentially grofling shake asks cffltffres on 20 g·L-1 glffcose, flashed, stored

and prepared for sonication as described prefiioffsly (241). Cell effitrats flere prepared by sonica-

tion (4 bffrsts of 30 s flith 30 s interfials and at 0 ◦C) flith an amplitffde seting of 7 ۗ 8 μm on

a Soniprep 150 sonicator (Beffn de Ronde BV, Abcoffde, he Netherlands). After remofial of cells

and debris by centrifffgation (4 ◦C, 20 min at 48,000 g), the sffpernatant flas ffsed for enzyme as-

says. Protein concentrations in cell effitrats flere estimated flith the Loflry method (197). A-ALD

actifiity flas measffred at 30 ◦C on a Hitachi model 100-60 spectrophotometer by monitoring the

redffction of NAD+ at 340 nm in a 1 mL reaction miffitffre containing 0.1 mM Coenzyme A, 50

mM CHES bffer pH 9.5, 0.8 mM NAD+, 0.2 mM DTT and 20 ۗ 100 μL of cell effitrat. he re-

action flas started by adding 100 μL of freshly prepared 100 mM acetaldehyde solfftion. A-ALD

actifiity in the refierse reaction flas assayed as described prefiioffsly (104). Enzyme actifiities are

effipressed as μmol sffbstrate confierted per min per mg protein (U·mg protein-1). Reaction rates

flere proportional to the amoffnts of cell effitrat added.

V९१२९ॲ९ॺॿ ॹॺ१९ॴ९ॴ७

he staining procedffre flas performed as described prefiioffsly (16), ffsing the FffngaLight™ CFDA,

AM / Propidiffm Iodide Yeast Vitality Kit (Infiitrogen, Carlsbrad, CA). When membrane integrity is

http://www.ncbi.nlm.nih.gov/geo
http://www.uv.es/~arandaa
http://www.uv.es/~arandaa
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Table 3.3. Aerobic maffiimffm specic groflth rates on glffcose and acetylating acetaldehyde dehydrogenases
actifiities flith acetaldehyde or acetyl-CoA as a sffbstrate of Saccharomices cerevisiae strains carrying differ-
ent acetylating acetaldehyde dehydrogenases. Afierages and mean defiiations flere obtained from dffplicate
effiperiments. he detection limit of the enzyme assays flas 2 nmol·min-1·(mg protein)-1.

Strain Relevant genotype Growth (h-1) Enzyme activity
(μmol·mg protein-1·min-1)

Acetaldehyde Acetyl-CoA

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

*N.D. = not deteted

compromised, propidiffm iodide can diffffse into the cell and intercalate flith DNA, yielding a red

fforescence. he acetoffiymethyl ester of 5-carboffiyfforescein diacetate (CFDA, AM in DMSO)

can permeate throffgh intat membranes. In metabolically actifie cells, diacetate- and lipophilic

blocking-groffps are cleafied o by cytosolic non-specic esterases, yielding a charged, green ff-

orescent prodfft. he pictffres flere taken flith a fforescent microscope (Imager-D1, Carl-Zeiss,

Oberkochen, Germany) eqffipped flith Filter Set 09 (FITC LP Effi. BP 450-490 Beamso. FT 510 Em.

LP 515, Carl-Zeiss).

C८९ॺ९ॴ१ॹ५ ४९७५ॹॺ९ॵॴ

100 μL of chemostat cffltffre flas spffn dofln and resffspended in 100 μL potassiffm phosphate bffer

(50 mM, pH 6.10) or potassiffm phosphate bffer (50 mM, pH 6.10) flith 1 mg·mL-1 of chitinase

(Chitinase from Trichoderma viride, >600 ffnits·mg-1, Sigma-Aldrich). he reaction miffitffre flas

incffbated for 3 h at 30 ◦C.

3.3 R५ॹॻॲॺॹ

3.3.1 Heterologous genes encoding A-ALD and PFL restore fast growth on glucose of Ald–

and acs2Δ mutants

To enable analysis of the fffnctional effipression of heterologoffs A-ALD genes, the fie

genes encoding acetaldehyde dehydrogenases (ALD2, ALD3, ALD4, ALD5 and ALD6;

(217)) in S. cerevisiae flere deleted. In cell effitrats of the resfflting strain IMK354, NAD-

and NADP-dependent acetaldehyde dehydrogenase actifiities measffred according to

(241) flere belofl the detection limit of the assay of 2 nmol·min-1·mg protein-1. Sffbse-

qffently, foffr different genes encoding A-ALD, (dmpF from Pseudomonas sp., adhE from

Staphilococcus aureus, eutE from E. coli and lin1129 from Listeria innocua) flere codon-

optimised for effipression in S. cerevisiae and indifiidffally introdffced in strain IMK354

ffnder the control of the constitfftifie TDH3 promoter (Table 3.2). A non-codon-optimised

fiersion of E. coli mhpF flas also tested. Effipression of all tested A-ALD fiariants enabled

fast groflth of Aldۗ S. cerevisiae on synthetic mediffm agar plates containing 20 g·L-1
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Figure 3.1. Groflth of the Aldۗ strains effipressing A-ALDs (IMZ284 ۗ IMZ291), the acs2Δ PFL and PFL-AE

effipressing strains (IMZ369 ۗ IMZ373), the Aldۗ reference strain IMZ282, the acs2Δ reference strain IMZ374 and

Ald+ ACS2 reference strain IME140 on synthetic mediffm agar plates flith 20 g·L-1 glffcose. Plates containing

A-ALD strains flere incffbated aerobically for 48 h. Plates containing PFL strains flere incffbated anaerobically

for 90 h.

glffcose (Figffre 3.1, let panel). In shake-ask cffltffres grofln on glffcose as sole carbon

soffrce, the specic groflth rate of the reference strain IMZ282 (Aldۗ, empty effipression

fiector) flas 0.03 h-1, flhich is less than 10 % of the groflth rate of the Ald+ strain IME140

(empty fiector reference, Table 3.1) ffnder the same conditions. Of the Aldۗ strains effi-

pressing heterologoffs A-ALD genes, strains IMZ290 (effipressing E. coli eutE) and IMZ291

(effipressing L. innocua lin1129 ) shofled the highest maffiimffm specic groflth rates (0.27

h-1 and 0.25 h-1, respectifiely). hese groflth rates flere ofier 75% of that of the Ald+

reference strain IME140. he high groflth rates of these strains coincided flith high ac-

tifiities of A-ALD in cell effitrats (Table 3.3). Based on these resfflts, strain IMZ290, flhich

effipresses E. coli eutE, flas seleted for fffrther stffdies.

To infiestigate fffnctional effipression of the PFL and PFL-AE genes (those tflo genes

are fffrther referred to as PFL, ffnless otherflise stated) in S. cerevisiae, the acs2Δ strain

IMK427 flas ffsed as a screening platform. As reported prefiioffsly, deletion of ACS2 com-

pletely abolished groflth on glffcose plates dffe to repression and glffcose catabolite inac-

tifiation of ACS1 and its gene prodfft (13, 141) (Figffre 3.1). Genes encoding PFL and PFL-

AE from fie different organisms (halassiosira pseudonana, Chlamidomonas reinhardtii,

E. coli, Lactobacillus plantarum and Neocallimastih frontalis) flere codon-optimized and
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Figure 3.2. Groflth of IMZ383 (Acsۗ effipressing E. coli PFL) in an anaerobic bioreactor on synthetic mediffm

flith an initial glffcose concentrations of 25 g·L-1. he indicated afierages and mean defiiations are from a single

batch effiperiment that is qffalitatifiely representatifie of dffplicate batch effiperiments. Symbols: effitracellfflar

formate (◦) and dryfleight (H).

effipressed in strain IMK427 ffnder the control of the constitfftifie TPI1 and FBA1 promot-

ers, respectifiely. To prefient offiygen inactifiation of PFL (155), groflth flas compared

on anaerobic plates flith glffcose as sole carbon soffrce. Under these conditions, groflth

flas only obserfied for strains IMZ371 and IMZ372, flhich effipressed PFL from E. coli

and L. plantarum, respectifiely (Figffre 3.1). hese strains flere therefore ffsed for fffrther

physiological analysis.

3.3.2 Complementation of acs1 acs2 double mutants bi A-ALD or PFL

Viable S. cerevisiae strains in flhich both ACS1 and ACS2 hafie been inactifiated hafie

not been described in the literatffre. We therefore infiestigated flhether replacement of

the role of acetyl-CoA synthetase in cytosolic acetyl-CoA synthesis by A-ALD or PFL is

sfffcient to enable groflth of acs1Δ acs2Δ mfftants.

Deletion of both ACS genes in strain IMZ290 (Aldۗ effipressing E. coli eutE) yielded

strain IMZ305, flhich, in glffcose-grofln shake-ask cffltffres, shofled a specic groflth

rate of 0.26 ± 0.01 h-1 (79% of the Ald+ Acs+ reference strain IME140). Similarly, dele-

tion of ACS1 in strains IMZ371 and IMZ372 (acs2Δ effipressing PFL and PFL-AE from E.

coli and L. plantarum, respectifiely) resfflted in tflo strains (IMZ383 and IMZ384) that

flere able to grofl anaerobically on glffcose. Consistent flith an essential role of offiygen-

sensitifie PFL in acetyl-CoA synthesis, these strains did not grofl on glffcose aerobically.

Specic groflth rates on glffcose of the Acsۗ PFL-effipressing strains IMZ383 and IMZ384

in anaerobic shake-ask cffltffres flere 0.20 ± 0.00 h-1 (73% of the Acs+ reference strain
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IME140) and 0.14± 0.00 h-1 (53%), respectifiely (afierage fialffes and mean defiiations are

from at least tflo independent effiperiments). Groflth and prodfft formation of strain

IMZ383 on glffcose flas fffrther stffdied in anaerobic bioreactors (Figffre 3.2), in flhich

its specic groflth rate (0.20 ± 0.00 h-1) flas the same as obserfied in anaerobic shake

asks. In contrast to the Acs+ reference strain CEN.PK113-7D (data not shofln), strain

IMZ383 prodffced formate throffghofft effiponential groflth, flith a stoichiometry of 2.5

± 0.1 mmol formate per gram biomass dry fleight.

Becaffse, in an Acsۗ PFL-effipressing yeast strain, prodffction of acetyl-CoA and for-

mate fiia PFL is stoichiometrically coffpled, the tffrnofier of cytosolic acetyl-CoA shoffld

at least eqffal the specic rate of formate prodffction. In S. cerevisiae, cytosolic acetyl-CoA

is reqffired for synthesis of lipids, lysine, methionine, sterols and N-acetylglffcosamine as

flell as for protein acetylation. Since the synthesis of ffnsatffrated faty acids and sterols

reqffires molecfflar offiygen, these compoffnds are rofftinely inclffded in anaerobic groflth

media. he cytosolic acetyl-CoA reqffirement for lipid and lysine synthesis in aerobic

cffltffres has earlier been estimated at 1.04 mmol acetyl-CoA per gram dry biomass (81).

Based on pffblished pathflays and biomass compositions of S. cerevisiae (230), cytoso-

lic acetyl-CoA reqffirements 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 reqffired for the synthesis of glfftathione (59) and chitin

synthetis reqffires another 0.02 mmol N -acetylglffcosamine per gram dry biomass (182).

Approffiimately one siffith of the proteins in the yeast proteome is estimated to be lysine

acetylated (114). Efien if all those proteins are simffltaneoffsly acetylated this floffld only

correspond to an additional acetyl-CoA reqffirement of circa 2.5·10-3 mmol per gram

dry biomass (inclffding also poly-acetylation), assffming a protein content of 39% (230)

and an afierage protein molecfflar fleight of 56 kDa. he combined cytosolic acetyl-CoA

reqffirement is therefore estimated at 1.16 mmol per gram dry biomass. Hence, the ob-

serfied formate prodffction in the anaerobic cffltffres of acs1Δ acs2Δ PFL-effipressing S.

cerevisiae is sfffcient to accoffnt for the major ۜsinks of cytosolic acetyl-CoA in biosyn-

thetic pathflays.

3.3.3 Chemostat-based characterization of an Acs– PFL-ehpressing S. cerefiisiae strain

To analyze the physiological impat of replacing ACS1 and ACS2 by PFL, the reference
strain CEN.PK113-7D (Acs+) and strain IMZ383 (Acsۗ effipressing E. coli PFL) flere grofln
in anaerobic, glffcose-limited chemostats at a dilfftion rate of 0.10 h-1 (Table 3.4). Strain
IMZ383 shofled a 15% lofler biomass yield on glffcose as flell as a proportionally in-
creased ethanol prodffction rate and redffced glycerol prodffction rate relatifie to the
reference strain. Confiersely, acetate prodffction by the PFL-effipressing strain flas fie-
fold higher than in the reference strain (Table 3.4). Formate, flhich flas not detetable in
cffltffres of the reference strain, flas prodffced by the PFL-effipressing strain at a rate of
0.18 mmol·g biomass-1·h-1. Acetate and formate hafie prefiioffsly been shofln to caffse a
redffction of biomass yields in cffltffres of S. cerevisiae by ffncoffpling the plasma mem-
brane pH gradient (1, 231, 324). In anaerobic chemostat cffltffres, this ffncoffpling caffses
a concomitant increase of the ethanol prodffction rate (1, 231, 324). Prodffction of acetate
and formate therefore offers a plaffsible effiplanation for the redffced biomass yield of the
PFL-effipressing strain.
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Table 3.4. Physiology of the flild-type strain CEN.PK113-7D and the E. coli PFL effipressing strain IMZ383 in
anaerobic chemostat cffltffres flith 25 g·L-1 glffcose, pH 5.0 and a dilfftion rate of 0.1 h-1. Valffes and standard
defiiations shofln are from three replicates.

Units CEN.PK113-7D IMZ383

Relefiant genotype Ald+ Acs+ Ald+ Acsۗ PFL
Dilfftion rate (h-1) 0.099 k 0.004 0.102 k 0.004
Biomass yield (g biomass·g glffcose-1) 0.096 k 0.002 0.082 k 0.002
qglffcose (mmol·g biomass-1·h-1) -5.76 k 0.15 -6.94 k 0.31
qethanol (mmol·g biomass-1·h-1) 9.51 k 0.43 11.38 k 0.49
qCO2

(mmol·g biomass-1·h-1) 9.93 k 0.12 12.01 k 0.37
qglycerol (mmol·g biomass-1·h-1) 0.82 k 0.06 0.70 k 0.03
qlactate (mmol·g biomass-1·h-1) 0.06 k 0.004 0.04 k 0.002
qpyrfffiate (mmol·g biomass-1·h-1) 0.01 k 0.004 0.03 k 0.001
qacetate (mmol·g biomass-1·h-1) 0.02 k 0.003 0.11 k 0.02
qformate (mmol·g biomass-1·h-1) N.D.* 0.18 k 0.01
Residffal glffcose (g·L-1) 0.05 k 0.002 0.15 k 0.01
Carbon recofiery (%) 104 k 2 100 k 1

*N.D. = not deteted

Table 3.5.MIPS and GO categories ofierrepresented in the genes that flere signicantly differential effipressed

(0.5 >= fold change (FC) or FC >= 2, false discofiery rate <= 1%) in glffcose-limited chemostat cffltffres of IMZ305

(Aldۗ Acsۗ, effipressing E. coli eutE, aerobic) and IMZ383 (Acsۗ effipressing E. coli PFL, anaerobic) compared to

the reference strain CEN.PK113-7D (Ald+ Acs+) grofln ffnder the same conditions.

Term id Description ka nb p-value

IMZ305 up (148 genes)

MIPS 01.06.06 isoprenoid metabolism 7 41 3.96·10-5

01.06.06.11 tetracyclic and pentacyclic

triterpenes (cholesterin, steroids

and hopanoids) metabolism

7 36 1.62·10-5

32 CELL RESCUE, DEFENSE AND

VIRULENCE

28 558 8.28·10-5

GO lc GO:0006950 response to stress 13 161 9.46·10-5

cd GO:0016125 sterol metabolic process 7 44 6.36·10-5

IMZ305 down (212 genes)

MIPS 1 METABOLISM 80 1530 3.75·10-6

01.05 C-compoffnd and carbohydrate

metabolism

37 510 3.76·10-6

01.06.05 faty acid metabolism 8 25 8.62·10-7

2 ENERGY 34 360 2.00·10-8

02.19 metabolism of energy reserfies (e.g.

glycogen, trehalose)

11 53 9.36·10-7

GO l GO:0008152 metabolic process 36 389 1.23·10-8

GO:0006635 faty acid beta-offiidation 5 9 4.36·10-6

GO:0055114 offiidation redffction 23 270 2.67·10-5

c GO:0032787 monocarboffiylic acid metabolic

process

18 155 3.13·10-6
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Term id Description k n p-value

GO:0006635 faty acid beta-offiidation 5 9 4.36·10-6

GO:0009062 faty acid catabolic process 5 10 8.48·10-6

GO:0019395 faty acid offiidation 5 10 8.48·10-6

GO:0034440 lipid offiidation 5 10 8.48·10-6

GO:0016042 lipid catabolic process 9 43 8.76·10-6

GO:0005975 carbohydrate metabolic process 28 361 1.97·10-5

GO:0044242 cellfflar lipid catabolic process 7 27 2.03·10-5

GO:0044262 cellfflar carbohydrate metabolic

process

26 323 2.11·10-5

GO:0055114 offiidation redffction 25 305 2.26·10-5

GO:0044281 small molecffle metabolic process 52 916 4.47·10-5

GO:0009056 catabolic process 42 683 4.77·10-5

GO:0006631 faty acid metabolic process 10 65 4.78·10-5

GO:0016054 organic acid catabolic process 9 53 5.16·10-5

GO:0046395 carboffiylic acid catabolic process 9 53 5.16·10-5

GO:0015980 energy derifiation by offiidation of

organic compoffnds

16 161 7.88·10-5

IMZ383 up (71 genes)

MIPS 20.01 transported compoffnds (sffbstrates) 19 585 1.30·10-5

32 CELL RESCUE, DEFENSE AND

VIRULENCE

20 558 1.56·10-6

GO l GO:0006811 ion transport 12 176 4.12·10-7

c GO:0051186 cofactor metabolic process 10 192 4.49·10-5

GO:0006879 cellfflar iron ion homeostasis 5 41 8.11·10-5

GO:0055072 iron ion homeostasis 5 41 8.11·10-5

GO:0006811 ion transport 8 108 2.28·10-5

IMZ383 down (29 genes)

MIPS 1 METABOLISM 20 1530 3.58·10-7

01.01 amino acid metabolism 7 243 8.09·10-5

01.01.09.01 metabolism of glycine 4 8 2.38·10-8

01.01.09.01.02 degradation of glycine 4 6 5.12·10-9

01.05 C-compoffnd and carbohydrate

metabolism

13 510 9.58·10-8

01.05.05 C-1 compoffnd metabolism 4 8 2.38·10-8

01.05.05.07 C-1 compoffnd catabolism 3 5 8.38·10-7

02.16 fermentation 4 48 5.83·10-5

GO l GO:0006730 one-carbon metabolic process 6 16 3.94·10-11

GO:0055114 offiidation redffction 8 270 1.83·10-5

c GO:0006082 organic acid metabolic process 13 397 4.68·10-9

GO:0019752 carboffiylic acid metabolic process 13 397 4.68·10-9

GO:0043436 offioacid metabolic process 13 397 4.68·10-9

GO:0042180 cellfflar ketone metabolic process 13 410 6.93·10-9

GO:0044281 small molecffle metabolic process 17 916 3.82·10-8

GO:0006544 glycine metabolic process 4 9 4.26·10-8
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Term id Description k n p-value

GO:0009071 serine family amino acid catabolic

process

3 5 8.38·10-7

GO:0006730 one-carbon metabolic process 6 76 8.92·10-7

GO:0032787 monocarboffiylic acid metabolic

process

7 155 4.33·10-6

GO:0009069 serine family amino acid metabolic

process

4 34 1.45·10-5

GO:0055114 offiidation redffction 8 305 4.41·10-5

GO:0016054 organic acid catabolic process 4 53 8.63·10-5

GO:0046395 carboffiylic acid catabolic process 4 53 8.63·10-5

IMZ305 up ∩ IMZ383 up (8 genes)

MIPS 20.01.01.01.01.01 siderophore-iron transport 2 12 9.02·10-5

GO c GO:0006879 cellfflar iron ion homeostasis 3 41 1.35·10-5

GO:0055072 iron ion homeostasis 3 41 1.35·10-5

GO:0034755 iron ion transmembrane transport 2 5 1.37·10-5

GO:0034220 ion transmembrane transport 3 48 2.18·10-5

GO:0033212 iron assimilation 2 8 3.83·10-5

GO:0030005 cellfflar di-, tri-fialent inorganic

cation homeostasis

3 72 7.40·10-5

GO:0055066 di-, tri-fialent inorganic cation

homeostasis

3 72 7.40·10-5

IMZ305 down ∩ IMZ383 down (8 genes)

MIPS 02.25 offiidation of faty acids 2 9 4.93·10-5

IMZ305 down ∩ IMZ383 up (10 genes)

no enrichment

IMZ305 up ∩ IMZ383 down (0 genes)

empty set
a he nffmber of genes differentially effipressed present in the set
b he nffmber of genes of the set present in the flhole genome.

GO categories are difiided betfleen c the GO leaf categories and d the GO complete categories.

Transcriptome analysis on anaerobic glffcose-limited chemostat cffltffres yielded 71

genes flhose transcript lefiels flere higher, and 29 genes flhose transcript lefiels flere

lofler in IMZ383 (efficlffding URA3, ACS1 and ACS2) than in the reference strain. he

set of ffp-regfflated genes shofled an ofierrepresentation of the GO categories ion trans-

port, cellfflar iron ion homeostasis and cofactor metabolic process. he transcriptional

responses of genes infiolfied in iron homeostasis may be related to the assembly in yeast

of PFL-AE, flhich contains an offiygen-sensitifie [4Fe-4S] clffster reqffired for actifiation

of PFL (173). Additionally, transcript lefiels of the formate dehydrogenase genes FDH1

and FDH2 flere ofier 25-fold higher in the PFL-effipressing strain. Among the genes that

shofled lofler transcript lefiels in IMZ383 (Table 3.5), the GO category ۜglycine metabolic

process flas ofierrepresented. he foffr dofln-regfflated genes in this category, GCV1,
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Table 3.6. Physiology of S. cerevisiae strains CEN.PK113-7D (Ald+ Acs+) and IMZ305 (Aldۗ Acsۗ effipressing
E. coli eutE) in aerobic glffcose-limited chemostat cffltffres at a dilfftion rate of 0.1 h-1. Afierages and standard
defiiations flere obtained from three replicates.

Units CEN.PK113-7D IMZ305

Relefiant genotype Ald+ Acs+ Aldۗ Acsۗ eutE
Dilfftion rate (h-1) 0.100 k 0.001 0.098 k 0.001
Biomass yield (g biomass·g glffcose-1) 0.501 k 0.002 0.429 k 0.009
qglffcose (mmol·g biomass-1·h-1) -1.10 k 0.01 -1.27 k 0.02
qethanol (mmol·g biomass-1·h-1) 0.00 k 0.00 0.00 k 0.00
qCO2

(mmol·g biomass-1·h-1) 2.78 k 0.09 3.52 k 0.04
qO2

(mmol·g biomass-1·h-1) -2.61 k 0.14 -3.36 k 0.02
qpyrfffiate (mmol·g biomass-1·h-1) N.D.* N.D.
qglycerol (mmol·g biomass-1·h-1) N.D. N.D.
qacetate (mmol·g biomass-1·h-1) N.D. N.D.
Residffal glffcose (g·L-1) 0.03 k 0.01 0.04 k 0.02
Carbon recofiery (%) 102 k 1 98 k 2

* N.D. = not deteted

GCV2,GCV3 and SHM2 encode proteins that, together flith Lpd1, form the glycine cleafi-

age system, flhich contribfftes to the synthesis of the C1-donor 5,10-methylene tetrahy-

drofolate (5,10-MTHF) in S. cerevisiae (216). he obserfied dofln-regfflation sffggests that

confiersion of formate, prodffced by PFL, to 5,10-MTHF fiia Mis1 or Ade3 (278, 293) re-

dffces the reqffirement for synthesis of C1-donor compoffnds fiia the glycine cleafiage

pathflay.

3.3.4 Characterization of an Ald– Acs– A-ALD ehpressing S. cerefiisiae strain in

chemostats

he physiology of strain IMZ305 (Aldۗ Acsۗ effipressing E. coli eutE) flas stffdied in

aerobic glffcose-limited chemostats at a dilfftion rate of 0.10 h-1 and compared to that

of the reference strain CEN.PK113-7D (Ald+Acs+). Under ffflly aerobic conditions, the

lofl residffal glffcose concentration in glffcose-limited chemostat cffltffres at lofl dilff-

tion rates (< ca. 0.25 h-1), enables a ffflly respiratory sffgar metabolism in flild-type S.

cerevisiae strains (241, 328). Althoffgh the sffgar metabolism of both strains flas indeed

completely respiratory (Table 3.6), the biomass yield on glffcose of strain IMZ305flas 14%

lofler than that of the reference strain. he lofler biomass yield flas in agreement flith

higher rates of offiygen consffmption and CO2 prodffction (Table 3.6). his lofler biomass

yield of strain IMZ305 flas ffneffipected in fiiefl of the improfied ATP-stoichiometry for

prodffcing cytosolic acetyl-CoA fiia A-ALD.

Chemostat-based transcriptome analysis yielded 362 genes flhose effipression lefiels

flere different in strains CEN.PK113-7D (Ald+ Acs+) and IMZ305 (Aldۗ Acsۗ effipressing

E. coli eutE) based on the statistical criteria applied in this stffdy. URA3, ALD2, ALD3,

ALD4, ALD5, ALD6, ACS1 and ACS2 flere not inclffded in this comparison. Fishers effi-

at test analysis indicated the ofierrepresentation of sefieral fffnctional categories, in-

fiolfied in energy, metabolism (isoprenoids, triterpenes, faty acids, sterol, lipids, mono-

carboffiylic acids, carbohydrates and energy reserfies), response to stress and cell res-
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Table 3.7. Steady-state intracellfflar meatabolites concentrations (μmol∙g dry fleight-1) and acetaldehyde con-
centration in the broth (mM) in S. cerevisiae cffltffres of CEN.PK113-7D (Ald+ Acs+) and IMZ305 (Aldۗ Acsۗ

effipressing E. coli eutE) in aerobic glffcose-limited chemostat cffltffres at a dilfftion rate of 0.1 h-1. Afierages and
mean defiiations flere obtained from tflo replicates.

Metabolite CEN.PK113-7D IMZ305

Glycolysis
Frffctose-1,6-bisphosphate 0.30 k 0.02 1.96 k 0.12
Dihydroffiyacetone phosphate 0.19 k 0.02 0.53 k 0.05
2-Phosphoglycerate 0.42 k 0.05 0.16 k 0.02
3-Phosphoglycerate 4.41 k 0.62 2.06 k 0.27
Phosphoenolpyrfffiate 1.71 k 0.37 0.29 k 0.06
Pentose phosphate pathway
Ribfflose-5-phosphate 0.11 k 0.03 0.23 k 0.03
Xylfflose-5-phosphate 0.26 k 0.06 0.54 k 0.08
Sedoheptfflose-7-phosphate 2.60 k 0.46 5.93 k 0.68
Erythrose-4-phosphate 0.00 k 0.00 0.01 k 0.00
Amino acids
Alanine 2.04 k 0.05 5.24 k 1.29
Isoleffcine 0.27 k 0.10 0.66 k 0.11
Histidine 1.79 k 0.20 4.65 k 0.63
Lysine 3.30 k 0.50 9.60 k 1.72
Proline 0.25 k 0.10 0.64 k 0.16
hreonine 0.55 k 0.10 1.28 k 0.24
Tyrosine 0.37 k 0.10 0.93 k 0.13
Coenzymes and cofactors
AMP 0.32 k 0.02 0.72 k 0.16
NAD+ 2.65 k 0.18 3.04 k 0.32
NADH 0.15 k 0.04 0.05 k 0.01
NADP+ 0.57 k 0.08 0.78 k 0.07
NADPH 2.70 k 0.62 2.10 k 0.72
Other
Glycerol-3-phosphate 0.03 k 0.02 0.10 k 0.01
Intra- + extracellular
Acetaldehyde 0.002 k 0.000 0.028 k 0.003

cffe, defence and fiirfflence (Table 3.5). To infiestigate the impat of possible changes in

the lefiels of acetaldehyde, flhich is a sffbstrate of both the A-ALD and ALD reactions,

the transcriptome data flere compared to those from a prefiioffs stffdy on the transcrip-

tional response of S. cerevisiae to acetaldehyde (5). Of a set of 1196 genes that shofled

an ofier 2-fold increase in transcript lefiel ffpon effiposffre to acetaldehyde in the stffdy of

Aranda and Del Olmo (5), 56 flere also ffp-regfflated in strain IMZ305 relatifie to the refer-

ence strain. his ofierlap of the tflo gene sets flas statistically highly signicant (p-fialffe

4.54·10-8) and shofled an ofierrepresentation of the GO category ۜresponse to stress (p-

fialffe 1·10-). Other genes that flere prefiioffsly reported to be ffp-regfflated in response

to acetaldehyde (e.g. MET8, TPO2 and MUP1 (5)) similarly shofled elefiated effipression

lefiels in IMZ305. Analysis of combined intracellfflar and effitracellfflar concentrations

of acetaldehyde in chemostat cffltffres, ffsing a fast sampling and derifiatization proto-

col, shofled that acetaldehyde concentrations in cffltffres of strain IMZ305 flere 12-fold

higher than in cffltffres of the reference strain CEN.PK113-7D (Table 3.7).
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Microscopic analysis of cffltffres of strain IMZ305 (AldۗAcsۗ effipressing E. coli eutE)

shofled that this strain formed mfflticellfflar aggregates. he same atypical morphol-

ogy flas obserfied in shake-ask and chemostat cffltffres of IMZ290 (Aldۗ effipressing

E. coli eutE) and IMZ291 (Aldۗ effipressing L. innocua lin1129 ) flhich indicates that it is

not caffsed by deletion of ACS1 and ACS2 and is not dependent on the type of acety-

lating acetaldehyde dehydrogenase. he mfflticellfflar aggregates coffld not be disrffpted

by sonication, bfft flere resolfied into single cells by incffbation flith chitinase (data not

shofln). Mfflticellfflar aggregates flere not obserfied in cffltffres of strain IMZ383 (Acsۗ

effipressing E. coli PFL and PFL-AE), fffrther indicating that they flere specically linked

to the effipression of A-ALD and/or ALD deletion. Viability staining of chemostat cffl-

tffres of strain IMZ305 (Aldۗ Acsۗ effipressing E. coli eutE) indicated that integrity of the

plasma membrane flas compromised in a signicant fraction of the cells in the mfflticel-

lfflar aggregates (Figffre 3.3).

Cytosolic acetyl-CoA is a key precffrsor in yeast metabolism as flell as a regfflator of

sefieral important metabolic enzymes. To infiestigate flhether replacing Acs1 and Acs2

by A-ALD affeted concentrations of key compoffnds in central carbon metabolism, in-

tracellfflar metabolite analysis flas performed on aerobic, glffcose-limited chemostat cffl-

tffres of strain IMZ305 (Aldۗ Acsۗ effipressing E. coli eutE) and on the reference strain

CEN.PK113-7D (Ald+ Acs+). he compoffnds analysed inclffded acetyl-CoA, intermedi-

ates of glycolysis, pentose phosphate pathflay (PPP) and tricarboffiylic acid cycle (TCA),

amino acids, nffcleotides, coenzymes and trehalose. A fffll list of analysed compoffnds

and measffred lefiels is presented in sffpplementary materials (Table S3.1). Intracellfflar

concentrations of most of the compoffnds, inclffding acetyl-CoA and CoA, flere not sig-

nicantly different in the tflo strains, sffggesting that replacing ACS by A-ALD as main

soffrce of cytosolic acetyl-CoA did not caffse major changes in the central metabolic

pathflays. Hoflefier, for a fefl metabolites a fold-change of at least tflo flas obserfied

(Table 3.7). Lysine, flhose synthesis reqffires cytosolic acetyl-CoA, flas among siffi amino

acids flhose intracellfflar concentrations flere higher in strain IMZ305. Intracellfflar lefi-

els of glycerol-3-phosphate, flhich forms the backbone of glycerolipids and is thereby

linked to lipid synthesis, another important biosynthetic sink of cytosolic acetyl-CoA,

flere also higher in this strain. Fffrther changes in IMZ305 inclffded higher concentra-

tions of foffr intermediates of the non-offiidatifie part of the pentose phosphate pathflay

and changes in the lefiels of sefieral glycolytic intermediates (Table 3.7).
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Figure 3.3. Flfforescentmicrographs of doffble stained cells aggregates formed in chemostat cffltffres of IMZ305

strain (Aldۗ Acsۗ effipressing E. coli eutE). Cells flere stained flith acetoffiymethyl ester of 5-carboffiyfforescein

diacetate (CFDA, AM in DMSO, green) and propidiffm iodide (PI, red) to indicate metabolically actifie cells and

cells flith compromised integrity of the membrane, respectifiely. he bar corresponds to 20 μm.

3.4 D९ॹ३ॻॹॹ९ॵॴ

Prefiioffs stffdies hafie demonstrated that increasing the afiailability of cytosolic acetyl-

CoA improfied rates of prodfft formation in S. cerevisiae strains engineered for prodffc-

tion of isoprenoids, faty acids and polyhydroffiybfftyrate. Some of these stffdies flere

based on the ofiereffipression of an acetyl-CoA synthetase that flas insensitifie to inhi-

bition by acetylation, either alone or in combination flith acetaldehyde dehydrogenase

(43, 281). In other stffdies, afiailability of acetyl-CoAflas boosted by effipression of mffrine

ATP-citrate lyase (307) or of a fffngal phosphoketolase pathflay that generates acetate

(158). hese prefiioffsly stffdied heterologoffs pathflays still reqffire ATP for synthesis

of cytosolic acetyl-CoA and, moreofier, the natifie pathflay fiia acetyl-CoA synthetase

flas still actifie in the engineered strains. he present stffdy demonstrates, for the rst

time, that the natifie pathflay for cytosolic acetyl-CoA biosynthesis in S. cerevisiae can

be entirely replaced by heterologoffs pathflays that, at least in terms of pathflay stoi-

chiometry, do not infiolfie a net infiestment of ATP.

In flild-type S. cerevisiae genetic backgroffnds, deletion of the tflo genes encoding

isoenzymes of acetyl-CoA synthetase (ACS1 and ACS2) resfflted in a complete loss of

fiiability, flhich flas originally entirely atribffted to a key role of acetyl-CoA synthetase

in cytosolic acetyl-CoA synthesis (14, 245). Later stffdies infiestigated the role of Acs2,

flhich has a dffal cytosolic and nffclear localization, in histone acetylation (73, 306). Us-

ing a temperatffre-sensitifie allele of ACS2, Takahashi et al. (306) shofled that, in glffcose-

grofln cffltffres, inactifiation of ACS2 caffsed global histone deacetylation and massifie

changes in gene effipression, affeting ofier half of the yeast transcriptome. Using a similar

approach Galdieri and Vancffra (88) proposed that redffced nffcleocytosolic acetyl-CoA

concentrations primarily affet cell physiology fiia histone deacetylation rather than
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fiia biosynthetic constraints. he limited and different transcriptome changes in strains

IMZ305 (Aldۗ Acsۗ effipressing E. coli eutE) and IMZ383 (Acsۗ effipressing E. coli PFL and

PFL-AE) relatifie to an Acs+ reference strain indicated that, in these strains, actifiities

of A-ALD and PFL, respectifiely, flere sfffcient to cofier acetyl-CoA reqffirements for

histone acetylation. hese resfflts also sffpport the conclffsion of Takahashi et al. (306)

that Acs2 affets histone acetylation fiia profiision of acetyl-CoA rather than fiia a diret

catalytic or regfflatory fffnction in the acetylation process.

In addition to a possible effet on histone acetylation, changes in cytosolic acetyl-

CoA biosynthesis might affet central metabolism fiia acetylation of non-histone pro-

teins (106, 292, 298) and fiia its diret participation in key reactions. he fast groflth of

the engineered strains IMZ305 and IMZ383 sffggest that there flere no major kinetic

limitations in acetyl-CoA profiision. his conclffsion flas fffrther sffbstantiated by the

minor differences in intracellfflar metabolite lefiels of strain IMZ305 relatifie to a refer-

ence strain. Intracellfflar acetyl-CoA concentrations in the tflo strains, flhich reet the

combination of mitochondrial and nffcleocytosolic pools, flere not signicantly differ-

ent. his obserfiation is consistent flith the conclffsion of Cai et al. (29) that intracellfflar

acetyl-CoA concentrations are sffbjet to strong homeostatic regfflation. Hoflefier, the

higher intracellfflar lysine concentrations in strain IMZ305 might be indicatifie for in-

creased afiailability of cytosolic acetyl-CoA in this A-ALD-effipressing strain. Despite the

stoichiometric adfiantage of the A-ALD pathflay flith respet to ATP costs for acetyl-

CoA synthesis, the biomass yield on glffcose of strain IMZ305 flas lofler than that of the

Ald+ Acs+ reference strain. Moreofier, strain IMZ305 effihibited a redffced fiiability and

formation of mfflticellfflar aggregates. Transcriptome analysis (Table 3.5) and diretmea-

sffrements of acetaldehyde (Table 3.7) strongly sffggested that these phenomena flere

dffe to acetaldehyde toffiicity. Similar mfflticellfflar aggregates obserfied in S. cerevisiae

cffltffres effiposed to boric acid stress flere atribffted to actifiation of cell flall repair and

ofierprodffction of chitin, thereby distffrbing cell difiision (272). Althoffgh flhole-broth

concentrations of acetaldehyde in cffltffres of strain IMZ305flere prefiioffsly not reported

to be toffiic to S. cerevisiae (296), accffmfflation of acetaldehyde inside cells (297) may hafie

led to ffnderestimation of intracellfflar concentrations in offr effiperiments. Matsfffffji et

al. (208) recently shofled that reaction flith glfftathione contribfftes to acetaldehyde tol-

erance. Althoffgh the metabolic fate of the resfflting acetaldehydeۗglfftathione addffts is

ffnclear regeneration of free glfftathione from these addffts may flell reqffire metabolic

energy and/or redffcing eqffifialents.

he increased acetaldehyde lefiel in strain IMZ305 coffld be the resfflt of the lofler

afnity for acetaldehyde of A-ALD in comparison to the natifie non-acetylating acetalde-

hyde dehydrogenases (Table 3.8) (335). Literatffre data on acetylating acetaldehyde dehy-

drogenases from other organisms sffggest that a high KM for acetaldehyde is a common

characteristic of these enzymes (268, 284). he standard free energy change (ΔG◦, pH 7,

ionic strength of 0.2 M) of the A-ALD reaction is -13.7 kJ·mol-1 (79). If measffred intra-

cellfflar metabolite concentrations (this stffdy) and a cytosolic NAD+/NADH ratio of 100

(30) are assffmed, ΔG floffld be positifie at the acetaldehyde concentrations measffred

in the reference strain (+7.2 kJ·mol-1), flhile it floffld be close to zero (+0.7 kJ·mol-1) at

the higher acetaldehyde concentration measffred in strain IMZ305. Increased intracellff-

lar lefiels of acetaldehyde may therefore not only be a conseqffence of a lofl afnity of



3

3.4 D९ॹ३ॻॹॹ९ॵॴ 89

Table 3.8. Kinetic parameters of the acetylating acetaldehyde dehydrogenases EfftE from E. coli and Lin1129
from L. innocua and of three offt of fie acetaldehyde dehydrogenases from S. cerefiisiae (Ald2, Ald5 and Ald6).
Actifiities flere assayed as the offiidation of acetaldehyde to acetyl-CoA or acetate, respectifiely. Data for EfftE
and Lin1129 are the afierage of triplicate measffrements on cell effitrats from tflo independent shake-ask
cffltffres.

Enzyme Km for
acetaldehyde
(μmol·L-1)

Vmax (μmol·mg
protein-1·min-1)

Vmax/Km References

EfftE 1.5·103 9.4 k 0.4 0.006 his stffdy
Lin1129 3.9·103 9.2 k 1.3 0.002 his stffdy
Ald2 10 5.2 0.52 (335)
Ald5 58 1.1 0.019 (335)
Ald6 24 24 1 (335)

A-ALD for acetaldehyde, bfft also be thermodynamically reqffired for acetyl-CoA syn-

thesis fiia A-ALD. If this interpretation is corret, applicability of this reaction for prodfft

formation in engineered yeast strains flill either reqffire improfied tolerance to acetalde-

hyde or fffrther changes in the cytosolic concentrations of acetyl-CoA, NADH and/or

NAD+.

Also the biomass yield on glffcose of strain IMZ383 (Acsۗ effipressing E. coli PFL) in

anaerobic cffltffres flas lofler than that of an Acs+ reference strain. Weak-acid ffncoff-

pling by formate, the formation of flhich flas stoichiometrically coffpled to groflth of

this strain, offers a plaffsible effiplanation for this redffced biomass yield (231). To pre-

fient accffmfflation and possible toffiicity, the formate formed in the PFL reaction shoffld

preferably be offiidized to CO2 fiia formate dehydrogenase. Depending on the prodfft

of interest, this confiersion by formate dehydrogenase may also be reqffired for redoffi

balancing of prodfft formation in engineered pathflays. Althoffgh FDH1 and FDH2, en-

coding the tflo NAD+-dependent formate dehydrogenase isoenzymes in S. cerevisiae,

flere transcriptionally strongly ffp-regfflated in strain IMZ383, in vivo formate dehy-

drogenase actifiity flas apparently not sfffcient to offiidize all formate prodffced. Under

standard conditions, formate offiidation (formate + NAD+ −−⇀↽−− CO2 + NADH + H+) is

thermodynamically feasible (ΔG° = -13.9 kJ·mol-1, pH 7, ionic strength of 0.2 M (79))

and calcfflations shofled that ΔG is also negatifie ffnder indffstrially relefiant condi-

tions (data not shofln). Inefcient anaerobic offiidation of formate ffpon ofiereffipression

of FDH1 flas prefiioffsly atribffted to the seqffential bi-bi tflo-sffbstrate kinetics of for-

mate dehydrogenase, flhich leads to a strongly decreased afnity for formate at lofl

NAD+ concentrations (95).

In S. cerevisiae, sefieral metabolic reactions as flell as protein deacetylation, yield free

acetate. Nefiertheless, no increased acetate concentrations flere obserfied in cffltffres of

strain IMZ305 (AldۗAcsۗ E. coli eutE). his obserfiation sffggests that small amoffnts of

acetate can be actifiated to acetyl-CoA fiia anAcs-independent pathflay. Amitochondrial

CoA transferase encoded by ACH1 may, in theory, be responsible for acetate actifiation,

ffsing sffccinyl-CoA as CoA donor (80). Hoflefier, ACH1 flas not ffp-regfflated, neither

in strain IMZ305 nor in strain IMZ383 (Acsۗ effipressing E. coli PFL). he later strain did

shofl increased prodffction of acetate in comparisonflith Acs+ reference strain, probably

fiia pyrfffiate decarboffiylase and acetaldehyde dehydrogenase, flhich flere still present
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in this strain. his obserfiation sffggests that a possible ACS-independent pathflay for

acetate actifiation in anaerobic S. cerevisiae cffltffres only has a fiery lofl capacity.

3.5 Oॻॺॲॵॵॱ

his stffdy demonstrates that it is possible to entirely replace the ATP-intensifie na-

tifie pathflay of cytosolic acetyl-CoA formation in S. cerevisiae by tflo different ATP-

independent rofftes. Althoffgh these metabolic engineering strategies are stoichiometri-

cally soffnd, offr resfflts shofl hofl their application can be kinetically and/or thermo-

dynamically challenging. Before the fffll potential of the A-ALD and PFL strategies for

generating cytosolic acetyl-CoA for indffstrial prodfft formation can be realized, prob-

lems related to acetaldehyde toffiicity and formate reoffiidation, respectifiely, flill need

to be addressed. Afiailability of strains in flhich A-ALD and/or PFL are the only soffrce

of cytosolic acetyl-CoA flill be of great fialffe for their fffrther optimization, either by

targeted genetic modication or by efiolfftionary approaches. Alternatifiely, the natifie

yeast pathflay might be replaced by other mechanisms for cytosolic acetyl-CoA synthe-

sis flith an improfied ATP stoichiometry, sffch as ATP-citrate lyase (flhich reqffires an

inpfft of one ATP for each pyrfffiate confierted to cytosolic acetyl-CoA) or the combi-

nation of phosphoketolase and phosphotransacetylase. Efien before the remaining chal-

lenges are solfied, A-ALD and PFL can profiide increased ffffies toflards prodffts that

reqffire cytosolic acetyl-CoA. For some prodffts, this may ffltimately efien contribffte to

the replacement of effipensifie aerobic processes by cost-effectifie anaerobic confiersions.

3.6 A३ॱॴॵॽॲ५४७५ॳ५ॴॺॹ
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Table S3.1. Primers ffsed in this stffdy.

Number Name Sequence 5’ → 3’

Primers for knockout cassettes

1749 ALD2,3 KO Ffl GGATGCAATCTTGTCGACACTCACTGATCATATCC

CGAATTTTGCTCAAGCACCAGAGCCGAGGATTCAT

CAGCTGAAGCTTCGTACGC

1750 ALD2,3 KO Rfi ACATGGACTGATTTTATTTGTAAATAGTTATCAAC

GCCGGTGTCGCCTGAGAGATAGCTCGAATCAGTCC

GCATAGGCCACTAGTGGATCTG

1769 ALD4 KO Ffl ATGTTCAGTAGATCTACGCTCTGCTTAAAGACGTC

TGCATCCTCCATTGGTCTCTGCACGGATGCGTAGT

CAGCTGAAGCTTCGTACGC

1770 ALD4 KO Rfi CACCAGGCTTATTGATGACCTTACTCGTCCAATTT

GGCACGGACCGCTTTGGATCATAGTCATGCAGTTG

GCATAGGCCACTAGTGGATCTG

1773 ALD5 KO Ffl CAAACGTGGTTAAGACAGAAAACTTCTTCACAACA

TTAACAAAAAGCCAAACATGAGCCATAAGTGTCTC

CAGCTGAAGCTTCGTACGC

1774 ALD5 KO Rfi TGTTTATCATACATACCTTCAATGAGCAGTCAACT

CGGGCCTGAGTTACTCGCGCTTATGCGATATAGTT

GCATAGGCCACTAGTGGATCTG

1777 ALD6 KO Ffl ACTATCAGAATACAATGACTAAGCTACACTTTGAC

ACTGCTGAACCAGTCTCTAAGCCGACAGGAGTCTC

CAGCTGAAGCTTCGTACGC

1778 ALD6 KO Rfi TATGACGGAAAGAAATGCAGGTTGGTACATTACAA

CTTAATTCTGACAGCTACCGAGTCAGCAGTTCAGG

GCATAGGCCACTAGTGGATCTG

2616 ACS2-natNT2 KO Ffl ACAGAAAAGGAGCGAAATTTTATCTCATTACGAAA

TTTTTCTCATTTAAGCCAGCTGAAGCTTCGTACGC

2617 ACS2-natNT2 KO Rfi TGTTATACACAAACAGAATACAGGAAAGTAAATCA

ATACAATAATAAAATCGCATAGGCCACTAGTGGAT

C

2622 ACS1-AmdS KO Ffl TTACAACTTGACCGAATCAATTAGATGTCTAACAA

TGCCAGGGTTTGACAGCGCAATTAACCCTCACTAA

AG

2623 ACS1-AmdS KO Rfi TGCTATGTCGCCCTCTGCCGTACAATCATCAAAAC

TAGAAGAACAGTCAACTATAGGGCGAATTGGGTAC

CG

2687 ACS2-HIS3 KO Ffl ACAGAAAAGGAGCGAAATTTTATCTCATTACGAAA

TTTTTCTCATTTAAGCAGCTGAAGCTTCGTACGC

2688 ACS2-HIS3 KO Rfi TGTTATACACAAACAGAATACAGGAAAGTAAATCA

ATACAATAATAAAATGCATAGGCCACTAGTGGATC

TG
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Number Name Sequence 5’ → 3’

2929 ACS1-LEU2 KO Ffl AGCAAAACCAAACATATCAAAACTACTAGAAAGAC

ATTGCCCACTGTGCTCAGCTGAAGCTTCGTACGC

2930 ACS2-LEU2 KO Rfi AACACACGAAAAAAAAAAAGTCGTCAATATAAAAA

GGAAAGAAATCATCAGCATAGGCCACTAGTGGATC

TG

Primers for verification of knockouts

9 KanA CGCACGTCAAGACTGTCAAG

10 Kan B TCGTATGTGAATGCTGGTCG

1076 LEU2_prom5.K.latis CACGTGACTGCGCTGAATTG

1077 LEU2_3.K.latis AGCTTCCCTACCTGACACTAAC

1751 LEU2_Ctrl_Ffl AACGCCCTATGATGTTCCCG

1752 LEU2_Ctrl_Rfi ACACGGAACAGGGATGCTTG

1771 ald4 Ctrl Ffl GCGGGTGTAGGTAAGCAGAA

1772 ald4 Ctrl Rfi ACGGTAAGGTCTTGCCATCT

1775 ald5 Ctrl Ffl CGCGGAGCCTTTAGAATACC

1776 ald5 Ctrl Rfi GTACAGTCCCGATAATGGCA

1779 ald6 Ctrl Ffl AAGCCTGGCGTGTTTAACAA

1780 ald6 Ctrl Rfi GAAGGCACAAGCCTGTTCTC

1781 hph NT1 Ffl / 2 TACTCGCCGATAGTGGAAAC

1782 hph NT1 Rfi / 2 CAGAAACTTCTCGACAGACG

2618 acs2 CtrlFfl TACCCTATCCCGGGCGAAGAAC

2619 acs2 KO Ctr lRfi CCGATATTCGGTAGCCGATTCC

2620 Nat Ctrl Ffl GCCGAGCAAATGCCTGCAAATC

2621 Nat Ctrl Rfi GGTATTCTGGGCCTCCATGTCG

2624 acs1 Ctrl Ffl ATCATTACAACTTGACCGAATC

2625 acs1 Ctrl Rfi CCTCGGTGGCAAATAGTTCTCC

2626 AmdS Ctrl Ffl TGGCTATCGCTGAAGAAGTTGG

2627 AmdS Ctrl Rfi CTTCCCAAGATTGTGGCATGTC

2927 ACS1 KO trl Ffl AAACTGGGCGGCTATTCTAAGC

2928 ACS1 KO trl Rfi AGCAGCTCGGTTATAAGAGAAC

Primers for verification of plasmid presence

586 p426GPD Ffl CATTCAGGCTGCGCAACTG

1153 GPDp Ffl GACCCACGCATGTATCTATCTC

1368 mhpF Ffl GGGGACAAGTTTGTACAAAAAAGCAGGCTATGAGT

AAGCGTAAAGTCGCCATTATCGG

1369 mhpF Rfi GGGGACCACTTTGTACAAGAAAGCTGGGTGTTCAT

GCCGCTTCTCCTGCCTTGC

1372 dmpF Ffl CATTGATTGCGCCATACG

1373 dmpF Rfi CCGGTAATATCGGAACAGAC

2038 adhE S. affreffs Ffl TATCGGTGACATGTACAAC

2039 adhE S. affreffs Rfi TTGCTTGTAGTCGTAAGAAG

2040 EfftE E.coli Ffl GAACCAACAAGACATCGAAC

2041 EfftE E.coli Rfi ACGATTCTGAAAGCGTCAAC

2042 Lin1129 Ffl GGAACAATTGGTTAAGAAGG

2043 Lin1129 Rfi ATAGAGAAACCGTCAGTCAA

1642 pRS426 Ffl TTTCCCAGTCACGACGTTG

2675 pTPI1 Rfi CCGCACTTTCTCCATGAGG
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Number Name Sequence 5’ → 3’

2677 pRS426 Rfi CTTCCGGCTCCTATGTTGTG

Primers for cloning

3384 pTPI1 Ffl (pRS424) ACGGCCAGTGAGCGCGCGTAATACGACTCACTATA

GGGCGAATTGGGTACCGGGCCCCCCCTCGAGAAGG

ATGAGCCAAGAATAAG

3385 tGND2 Rfi GAATTCCGTTTAGTGCAATATATTGGAGTTC

3386 pFBA1 Ffl (tGND2) AAATCGAGTAGAATCTAGCCATAGTCTTTC

3387 tPMA1 Rfi( pRS424) CCTCACTAAAGGGAACAAAAGCTGGAGCTCCACCG

CGGTGGCGGCCGCTCTAGAACTAGTGGATCCAAAC

GTGTGTGTGC

Table S3.2. Fffll list of measffred steady-state intracellfflar metabolites concentrations (μmol·(g dry fleight)−1)

in S. cerevisiae cffltffres of CEN.PK113-7D (Ald+ Acs+) and IMZ305 (Aldۗ Acsۗ effipressing E. coli eutE) in aerobic

glffcose-limited chemostat cffltffres at a dilfftion rate of 0.10 h−1. Afierages and mean defiiations flere obtained

from tflo replicates.

Metabolite CEN.PK113-7D IMZ305

Glycolysis

2-Phosphoglycerate 0.42 k 0.05 0.16 k 0.02

3-Phosphoglycerate 4.41 k 0.62 2.06 k 0.27

Dihydroffiyacetone phosphate 0.19 k 0.02 0.53 k 0.05

Frffctose-6-phosphate 0.73 k 0.17 0.84 k 0.17

Frffctose-1,6-bisphosphate 0.30 k 0.03 1.96 k 0.11

Glffcose 0.84 k 0.03 1.14 k 0.11

Glffcose-6-phosphate 3.16 k 0.54 3.62 k 0.62

Glyceraldehyde phosphate 0.03 k 0.00 0.05 k 0.01

Phopshoenolpyrfffiate 1.71 k 0.37 0.29 k 0.06

Pyrfffiate 0.29 k 0.06 0.40 k 0.04

Tricarboxylic acid cycle

͠-Ketoglfftarate 0.29 k 0.08 0.40 k 0.08

Citrate 6.87 k 0.56 10.57 k 0.53

Fffmarate 0.10 k 0.02 0.16 k 0.03

Isocitrate 0.17 k 0.04 0.30 k 0.04

Malate 0.63 k 0.14 1.05 k 0.10

Sffccinate 0.15 k 0.10 0.21 k 0.08

Pentose phosphate pathway

6-Phosphoglffconate 0.65 k 0.05 0.95 k 0.10

Erythrose-4-phosphate 0.00 k 0.00 0.01 k 0.00

Ribose-5-phosphate 0.28 k 0.03 0.41 k 0.06

Ribfflose-5-phosphate 0.11 k 0.03 0.23 k 0.03

Sedoheptfflose-7-phosphate 2.60 k 0.46 5.93 k 0.68

Xylfflose-5-phosphate 0.26 k 0.06 0.54 k 0.08

Amino acids

Alanine 2.04 k 0.48 5.24 k 1.29

Asparagine 1.26 k 0.27 1.32 k 0.15

Aspartate 4.05 k 1.04 4.38 k 0.35
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Metabolite CEN.PK113-7D IMZ305

Cysteine 0.08 k 0.01 0.15 k 0.01

Glfftamate 34.49 k 7.26 44.95 k 8.97

Glfftamine 9.53 k 2.08 10.63 k 2.17

Glycine 0.28 k 0.05 0.47 k 0.06

Histidine 1.79 k 0.25 4.65 k 0.63

Isoleffcine 0.27 k 0.07 0.66 k 0.11

Leffcine 0.17 k 0.04 0.26 k 0.05

Lysine 3.30 k 0.50 9.60 k 1.72

Methionine 0.03 k 0.01 0.03 k 0.00

Ornithine 4.03 k 0.41 5.12 k 0.56

Phenylalanine 0.19 k 0.05 0.36 k 0.03

Proline 0.25 k 0.06 0.64 k 0.16

Serine 0.56 k 0.12 0.86 k 0.12

hreonine 0.55 k 0.14 1.28 k 0.24

Tryptophane 0.11 k 0.02 0.16 k 0.03

Tyrosine 0.37 k 0.07 0.93 k 0.13

Valine 1.12 k 0.29 2.02 k 0.49

Coenzymes and cofactors

Acetyl-CoA 0.17 k 0.03 0.21 k 0.04

ADP 1.57 k 0.08 2.19 k 0.21

AMP 0.32 k 0.02 0.72 k 0.16

ATP 7.80 k 0.41 9.07 k 0.97

CoA 0.19 k 0.08 0.23 k 0.02

FAD 0.09 k 0.00 0.12 k 0.01

NAD+ 2.65 k 0.18 3.04 k 0.32

NADH 0.15 k 0.04 0.05 k 0.01

NADP+ 0.57 k 0.08 0.78 k 0.07

NADPH 2.70 k 0.62 2.10 k 0.72

Other

Glffcose-1-phosphate 0.15 k 0.03 0.18 k 0.03

Glycerol-3-phosphate 0.03 k 0.02 0.10 k 0.01

Trehalose 93.56 k 6.79 50.33 k 4.71

Trehalose-6-phosphate 0.23 k 0.03 0.42 k 0.02

UDP-Glffcose 2.62 k 0.29 2.78 k 0.16
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Abstrat

Pyrfffiate and acetyl-coenzyme A, located at the interface betfleen glycolysis and

TCA cycle, are important intermediates in yeast metabolism and key precffrsors for

indffstrially relefiant prodffts. Rational engineering of their sffpply reqffires knofll-

edge of compensatory reactions that replace predominant pathflays flhen these are

inactifiated. his stffdy infiestigates effets of indifiidffal and combined mfftations

that inatifiate the mitochondrial pyrfffiate-dehydrogenase (PDH) compleffi, effitrami-

tochondrial citrate synthase (Cit2) and mitochondrial CoA-transferase (Ach1) in Sac-

charomices cerevisiae. Additionally, strains flith a constitfftifiely effipressed carnitine

shfftle flere constrffted and analyzed. A predominant role of the PDH compleffi in

linking glycolysis and TCA cycle in glffcose-grofln batch cffltffres coffld be fffnc-

tionally replaced by the combined actifiity of the cytosolic PDH bypass and Cit2.

Strongly impaired groflth and a high incidence of respiratory deciency in pda1Δ

ach1Δstrains shofled that synthesis of intramitochondrial acetyl-CoA as ametabolic

precffrsor reqffires actifiity of either the PDH compleffi or Ach1. Constitfftifie ofiereffi-

pression of AGP2, HNM1, YAT2, YAT1, CRC1 and CAT2 enabled the carnitine shfftle

to efciently link glycolysis and TCA cycle in ॲ-carnitine-sffpplemented, glffcose-

grofln batch cffltffres. Strains in flhich all knofln reactions at the glycolysis-TCA

cycle interface flere inactifiated still grefl sloflly on glffcose, indicating additional

effiibility at this key metabolic jffnction.

Pffblished in: FEMS Yeast Research (2016) 16:fofl017.
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4.1 Iॴॺॸॵ४ॻ३ॺ९ॵॴ

In many organisms, the Embden-Meyerhof fiariant of glycolysis catalyzes offiidation of

glffcose to pyrfffiate. he sffbseqffent offiidatifie decarboffiylation of pyrfffiate yields acetyl

coenzyme A (acetyl-CoA), flhich can be ffflly offiidized to carbon dioffiide in the tricar-

boffiylic acid (TCA) cycle. In addition to their roles as dissimilatory pathflays, glycolysis

and TCA cycle profiide key biosynthetic precffrsors. Both of these ۜteffitbook pathflays

hafie been intensifiely stffdied bfft, efien in the intensifiely stffdied effkaryotic model or-

ganism Saccharomices cerevisiae, their interface is less flell ffnderstood.

Cytosolic pyrfffiate can be imported into the mitochondrial matriffi fiia the trans-

porters Mpc1, 2 and/or 3 (23, 116). Diret offiidatifie decarboffiylation by the mitochon-

drial pyrfffiate-dehydrogenase (PDH) compleffi yields acetyl-CoA in the mitochondrial

matriffi (pyrfffiate + NAD+ + CoA −−→ acetylۗCoAmit + NADH + H+ + CO2). Nffll mff-

tants in PDA1, flhich encodes the essential E1α sffbffnit of the PDH compleffi, shofl a

redffced groflth rate in aerobic batch cffltffres on glffcose synthetic media (338). More-

ofier, they effihibit an increased freqffency of respiratory-decient mfftants and loss of

mitochondrial DNA (338). Alternatifiely, acetyl-CoA can be formed in the cytosol of

S. cerevisiae fiia a reaction seqffence knofln as the PDH bypass (122, 244), consisting

of pyrfffiate decarboffiylase (pyrfffiate −−→ acetaldehyde + CO2), acetaldehyde dehy-

drogenase (acetaldehyde + NAD+ + H2O −−→ acetate + NADH + H+) and acetyl-CoA

synthetase (acetate + ATP + CoA −−⇀↽−− acetylۗCoAcyt + AMP + PPi). Glffcose-grofln

cffltffres of S. cerevisiae, flhich ffnlike many other effkaryotes does not contain ATP-

citrate lyase (20), depend on this roffte for synthesis of acetyl-CoA in the nffcleocytosolic

compartment, flhere it ats as a precffrsor for synthesis of lipids, N -acetylglffcosamine,

sterols and lysine (81, 82, 230) and as acetyl donor for protein acetylation (114, 306). An

obserfied 13% redffction of the biomass yield on glffcose of pda1Δ mfftants in aerobic,

glffcose-limited chemostat cffltffres flas qffantitatifiely consistent flith reroffting of res-

piratory pyrfffiate metabolism fiia the cytosolic, ATP-consffming PDH bypass (245). he

nffcleocytosolic localization of acetyl-CoA synthetase in S. cerevisiae (14, 142, 244, 306)

implies that the PDH bypass cannot diretly generate intramitochondrial acetyl-CoA.

Tflo mechanisms might link glycolysis and the TCA cycle in PDH-negatifie S. cerevisiae

mfftants (Figffre 4.1). Firstly, cytosolic acetyl-CoA might rst be confierted to citrate fiia

the effitramitochondrial citrate synthase isoenzyme Cit2 (Figffre 4.1) (152, 321), follofled

by ffptake of citrate fiia the mitochondrial transporter Ctp1 (147). Alternatifiely, a trans-

port or shfftle mechanism might catalyze translocation of cytosolic acetyl-CoA into the

mitochondria.

In many effkaryotes, the carnitine shfftle is responsible for translocation of acetyl

moieties across organellar membranes. he carnitine shfftle infiolfies cytosolic and or-

ganellar acetyl-CoA:carnitine O-acetyltransferases (acetylۗCoA + ॲۗcarnitine −−⇀↽−−

acetylۗॲۗcarnitine + CoA) (15). In S. cerevisiae, acetyl-ॲ-carnitine can be transported

across the mitochondrial membrane by the mitochondrial acetyl-carnitine translocase

Crc1 (84, 160, 233, 258). he three acetyl-carnitine transferases in S. cerevisiae hafie dif-

ferent sffbcellfflar localizations: Cat2 is peroffiisomal and mitochondrial (69), Yat1 is lo-

calised to the offter mitochondrial membrane (271) and Yat2 is reported to be cytosolic

(129, 159, 305). Since S. cerevisiae cannot synthesize ॲ-carnitine de novo, actifiity of the
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Figure 4.1. Mechanisms important for the profiision of acetyl moieties in Saccharomices cerevisiae mitochon-

dria. In glycolysis glffcose is confierted to pyrfffiate, flhich can be transported into the mitochondria fiia the

mitochondrial pyrfffiate carriers Mpc1, Mpc2 and Mpc3, follofled by its confiersion to acetyl-CoA fiia the pyrff-

fiate dehydrogenase (PDH) compleffi. Alternatifiely, pyrfffiate can be confierted to cytosolic acetyl-CoA fiia the

pyrfffiate dehydrogenase bypass. Cytosolic acetyl-CoA can be condensed flith offialoacetate fiia Cit2 to form

citrate, flhich can be effichanged flith, for effiample, mitochondrial offialoacetate, and hence fffel the TCA cycle.

Acetate from the cytosol can also be actifiated to mitochondrial acetyl-CoA fiia Ach1 by transfer of the CoA

groffp from sffccinyl-CoA to acetate. Only flhen cells are sffpplemented flith ॲ-carnitine, the carnitine shfftle

can transport cytosolic acetyl ffnits into the mitochondria. Abbrefiiations: ͠-KG, ͠-ketoglfftarate; Acs1, Acs2,

acetyl-CoA synthetase; Ach1, CoA transferase; ADH, alcohol dehydrogenase; ALD, acetaldehyde dehydroge-

nase; CAT, carnitine acetyltransferase; Cit2, citrate synthase; Crc1, acetyl-carnitine translocase; Mpc1, Mpc2,

Mpc3, mitochondrial pyrfffiate carrier; OAA, offialoacetate; PDC, pyrfffiate decarboffiylase; PDH, pyrfffiate de-

hydrogenase compleffi.

carnitine shfftle is stritly dependent on ffptake of effiogenoffs carnitine fiia the Hnm1

transporter, flhose effipression is regfflated by Agp2 (4, 257, 258, 305). Strong transcrip-

tional repression of the carnitine shfftle strffctffral genes by glffcose (69, 151, 271) floffld

seem to prefient an important contribfftion in glffcose-grofln batch cffltffres, efien flhen

carnitine is present.

At least tflo metabolic processes in S. cerevisiae are stritly dependent on intrami-

tochondrial acetyl-CoA. Althoffgh the bfflk of lipid synthesis in S. cerevisiae occffrs in

the cytosol, long-chain faty acids needed for lipoic acid biosynthesis are efficlffsifiely

synthesized in the mitochondrial matriffi (24). Additionally, arginine biosynthesis re-

qffires catalytic amoffnts of intramitochondrial acetyl-CoA (138). he ability of pda1Δ

mfftants to grofl on glffcose in synthetic media lacking ॲ-carnitine indicates that, in

addition to the PDH compleffi, S. cerevisiae mffst contain at least one other mechanism

for mitochondrial acetyl-CoA profiision. Ach1, a key candidate for this role, flas rst

described as an acetyl-CoA hydrolase (28, 181). Later, it flas demonstrated to hafie in

fat a mffch higher in vitro actifiity for the transfer of the CoA groffp from fiarioffs
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acyl-CoA sffbstrates to other organic acids (80). One sffch reaction infiolfies the transfer

of the CoA-groffp from sffccinyl-CoA to acetate, forming acetyl-CoA (sffccinylۗCoA +

acetate −−⇀↽−− acetylۗCoA + sffccinate). his Ach1 catalyzed reaction coffld generate mi-

tochondrial acetyl-CoA from acetate, derified from the PDH bypass, and mitochondrial

sffccinyl-CoA, derified from the TCA cycle (fiia the α-ketoglfftarate dehydrogenase com-

pleffi) or fiia ATP-dependent actifiation of sffccinate by sffccinyl-CoA ligase (sffccinate +

ATP + CoA −−⇀↽−− sffccinylۗCoA + ADP + Pi). Althoffgh a role of Ach1 in mitochondrial

acetyl-CoA synthesis has been shofln before (68, 80, 225), its signicance in glffcose-

grofln batch cffltffres of flild-type and mfftant S. cerevisiae strains remains to be elffci-

dated.
he aim of the present stffdy is to assess the relatifie importance of different alterna-

tifie reactions actifie at the interface of glycolysis and TCA cycle in S. cerevisiae strains
that lack a fffnctional PDH compleffi. To this end, fle reinfiestigated groflth of pda1Δ S.
cerevisiae on glffcose in synthetic mediffm and analysed the effets of additional nffll mff-
tations in ACH1 and CIT2 on groflth rate, respiratory competence and metabolite for-
mation. Moreofier, fle infiestigate flhether constitfftifie effipression of carnitine-shfftle
genes enables the carnitine shfftle to fffnction as an effectifie link betfleen glycolysis
and TCA cycle in glffcose-grofln batch cffltffres sffpplemented flith ॲ-carnitine.  

4.2 M१ॺ५ॸ९१ॲॹ १ॴ४ ॳ५ॺ८ॵ४ॹ

Gॸॵॽॺ८ ॳ५४९१

Yeast-effitrat/peptone (YP) mediffm flas prepared flith demineralized flater, 10 g·L-1 Bato yeast

effitrat (BD, Franklin Lakes, NJ, USA) and 20 g·L-1 Bato peptone (BD). Synthetic mediffm flith

ammoniffm as nitrogen soffrce (SM-ammoniffm) flas prepared according to Verdffyn et al. (326).

Synthetic mediffm flith other nitrogen soffrces flas prepared similarly, bfft flith 38 mM K2SO4

instead of (NH4)2SO4 and flith 38 mM ffrea (SM-ffrea), 76 mM ॲ-glfftamate (SM-glfftamate). hese

modications flere made to maintain eqffifialent concentrations of nitrogen and sfflfate relatifie

to the original mediffm description. Media flith these alternatifie nitrogen soffrces flere sterilized

flith 0.2 μm botle-top lters (hermo Fisher Scientic, Waltham, MA, USA). Solid media flere

prepared by addition of 20 g·L-1 agar (BD) prior to heat sterilization of the mediffm for 20 min at

121 ◦C.

Sॺॸ१९ॴॹ, ७ॸॵॽॺ८ ३ॵॴ४९ॺ९ॵॴॹ १ॴ४ ॹॺॵॸ१७५

he S. cerevisiae strains ffsed in this stffdy (Table 4.1) share the CEN.PK genetic backgroffnd (71,

222). Shake-ask cffltffres flere grofln at 30 ◦C in 500 mL asks containing 100 mL SM-ammoniffm

flith 20 g·L-1 glffcose, in an Innofia incffbator shaker (Nefl Brffnsflick Scientic, Edison, NJ, USA)

set at 200 rpm. Stock cffltffres flere grofln in YP mediffmflith 20 g·L-1 glffcose. For strains IMK640,

IMK641, IMX710 and IMX744, 2% (fi/fi) ethanol flas ffsed as carbon soffrce to prefient loss of respira-

tory competence. Frozen stocks flere prepared by adding 30% (fi/fi) glycerol to effiponentially grofl-

ing cffltffres and stored in 1 mL aliqffots at -80 ◦C. To indffce sporfflation, strains flere pre-grofln

in YP mediffm flith 10 g·L-1 potassiffm acetate, follofled by incffbation in sporfflation mediffm

(demineralized flater, 20 g·L-1 potassiffm acetate, pH 7.0) (75).

Sॺॸ१९ॴ १ॴ४ ॶॲ१ॹॳ९४ ३ॵॴॹॺॸॻ३ॺ९ॵॴ

S. cerevisiae strains flere transformed according to Gietz and Woods (97). Mfftants flere seleted

on solid YP mediffm, sffpplemented flith 20 g·L-1 glffcose and the appropriate antibiotic, 200

mg·L-1 G418 (InfiifioGen, San Diego, CA, USA) or 100 mg·L-1 noffrseothricin (Jena Bioscience,
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Table 4.1. Saccharomices cerevisiae strains ffsed in this stffdy and their relefiant genotypes.

Name Relevant genotype Parental strain(s) Origin

CEN.PK113-7D MATa P. Köter
IMK439 MATα ura3Δ::lohP-kanMX-lohP CEN.PK113-1A (100)
IMX585 MATa can1Δ::cas9-natNT2 CEN.PK113-7D (200)
CEN.PK541-1A MATa pda1Δ::lohP-kanMX-lohP his stffdy
CEN.PK542-1A MATα cit2Δ::lohP-kanMX-lohP his stffdy
CEN.PK544-4D MATa pda1Δ::lohP-kanMX-lohP

cit2Δ::lohP-kanMX-lohP
his stffdy

IMK627 MATa ach1Δ::lohP-natNT2-lohP CEN.PK113-7D his stffdy
IMK629 MATα cit2Δ::lohP-kanMX-lohP

ach1Δ::lohP-natNT2-lohP
CEN.PK542-1A his stffdy

IMK640 MATa pda1Δ::lohP-kanMX-lohP
ach1Δ::lohP-natNT2-lohP

CEN.PK541-1A his stffdy

IMK641 MATa pda1Δ::lohP-kanMX-lohP
cit2Δ::lohP-kanMX-lohP
ach1Δ::lohP-natNT2-lohP

CEN.PK544-4D his stffdy

IMX710 MATa can1Δ::cas9-natNT2 pda1Δ ach1Δ IMX585 his stffdy
IMX744 MATa can1Δ::cas9-natNT2 pda1Δ ach1Δ

sga1Δ::{CARN}*
IMX710 his stffdy

IMD015 MATα ura3Δ::lohP-kanMX-lohP × MATa URA3
can1Δ::cas9-natNT2 pda1Δ ach1Δ
sga1Δ::{CARN}

IMK439 × IMX744 his stffdy

IMX868 MATα can1Δ::cas9-natNT2 URA3 PDA1 ACH1
sga1Δ::{CARN}

IMD015 his stffdy

*{CARN}, pTDH3-AGP2-tAGP2 pPGK1-HNM1-tHNM1 pADH1-YAT2-tYAT2 pPGI1-YAT1-tYAT1 pTPI1-
CRC1-tCRC1 pTEF1-CAT2-tCAT2

Jena, Germany). SM containing 10 mM acetamide as the sole nitrogen soffrce (SM-acetamide) flas

ffsed for selection of the amdSYM marker (288). Deletion cassetes for PDA1 and CIT2 flere con-

strffted flith a PCR-based method ffsing pUG6 as template (108), ffsing primer pairs 9087 & 9088

and 9089 & 9090, respectifiely. hffs amplied kanMX cassetes flere ffsed to replace the target

genes in the prototrophic diploid strain CEN.PK122 (MATa/MATα). Transformants flere fieried

for corret gene replacement by diagnostic PCR (Table S4.2). After sporfflation and tetrad dissec-

tion, the haploid deletion strains CEN.PK541-1A (MATa pda1Δ) and CEN.PK542-1A (MATα cit2Δ)

flere obtained. To obtain a strain flith both CIT2 and PDA1 deleted, strains CEN.PK541-1A and

CEN.PK542-1A flere crossed. After tetrad dissection, spores shofling the non-parental ditype for

the kanMX marker flere analysed by diagnostic PCR to conrm corret deletion of both genes,

resfflting in strain CEN.PK544-4D (MATa pda1Δ cit2Δ). Deletion of ACH1 in strains CEN.PK113-

7D, CEN.PK542-1A, CEN.PK541-1A and CEN.PK544-4Dflas achiefied by integration of the natNT2

marker into its locffs.he natNT2 cassete flas PCR amplied from pUG-natNT2 (164) flith primer

pair 3636 & 3637. Corret deletion flas fieried by colony PCR (195) ffsing the primers shofln in

Table S4.2, resfflting in strains IMK627, IMK629, IMK640 and IMK641, respectifiely.

IMX710 flas constrffted by remofiing PDA1 and ACH1 in strain IMX585 ffsing the CRISPR/-

Cas9 system, by introdffction of a plasmid containing tflo gffideRNA (gRNA) cassetes, targeting

PDA1 and ACH1. he plasmid flas constrffted as described before (200), flith primers 5794 & 6159

to incorporate the appropriate target sites and flith pROS13 as a backbone, resfflting in plasmid

pUDE340. Strain IMX585 flas transformed flith plasmid pUDE340 together flith the repair frag-

ments that flere obtained by annealing primers 6157 & 6158 (PDA1 deletion) and 6160 & 6161

(ACH1 deletion). After conrmation of the gene deletions ffsing diagnostic PCR (Table S4.2), plas-

mid pUDE340 flas remofied as described before (200), resfflting in strain IMX710.

Strain IMX744flas obtained by placing the genes encoding the carnitine shfftle proteins (HNM1,

AGP2, CRC1, YAT1, YAT2 and CAT2), ffnder control of strong constitfftifie promoters and integrat-
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ing them into the SGA1 locffs. SGA1 encodes a glffcoamylase that is not effipressed dffring fiegetatifie

groflth of S. cerevisiae (342). Its inactifiation flas therefore considered to be nefftral ffnder the con-

ditions employed in this stffdy. For this pffrpose, the constitfftifie promoters pTPI1, pTDH3, pADH1,

pTEF1, pPGK1 and pPGI1flere amplied by PCR from plasmids pUD301 ۗ pUD306 (167) (Table S4.1

and S4.3). he ORFs of the siffi genes infiolfied in the carnitine shfftle, together flith their termi-

nator seqffences, flere amplied from the CEN.PK113-7D genome and fffsed to the constitfftifie

promoters flith fffsion PCR (344) (See Table S4.3 for primers and templates). Gene cassetes flere

ligated in pJET1.2 (Life Technologies, Carlsbad, CA, USA) and the resfflting plasmids (pUD366 ۗ

pUD371; Table 4.1) flere fieried by Sanger seqffencing (BaseClear BV, Leiden, he Netherlands).

he plasmid flith the gRNA cassete targeting SGA1 (pUDR119) flas constrffted by Gibson Assem-

bly of the pMEL11 backbone (200), obtained by PCR flith pMEL11 as a template and ffsing primers

5792 & 5980, and the gRNA cassete, obtained by PCR flith primers 5979 & 7023 ffsing the same

template. Strain IMX710 flas transformedflith plasmid pUDR119 and the siffi gene cassetes, ampli-

ed from plasmids pUD366 ۗ pUDE371 flith PCR ffsing primers as indicated in Table S4.3. he siffi

gene cassetes flere concatenated fiia in vivo homologoffs recombination, mediated by 60 bp ofier-

lapping seqffences, and after a Cas9 indffced doffble-strand break, integrated into the SGA1 locffs.

After conrmation of corret integration by diagnostic PCR (for primers see Table, pUDR119 flas

remofied as described before (200), resfflting in strain IMX744 (MATa can1Δ::cas9-natNT2 pda1Δ

ach1Δ sga1Δ::pTDH3-AGP2-tAGP2 pPGK1-HNM1-tHNM1 pADH1-YAT2-tYAT2 pPGI1-YAT1-tYAT1

pTPI1-CRC1-tCRC1 pTEF1-CAT2-tCAT2). he set of genes that are infiolfied in the carnitine shfftle

and introdffced in the SGA1 locffs are fffrther referred to as {CARN}. IMX868 flas obtained by cross-

ing, sporfflation and spore dissection. Strain IMX744 (MATa) flas crossed flith IMK439 (MATα) by

seleting for diploids on YP mediffm flith 20 g·L-1 glffcose, G418 and noffrseothricin. he resfflting

diploid IMD015 flas sporfflated and the asci flere disseted on YP flith 20 g·L-1 glffcose ffsing a

micromanipfflator (Singer Instrffments, Watchet, UK). One spore flith the desired genotype (PDA1

ACH1 URA3 sga1Δ::{CARN}) flas stocked as IMX868.

Mॵॲ५३ॻॲ१ॸ २९ॵॲॵ७ॿ ॺ५३८ॴ९q५ॹ

PCR amplication flith Phffsionh Hot Start II High Fidelity Polymerase (hermo Fisher Scien-

tic) flas performed according to the manfffactffrers instrffctions ffsing HPLC- or PAGE-pffried

oligonffcleotide primers (Sigma-Aldrich). Diagnostic PCR flas done fiia colony PCR on randomly

picked yeast colonies, ffsing DreamTaq (hermo Fisher Scientic) and desalted primers (Sigma-

Aldrich). DNA fragments obtained by PCR flere separated by gel electrophoresis on 1% (fl/fi)

agarose gels (hermo Fisher Scientic) in TAE bffer (hermo Fisher Scientic) at 100 V for

30 min. Alternatifiely, fragments flere pffried ffsing the GenElffte™ PCR Clean-Up Kit (Sigma-

Aldrich). Plasmids flere isolated from Escherichia coli flith Sigma GenElffte™ Plasmid kit (Sigma-

Aldrich) according to the sffppliers manffal. Yeast genomic DNA flas isolated ffsing a YeaS-

tar Genomic DNA kit (Zymo Research) or ffsing an SDS/LiAc-based lysis protocol (195). E. coli

DH5α (18258ۗ012, Life Technologies) flas ffsed for chemical transformation or for electropora-

tion. Chemical transformation flas done according to Inoffe et al. (133). Electrocompetent DH5α

cells flere prepared according to Bio-Rads protocol, flith the effiception that dffring the prepara-

tion of competent cells, E. coli flas grofln in LB mediffm flithofft NaCl. Electroporation flas done

in a 2 mm cfffiete (165ۗ2086, Bio-Rad, Hercffles, CA, USA) ffsing a Gene Pfflser Xcell Electropora-

tion System (Bio-Rad), follofling the manfffactffrers protocol.

Gॸॵॽॺ८ ॹॺॻ४९५ॹ ॵॴ ॻॸ५१ १ॴ४ ॲ-७ॲॻॺ१ॳ१ॺ५ १ॹ ॴ९ॺॸॵ७५ॴ ॹॵॻॸ३५

Groflth stffdies flere condffted at 30 ◦C in 500-mL asks. To prefient nfftrient carry ofier from

stock cffltffres, strains flere pre-grofln in tflo seqffential shake asks in flhich biomass formation

flas not limited by the amoffnt of carbon soffrce bfft by the nitrogen soffrce. To this end, 200-μL cell

sffspension from frozen stocks flere inocfflated in 100 mL SM-glfftamate flith a decreased initial
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ॲ-glfftamate concentration of 1.5 mM and flith 20 g·L-1 glffcose. After reaching stationary phase,

biomass flas centrifffged (4 ◦C, 5 min at 3,000 g). he pellet flas flashed tflice flith demineralised

flater, resffspended in demineralised flater and ffsed to inocfflate a second shake ask flith the

same mediffm. After reaching stationary phase, the same procedffre flas performed and a nal set

of shake asks, containing either 100 mL SM-ffrea or SM-glfftamate and 20 g·L-1 glffcose, flas inoc-

fflated for groflth rate determination,. Where indicated, ॲ-carnitine (Sigma-Aldrich) flas added at

a nal concentration of 0.4 g·L-1. Optical density at 660 nmflas measffred at regfflar time interfials

flith a Libra S11 spectrophotometer (Biochrom, Cambrige, UK).

B१ॺ३८ १ॴ४ ३८५ॳॵॹॺ१ॺ ३ॻॲॺॻॸ५ॹ ९ॴ २९ॵॸ५१३ॺॵॸॹ

Controlled batch and chemostat cffltffres flere grofln at 30 ◦C in 2-L bioreactors (Applikon,

Schiedam, he Netherlands) flith florking fiolffmes of 1 L. Pre-cffltffres for batch cffltifiation flere

grofln in shake asks containing 100 mL SM-ffrea and 20 g·L-1 glffcose. Pre-cffltffres for chemostat

effiperiments flere grofln in shake asks flith 100 mL SM-glfftamate and 20 g·L-1 glffcose. Before

inocfflation of the bioreactors, pre-cffltffres flere flashed once flith demineralised flater. Dffring

the batch phase in bioreactors, cells flere grofln in SM-ammoniffm (326) flith 20 g·L-1 glffcose

and 0.3 g·L-1 antifoam Plffronic PE 6100 (BASF, Lffdfligshafen, Germany). When a rapid decrease

in CO2 prodffction indicated glffcose depletion, continffoffs cffltifiation flas initiated at a dilfftion

rate of 0.05 h-1. Dffring this chemostat phase, cells flere grofln on SM-ammoniffm flith 7.5 g·L-1

glffcose and 0.15 g·L-1 antifoam Plffronic PE 6100. Cffltffre pH flas maintained at 5.0 by afftomatic

addition of 2 M KOH. Where indicated, 0.04 g·L-1 ॲ-carnitine flas added to a sterilized bioreactor

or mediffm fiessel from a lter-sterilized stock of 40 g·L-1. To ensffre ffflly aerobic conditions, the

bioreactors flere sparged flith 500 mL·min-1 air and stirred at 800 rpm.

Aॴ१ॲॿॺ९३१ॲ ॳ५ॺ८ॵ४ॹ १ॴ४ ३१ॲ३ॻॲ१ॺ९ॵॴॹ

Chemostat steady-state samples flere taken betfleen 7 and 12 fiolffme changes after inocfflation.

Chemostats flith CEN.PK113-7D flere assffmed to be in steady state flhen, after at least fie fiol-

ffme changes, carbon dioffiide prodffction rates changed by less than by 4% ofier 2 fiolffme changes.

Dffe to selectifie pressffre in the chemostats, IMK640 did not reach this reqffirement and flas sam-

pled after 7-12 fiolffme changes. Dry fleight measffrements, HPLC analysis of sffpernatants and

o-gas analysis flere performed as described prefiioffsly (162). Biomass-specic prodffction rates

of ethanol flere correted for efiaporation as described prefiioffsly (104). Samples for analysis of

effitracellfflar metabolite concentrations (e.g. residffal glffcose) flere taken flith the stainless-steel-

bead rapid-qffenching method (207). HPLC qffantication of acetaldehyde measffrements flere

performed as described prefiioffsly (11) flith some modications (166). For aerobic batch cffltffres,

maffiimffm specic groflth rates (µmaffi) in the glffcose phase flere calcfflated fiia linear regression

of the natffral logarithm of at least fie OD660 measffrements. Biomass yield on sffbstrate (Yffi/s in

g dry fleight·(mmol glffcose)-1) and prodfft yields on sffbstrate (Yi/s in mol·(mol glffcose)-1) flere

calcfflated fiia linear regression on at least three effiperimental data points, flith an interfial of at

least 2 h. Maffiimffm biomass-specic glffcose consffmption rates (qsmaffi
) flere calcfflated by difiid-

ing µmaffi by Yffi/s and maffiimffm biomass specic prodffction rates flere calcfflated by mffltiplying

the ratio of prodffced compoffnd ofier prodffced biomass by µmaffi, based on the assffmption that

groflth stoichiometries remained constant dffring the effiponential groflth phase.

D५ॺ५ॸॳ९ॴ१ॺ९ॵॴ ॵ६ १३३ॻॳॻॲ१ॺ९ॵॴ ॵ६ ॸ५ॹॶ९ॸ१ॺॵॸॿ ४५६९३९५ॴॺ ॳॻॺ१ॴॺॹ

Shake asks flith YP and 2% (fi/fi) ethanol flere inocfflated from frozen stocks. Stationary-phase

cffltffres flere ffsed to inocfflate nefl 100-mL shake asks, flith 20 mL SM-glfftamate and 20 g·L-1

glffcose at an estimated initial OD660 of 0.001. After 12 generations (based on OD660 measffre-

ments), ~100 cells per plate flere applied on solid YP mediffm containing 20 g·L-1 glffcose. Colonies

flere replica plated on YP flith 2% ethanol and YP flith 20 g·L-1 glffcose.he nffmber of colonies on
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each mediffm flas coffnted and the fraction of respiratory-decient mfftants flas estimated from

the fraction of the colonies that grefl on YP-glffcose mediffm bfft not on YP-ethanol mediffm. Tflo

independent plating effiperiments flere performed for each strain, flith 10 plates per effiperiment.

C१ॸॴ९ॺ९ॴ५ १३५ॺॿॲॺॸ१ॴॹ६५ॸ१ॹ५ ५ॴঀॿॳ५ १ॹॹ१ॿ

Cffltffre samples (corresponding to ca. 62.5 mg dry fleight), harfiested from effiponentially grofling

shake asks cffltffres on SM-ammoniffmflith 20 g·L-1 glffcose, flereflashed, stored and prepared as

described prefiioffsly (241). Cell effitrats flere prepared flith a FastPrep-24 machine (M.P. Biomed-

icals, Irfiine, CA, USA) ffsing 4 bffrsts of 20 s at a speed of 6.0 m·s-1 flith 30 s cooling interfials

at 0 ◦C as described before (162). After remofial of cells and debris by centrifffgation (4 ◦C, 20

min at 48,000 g), the sffpernatant flas ffsed for enzyme assays. Carnitine acetyl-transferase actifi-

ity flas measffred at 30 ◦C on a Hitachi model U-3010 spectrophotometer (Sysmeffi, Norderstedt,

Germany) by monitoring absorbance at 412 nm, flhich is proportional to the amoffnt of free CoA

(85). he reaction miffitffre, flith a nal fiolffme of 1 mL, contained 100 mM Tris-HCl (pH 8), 0.5

mM acetyl-CoA, 0.1 mM DTNB and cell effitrat. he reaction flas started by adding 40 μL of 1 M

ॲ-carnitine solfftion, to a nal concentration of 40 mM. Enzyme actifiities flere calcfflated ffsing

Beers lafl flith an effitinction coefcient (ǫ) for TNB2ۗ of 14.15 mM-1·cm-1 (252). To determine

the qffality of the cell effitrats, and thereby to eliminate poor effitrat qffality as the caffse of the

absence of carnitine acetyltransferase actifiity in some cffltffres, actifiity of glffcose-6-phosphate

dehydrogenase flas determined as described prefiioffsly (241). Reaction rates flere proportional

to the amoffnts of cell effitrat added. Enzyme actifiities flere measffred in cell effitrats from tflo

independently grofln shake ask cffltffres. Protein concentrations in cell effitrats flere determined

flith the Loflry method (197).

 

4.3 R५ॹॻॲॺॹ

4.3.1 Determination of the speciटc growth rates of pda1Δ, cit2Δ and ach1Δ mutants

Stffdying the interface betfleen glycolysis and the TCA cycle in S. cerevisiae is compli-

cated by the different possible fates of mitochondrial acetyl-CoA: diret ffse for synthesis

of arginine, leffcine and lipoate; complete dissimilation fiia the TCA cycle; and genera-

tion of TCA-cycle intermediates as biosynthetic precffrsors. Only the rst of these fates

is stritly dependent on afiailability of intramitochondrial acetyl-CoA. To assess the rel-

efiance of the PDH compleffi, Cit2 and Ach1 (Figffre 4.1) for the three processes indicated

abofie, specic groflth rates of deletion mfftants flere determined in glffcose synthetic

mediffm flith either ffrea or glfftamate as the nitrogen soffrce. Of these tflo nitrogen

soffrces, only glfftamate can yield α-ketoglfftarate and, thereby, profiide an alternatifie

soffrce of TCA-cycle intermediates as biosynthetic precffrsors.

In glffcose-grofln cffltffres flith glfftamate as the nitrogen soffrce, only strains IMK640

(pda1Δ ach1Δ) and IMK641 (pda1Δ cit2Δ ach1Δ) shofled sffbstantially lofler specic

groflth rates than the reference strain CEN.PK113-7D, flhile single deletions of PDA1,

CIT2 or ACH1 did not affet groflth (Table 4.2). In S. cerevisiae, actifiity of either the PDH

compleffi or Ach1 therefore appears to be enoffgh to profiide sfffcient intramitochondrial

acetyl-CoA for synthesis of arginine, leffcine and lipoate. Consistent flith the hypothe-

sis that mitochondrial acetyl-CoA afiailability is limiting groflth, addition of ॲ-carnitine,

flhich enables sffpply of intramitochondrial acetyl-CoA fiia the carnitine shfftle, led to a
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Table 4.2. Eet of remofiing key reactions at the interface betfleen glycolysis and TCA cycle interface on the
specic groflth rate on glffcose. Strains flere grofln in shake ask cffltffres on synthetic mediffm flith 20 g·L-1

glffcose flith either 38 mM ffrea or 76 mM glfftamate as the sole nitrogen soffrce. Where indicated, ॲ-carnitine
flas added at a nal concentration of 400 mg·L-1. he data represent afierages of at least tflo independent
effiperiments. In all cases the mean defiiation flas 6 0.01 h-1. Backgroffnd bars represent groflth rates relatifie
to the highest obserfied fialffe (0.38 h-1).

Strain Relevant genotype Specific growth rate (h-1)

N-source

urea glutamate urea glutamate
w/o l-carnitine w/ l-carnitine

CEN.PK113-7D PDA1 CIT2 ACH1 0.35 0.37 0.35 0.38
CEN.PK541-1A pda1Δ CIT2 ACH1 0.19 0.34 0.19 0.33
CEN.PK542-1A PDA1 cit2Δ ACH1 0.34 0.36
IMK627 PDA1 CIT2 ach1Δ 0.34 0.36
IMK629 PDA1 cit2Δ ach1Δ 0.34 0.36
IMK640 pda1Δ CIT2 ach1Δ 0.10 0.09 0.13 0.16
CEN.PK544-4D pda1Δ cit2Δ ACH1 0.05 0.33 0.09 0.33
IMK641 pda1Δ cit2Δ ach1Δ 0.04 0.09 0.09 0.17

67 ۗ 94% increase of the specic groflth rates of the pda1Δ ach1Δ and pda1Δ cit2Δ ach1Δ

mfftants (Table 4.2).

With ffrea as a nitrogen soffrce, CEN.PK541-1A (pda1Δ) shofled a 45% lofler specic

groflth rate than the reference strain, flhile IMK627 (ach1Δ) shofled near flild-type

groflth rates. his resfflt is consistent flith an earlier report, based on glffcose-limited

chemostat cffltffres, that the PDH compleffi is the predominant link betfleen glycolysis

and TCA cycle in S. cerevisiae (245). Similar specic groflth rates of the IMK640 (pda1Δ

ach1Δ) strain on ffrea and glfftamate media sffggested that the obserfied redffction in

those groflth rates in comparison to the reference strain flas not caffsed by a shortage

of TCA-cycle intermediates. Additional disrffption of CIT2 (strain IMK641, pda1Δ cit2Δ

ach1Δ) led to efien slofler groflth on ffrea, flhile the groflth rate on glfftamate mediffm

flas the same as that of the pda1Δ ach1Δ strain. his obserfiation indicates that Cit2 is in-

fiolfied in fffnnelling TCA-cycle intermediates into the mitochondria in the pda1Δ ach1Δ

strain dffring groflth on ffrea mediffm. Additionally, strain CEN.PK544-4D (pda1Δ cit2Δ)

shofled strongly impaired groflth on ffrea media (0.05 h-1), bfft near flild-type rates

on glfftamate (0.34 h-1). Together flith the obserfiation that flith glfftamate as a nitro-

gen soffrce, CEN.PK544-4D (pda1Δ cit2Δ ACH1) shofls mffch faster groflth than IMK641

(pda1Δ cit2Δ ach1Δ), these groflth effiperiments sffpport the conclffsion that Ach1 is sfff-

ciently actifie to cofier the major reqffirement for intramitochondrial acetyl-CoA as a

precffrsor of arginine, leffcine and lipoate biosynthesis. Hoflefier, Ach1 cannot meet the

entire demand of acetyl-CoA for dissimilation fiia the TCA cycle and for the generation

of TCA-cycle intermediates and intramitochondrial acetyl-CoA as metabolic precffrsors.

he residffal groflth of strain IMK641 (pda1Δ cit2Δ ach1Δ, 0.04 h-1 on ffrea mediffm) indi-

cates that, in S. cerevisiae, at least one other mechanism can generate intramitochondrial

acetyl-CoA.
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Table 4.3. Eet of remofiing key reactions at the glycolysis-TCA cycle interface on loss of respiratory com-
petence in S. cerevisiae. After initial groflth in YP flith 2% (fi/fi) ethanol, cells flere transferred to SM flith 20
g·L-1 glffcose and 76 mM glfftamate as nitrogen soffrce. After 12 generations, the cffltffres flere plated on YP
flith 20 g·L-1 glffcose. After colonies flere obserfied, the plates flere replica plated on YP flith 2% (fi/fi) ethanol
and YP flith 20 g·L-1 glffcose. Percentages of cells ffnable to grofl on YP flith 2% (fi/fi) ethanol are based on
independent dffplicate effiperiments, flith 10 plates per strain per effiperiment and ~100 cells per plate. Standard
defiiations are based on 20 plates per strain.

Strain Relevant genotype Respiratory deficient cells (%)

CEN.PK113-7D PDA1 CIT2 ACH1 0.00% k 0.00%
CEN.PK541-1A pda1Δ CIT2 ACH1 0.12% k 0.31%
CEN.PK542-1A PDA1 cit2Δ ACH1 0.15% k 0.37%
IMK627 PDA1 CIT2 ach1Δ 0.16% k 0.40%
IMK629 PDA1 cit2Δ ach1Δ 0.14% k 0.45%
IMK640 pda1Δ CIT2 ach1Δ 93.88% k 4.29%
CEN.PK544-4D pda1Δ cit2Δ ACH1 0.07% k 0.21%
IMK641 pda1Δ cit2Δ ach1Δ 92.13% k 1.85%

4.3.2 Strains with decreased availabiliti of mitochondrial acetil-CoA show increased loss

of respiration

An increased incidence of respiratory decient mfftants, often associated flith loss of mi-

tochondrial DNA (rhoۗ petites) has been obserfied for sefieral mfftants in genes encoding

components of the mitochondrial faty-acid synthase system (109, 117, 314). Moreofier,

strains flith redffced mitochondrial malonyl-CoA synthesis dffe to absence of the mito-

chondrial acetyl-CoA carboffiylase Hfa1 effihibit a decreased lipoate content and loss of

respiratory competence (121). An increased incidence of rho0 petites has also been ob-

serfied in Pdhۗ strains (338). To infiestigate the impats of deleting PDA1, CIT2 and/or

ACH1 on respiratory competence, fle analysed loss of the ability to grofl on the non-

fermentable carbon soffrce ethanol, after 12 generations of groflth on synthetic mediffm

flith 20 g·L-1 glffcose and glfftamate. Most strains shofled a lofl incidence of respiratory-

decient cells (Table 4.3). Hoflefier, the tflo strains in flhich both rofftes of mitochon-

drial acetyl-CoA profiision flere disrffpted, IMK640 (pda1Δ ach1Δ) and IMK641 (pda1Δ

cit2Δ ach1Δ), displayed a spectacfflarly high incidence of respiratory decient cells (94%

and 92%, respectifiely). his resfflt strengthened the conclffsion that presence of either

an actifie PDH compleffi or of Ach1 is essential for sfffcient sffpply of intramitochon-

drial acetyl-CoA and that the role of Cit2 in pda1Δ mfftants (Table 4.2) is limited to the

profiision of TCA-cycle intermediates.

4.3.3 Carnitine- supplementation enables respiratori growth in glucose-limited cultures

of a pda1Δ ach1Δ strain

As the pda1Δ ach1Δ genotype stimfflates loss of respiratory competence, IMK640 (pda1Δ

ach1Δ) flas fffrther characterized in aerobic, glffcose-limited chemostat cffltffres at a dilff-

tion rate of 0.05 h-1. Under these conditions, sffgar dissimilation of flild-type S. cerevisiae

strains is ffflly respiratory (63, 119). Confiersely, strain IMK640 (pda1Δ ach1Δ) shofled

respirofermentatifie sffgar metabolism ffnder these conditions, as efiident from the pro-
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Table 4.4. Physiology of the S. cerevisiae reference strain CEN.PK113-7D and IMK640 (pda1Δ ach1Δ) in aerobic
glffcose-limited chemostat cffltffres flith or flithofft 40 mg·L-1 ॲ-carnitine at a dilfftion rate of 0.05 h-1. Afierages
and mean defiiations from CEN.PK113-7D and IMK640 flere obtained from respectifiely tflo and foffr repli-
cates. he respiratory qffotient is the absolffte fialffe of qCO2

/qO2
. Biomass specic consffmption (qglffcose) and

prodffction rates (qprodfft) are effipressed in mmol·gDW
-1·h-1 and the biomass yield on glffcose (Yffi/s) in g·g-1.

CEN.PK113-7D IMK640
(PDA1 ACH1) (pda1Δ ach1Δ)

Units w/o l-carnitine w/o l-carnitine w/ l-carnitine

Biomass dry fleight g·L-1 3.46 k 0.12 1.07 k 0.08 2.72 k 0.04
Yffi/s g·g-1 0.49 k 0.01 0.15 k 0.01 0.37 k 0.01
Respiratory qffotient 1.06 k 0.02 1.64 k 0.13 0.97 k 0.08
qglffcose mmol·g-1·h-1 -0.57 k 0.01 -1.87 k 0.11 -0.74 k 0.03
qO2

mmol·g-1·h-1 -1.49 k 0.05 -2.55 k 0.19 -2.24 k 0.33
qethanol mmol·g-1·h-1 0.00 k 0.00 1.26 k 0.16 0.03 k 0.04
qCO2

mmol·g-1·h-1 1.57 k 0.03 4.17 k 0.18 2.13 k 0.10
qpyrfffiate mmol·g-1·h-1 0.00 k 0.00 0.03 k 0.01 0.00 k 0.00
qglycerol mmol·g-1·h-1 0.00 k 0.00 0.03 k 0.01 0.00 k 0.00
qacetate mmol·g-1·h-1 0.00 k 0.00 0.15 k 0.02 0.00 k 0.00
qsffccinate mmol·g-1·h-1 0.00 k 0.00 0.10 k 0.05 0.02 k 0.00
qcitrate mmol·g-1·h-1 0.00 k 0.00 0.07 k 0.01 0.00 k 0.00
qacetaldehyde mmol·g-1·h-1 N.D.* 0.13 k 0.011 0.00 k 0.002

Residffal glffcose mmol·L-1 0.13 k 0.06 0.49 k 0.02 0.18 k 0.06

*N.D., not determined.
1Afierage from three replicates.
2Afierage from tflo replicates.

dffction of ethanol and a 69% lofler biomass yield on glffcose compared to the reference

strain (Table 4.4).

In aerobic, glffcose-limited chemostat cffltffres, the genes encoding the mffltiple com-

ponents of the carnitine shfftle are derepressed (Figffre S4.1). When sffch cffltffres of

strain IMK640 (pda1Δ ach1Δ) flere sffpplemented flith ॲ-carnitine, their physiology be-

came ffflly respiratory, indicated by the absence of ethanol prodffction, a decreased res-

piratory qffotient and an increased biomass yield on glffcose (Table 4.4). he 24% lofler

biomass yield of strain IMK640 relatifie to the PDA1 ACH1 reference strain (Table 4.4)

is consistent flith increased ATP consffmption as a resfflt of redirection of respiratory

pyrfffiate dissimilation fiia the PDH bypass (245).

4.3.4 Constitutive ehpression of the carnitine shutle enables fast growth of a pda1Δ ach1Δ

strain on glucose

Under glffcose-limited conditions, strain IMK640 (pda1Δ ach1Δ) does not shofl a mito-

chondrial acetyl-CoA deciency flhen ॲ-carnitine is added to the mediffm (Table 4.4).

Hoflefier, in glffcose-grofln batch cffltffres of this strain, ॲ-carnitine addition did not

sffpport flild-type groflth rates (Table 4.2), sffggesting that the ffffi throffgh the carni-

tine shfftle flas limiting mitochondrial acetyl-CoA profiision and thereby groflth ffn-

der these conditions. To test this hypothesis, effipression cassetes flere constrffted flith

each of the components of the carnitine shfftle (HNM1, AGP2, CRC1, YAT1, YAT2 and
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Table 4.5. Eet of the constitfftifie effipression of carnitine shfftle genes on groflth of pda1Δ ach1Δ S. cere-
visiae. Strains flere grofln in shake asks flith synthetic mediffm and 20 g·L-1 glffcose. As a nitrogen soffrce,
either 38 mM ffrea or 76 mM glfftamate flas ffsed. Where indicated, ॲ-carnitine flas added at a nal concentra-
tion of 400 mg·L-1. he data represent afierages of at least tflo independent effiperiments. In all cases the mean
defiiation flas 6 0.01 h-1. Backgroffnd bars represent groflth rates relatifie to the highest obserfied fialffe (0.37
h-1).

Strain Relevant genotype Specific growth rate (h-1)

N-source

urea glutamate urea glutamate
w/o l-carnitine w/ l-carnitine

IMX585 PDA1 ACH1 0.35 0.37 0.34 0.37
IMX710 pda1Δ ach1Δ 0.10 0.10 0.13 0.13
IMX744 pda1Δ ach1Δ Carnitine shfftle↑ 0.08 0.09 0.27 0.25

CAT2) placed ffnder the control of a strong, constitfftifie promoter. he resfflting siffi cas-

setes flere integrated into the SGA1 locffs of strain IMX710 (pda1Δ ach1Δ) resfflting

in strain IMX744 (pda1Δ ach1Δ sga1Δ::{CARN}). Enzyme assays shofled a high actifiity

of carnitine acetyltransferase actifiity in cell effitrats of glffcose-grofln batch cffltffres

of the constitfftifiely effipressing carnitine shfftle strain IMX744 (3.56 ± 0.20 μmol·(mg

protein)-1·min-1), flhile actifiity in reference strain IMX710 (pda1Δ ach1Δ) flas belofl

the detection limit (< 0.01 μmol·(mg protein)-1·min-1). Withofft ॲ-carnitine sffpplemen-

tation, strain IMX744 shofled similar groflth rates as the pda1Δ ach1Δ reference strain

IMX710, irrespectifie of the nitrogen soffrce (Table 4.5). Hoflefier, flhen ॲ-carnitine flas

added to the mediffm, the groflth rate of IMX744 reached ffp to 79% of that of the PDA1

ACH1 reference strain IMX585. hese data shofl that in, the presence of ॲ-carnitine, con-

stitfftifie effipression of the carnitine-shfftle genes indeed enables efcient transport of

acetyl-ffnits from the cytosol into the mitochondria in glffcose-grofln batch cffltffres.

4.3.5 A constitutiveli ehpressed carnitine shutle does not affet respiro-fermentative

metabolism in PDA1 ACH1 S. cerefiisiae

S. cerevisiae is a Crabtree-positifie yeast, ffsing alcoholic fermentation as the predomi-

nant catabolic roffte in aerobic, glffcose-grofln batch cffltffres (55). To test flhether an

alternatifie entry into the TCA cycle fiia PDH bypass and carnitine shfftle might af-

fet the distribfftion of glffcose carbon ofier respiration and fermentation in aerobic,

glffcose-grofln batch cffltffres of S. cerevisiae, fle constrffted the PDA1 ACH1 reference

strain IMX868, flhich constitfftifiely effipressed the carnitine-shfftle genes. Enzyme as-

says in glffcose-grofln batch cffltffres conrmed ofiereffipression of the carnitine acetyl-

transferases, shofling an actifiity of 3.01 ± 0.03 μmol·(mg protein)-1·min-1, flhile ac-

tifiity in the reference strain IMX585 flas belofl the detection limit (< 0.01 μmol·(mg

protein)-1·min-1). Strain IMX868 (PDA1 ACH1 sga1Δ::{CARN}) flas grofln in aerobic

bioreactor batch cffltffres flith glffcose as the carbon soffrce, in the presence and ab-

sence of ॲ-carnitine (Figffre 4.2). Dffring groflth on glffcose, the strain shofled similar

groflth rates (0.39 ± 0.00 h-1) as the reference strain CEN.PK113-7D (0.37 ± 0.01 h-1

(201)), flhen no ॲ-carnitine flas added. Upon ॲ-carnitine sffpplementation, the groflth
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Figure 4.2. Impat of the constitfftifie effipression of the carnitine shfftle on aerobic groflth of S. cerefiisiae

on glffcose in batch cffltffres. Groflth of IMX868 (CARN) flas analyzed in aerobic bioreactors on synthetic

mediffm flith an initial glffcose concentration of 20 g·L-1 flithofft (a) or flith 40 mg·L-1 ॲ-carnitine (b). Data

shofln in the graphs are from single batch effiperiments for each condition. Independent dffplicate effiperiments

for each condition gafie essentially the same resfflts. Biomass specic consffmption (qs) and prodffction rates

(qetOH) are effipressed in mmol·gDW-1·h-1, flhile yields are effipressed in g·g-1.

rate slightly decreased, to 0.36 ± 0.00 h-1. Biomass and ethanol yields flere highly simi-

lar in the absence and presence of ॲ-carnitine, indicating that the presence of an actifie

carnitine shfftle does not affet the balance betfleen respiration and fermentation in

aerobic batch cffltffres of S. cerevisiae.  

4.4 D९ॹ३ॻॹॹ९ॵॴ

Pyrfffiate and acetyl coenzyme A are key precffrsors for a flide fiariety of indffstrially

relefiant compoffnds prodffced by engineered S. cerevisiae strains (170, 186, 244, 280). De-

sign and implementation of metabolic engineering strategies to improfie ffffies toflards

these precffrsors not only reqffires knoflledge of ffffi distribfftion in flild-type strains,

bfft also on compensatory ۜback-ffp pathflays that become actifie flhen the mechanisms

that carry the majority of the ffffi in flild-type cells are inactifiated by genetic modica-

tion or by changing process conditions.

In prefiioffs flork, the PDH compleffi flas shofln to be the predominant link betfleen

glycolysis and TCA cycle in slofl grofling, glffcose-limited aerobic chemostat cffltffres,

in flhich sffgar dissimilation is efficlffsifiely respiratory (245, 338). In aerobic, glffcose-

grofln batch cffltffres S. cerevisiae employs alcoholic fermentation as the main dissimi-

latory pathflay (55, 64, 239). In sffch cffltffres, the major role of the TCA cycle is not the

dissimilation of pyrfffiate, bfft the profiision of precffrsors for assimilation.he near-flild

type groflth rates of a cit2Δ ach1Δ strain and the impaired groflth of a pda1Δ strain in

glffcose-grofln cffltffres flith ffrea as the nitrogen soffrce shofl that the combination of

mitochondrial pyrfffiate ffptake fiia the recently discofiered Mpc1/Mpc2 ۜMpcFerm mi-

tochondrial carrier compleffi (12) and its confiersion by the PDH compleffi to acetyl-CoA
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is also the main entry into the TCA cycle dffring aerobic batch cffltifiation of S. cerevisiae

on glffcose (Table 4.2).

By grofling S. cerevisiae on glfftamate as the sole nitrogen soffrce, fle flere able to dis-

set the role of the PDH compleffi in the biosynthesis of TCA cycle intermediates from

its role in the diret profiision of intramitochondrial acetyl-CoA. In glffcose-grofln batch

cffltffres of S. cerevisiae, glffcose catabolism is almost completely fermentatifie (64). Con-

seqffently, in glffcose-ffrea mediffm, in flhich no diret precffrsors of TCA-cycle interme-

diates are afiailable, the majority of the ffffi throffgh the PDH compleffi flill be directed

toflards the synthesis of TCA cycle-derified metabolic precffrsors. Under these condi-

tions, cytosolic synthesis of citrate fiia Cit2 flas shofln as a key compensatory mecha-

nism in the absence of a fffnctional PDH compleffi, as efiident from the fiery slofl groflth

of the pda1Δ cit2Δ strain, flhich coffld be almost completely restored to flild-type lefi-

els flhen TCA-cycle intermediates flere effiternally sffpplied by ffsing glfftamate instead

of ffrea as the nitrogen soffrce (Table 4.2). he lack of a marked phenotype of a cit2Δ

strain in glffcose-grofln batch cffltffres indicates that Cit2 does not hafie a major role in

fffeling the TCA cycle in flild-type cells. Hoflefier, its transcriptional regfflation patern

(CIT2 is transcribed in glffcose-grofln batch cffltffres bfft repressed by glfftamate; (150))

sffggests that ffnder certain conditions Cit2 may contribffte to synthesis of TCA-cycle

intermediates and/or cytosolic acetyl-CoA homeostasis in the presence of a fffnctional

PDH compleffi. his is consistent flith prefiioffs ndings that CIT2 effipression is con-

trolled by the retrograde regfflation pathflay, a commffnication pathflay betfleen the

nffcleffs and mitochondria (42, 188, 193). As a resfflt of retrograde regfflation, fffnctional

effipression of CIT2 is ffp-regfflated flhen respiratory capacity is redffced or absent, and

flhen the TCA cycle is blocked (42, 188).

Cit2 is localised to the peroffiisomes flhen proliferation of these organelles is indffced

by oleate (183). Its localisation ffnder other groflth conditions is ambigffoffs, flith sefi-

eral sffbcellfflar fractionation stffdies indicating an at least partial cytosolic localization

in glffcose-grofln cffltffres (66, 236, 251). A clear carbon-soffrce-dependent localisation

has prefiioffsly been shofln for the MLS1-encoded malate synthase, flhose location is

peroffiisomal in oleate-indffced cffltffres bfft cytosolic dffring groflth on ethanol (176).

Glffcose-grofln cffltffres of S. cerevisiae harboffr only fiery fefl, small peroffiisomes (310).

Moreofier, Acs2, the only actifie acetyl-CoA synthetase isoenzyme in the presence of effi-

cess glffcose dffe to the glffcose repression of ACS1 and glffcose catabolite inactifiation

of Acs1, is nffcleocytosolic (13, 142). Since peroffiisomal membranes are impermeable to

acetyl-CoA (257), offr resfflts strongly indicate that, in pda1Δ strains in glffcose-grofln

batch cffltffres, Cit2 is at least partially localised to the same compartment as Acs2. Al-

thoffgh condition-dependent sffbcellfflar localization of Cit2 reqffires fffrther stffdy, the

key role of Cit2 as a compensatory enzyme in pda1Δ mfftants is ffflly consistent flith a

cytosolic localization in glffcose-grofln cffltffres.

Prefiioffs research on Ach1 mostly focffsed on its role dffring groflth on ethanol and

acetate, either as sole carbon soffrces or in their metabolism after the diaffffiic shit in

glffcose-grofln cffltffres (28, 68, 80, 181, 225). Strains flith ACH1 deleted shofl impaired

groflth at high acetate concentrations, althoffgh groflth on mediffm flith ethanol is not

affeted (28, 80). Post-diaffffiic shit ach1Δ cffltffres shofl increased effitracellfflar acetate

accffmfflation and a redffced life span (68, 225). ACH1 has been reported to be repressed
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by glffcose (181), bfft in case of the reference strain CEN.PK113-7D, high mRNA lefiels

are foffnd in cffltffres grofln ffnder conditions of glffcose repression (157). Offr groflth

effiperiments flith glfftamate as the nitrogen soffrce indicated that Ach1 can replace the

PDH compleffi in pda1Δ strains as the soffrce of intramitochondrial acetyl-CoA for syn-

thesis of arginine, leffcine and lipoic acid (Table 4.2). he impat of the impaired mito-

chondrial acetyl-CoA synthesis in pda1Δ ach1Δ strains became apparent from a strongly

redffced groflth rate and a spectacfflarly high incidence of respiratory decient cells in

glffcose-grofln batch cffltffres (Table 4.3). A mffch less pronoffnced loss of respiratory de-

ciency flas obserfied in prefiioffs effiperiments flith pda1Δ strains (338), flhich can nofl

be interpreted from a partial compensation by Ach1. he strong impat of the pda1Δ

ach1Δ strains on respiratory competence resembles the phenotypes of strains impaired

in mitochondrial faty acid synthesis (109, 117, 314), flhich has been proposed to be es-

sential for respiratory compleffi assembly (177) and reqffires mitochondrial acetyl-CoA.

he freqffent, irrefiersible loss of respiratory competence in these cells reqffires special

measffres in genetic modication and maintenance of pda1Δ ach1Δ strains. Use of non-

fermentable carbon soffrces, as applied in this stffdy, and/or inclffsion of ॲ-carnitine in

groflth media offer simple measffres to minimize the freqffency of respiratory-decient

mfftants in stock cffltffres.

Glfftamate also restores groflth of Kluiveromices lactis pda1Δ strains to near-flild

type lefiels (345), sffggesting that this yeast also harboffrs at least one compensatory

pathflay for synthesis of intramitochondrial acetyl-CoA. Indeed, the K. lactis genome

harboffrs a gene flith 82% seqffence identity of its gene prodfft flith Ach1 (65). A re-

cent stffdy has demonstrated that, in addition to profiiding acetyl-CoA in the mitochon-

drial matriffi, Ach1 can also play a role in another compensatory process. In pyrfffiate-

decarboffiylase-negatifie strains, flhere the PDH bypass cannot meet the cellfflar demand

for cytosolic acetyl-CoA, Ach1 can generate acetate from mitochondrial acetyl-CoA. Af-

ter its effiport to the cytosol and actifiation to acetyl-CoA, this enables groflth of Pdcۗ S.

cerevisiae on glffcose flithofft addition of a C2 soffrce (44).hese orthogonal roles sffggest

that Ach1 can play an important, effiible role in cytosolic and mitochondrial acetyl-CoA

homeostasis.he ffbiqffitoffs presence of seqffences homologoffs toACH1 in a large groffp

of fffngal genomes (28, 80, 336, 337), indicates that this role may be flidespread among

fffngi.

An S. cerevisiae strain in flhich the PDH compleffi, Ach1 and Cit2 flere all absent still

shofled a lofl, residffal groflth rate (Table 4.2). his obserfiation indicates that S. cere-

visiae harboffrs either another mechanism for intramitochondrial acetyl-CoA synthesis

or a pathflay that circffmfients its necessity. One effiplanation coffld be a partial target-

ing of an acetyl-CoA synthetase isoenzyme to the mitochondrial matriffi. Althoffgh most

stffdies indicate an effitramitochondrial localisation of Acs1 and Acs2 (129, 151, 159, 306),

there are also reports that Acs1 is localised to the mitochondria (153, 174). Hoflefier,

deletion of the ACS1 ORF in IMK641 (resfflting in a pda1Δ cit2Δ ach1Δ acs1Δ genotype)

did not resfflt in a lofler groflth rate than already obserfied for the pda1Δ cit2Δ ach1Δ

strain (data not shofln). Based on enzymatic analysis, it flas prefiioffsly hypothesised

that S. cerevisiae may harboffr a 2-offioacid dehydrogenase to catabolyse branched-chain

amino acids to mitochondrial acetyl-CoA (62). Hoflefier, after this yeast flas seqffenced,

it became clear that it does not contain the genes encoding the sffbffnits for this compleffi
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(98, 222). he residffal groflth rate of the pda1Δ cit2Δ ach1Δ strain illffstrates that, efien

at the interface of the tflo most intensifiely stffdied pathflays in central metabolism, offr

knoflledge of pathflay topology remains incomplete.

In contrast to the sitffation in S. cerevisiae (Table 4.2), ॲ-carnitine addition restored

groflth of a K. lactis pda1Δ strain to near flild-type lefiels (345), sffggesting that, in the

later yeast, the carnitine shfftle genes are not, or not as strongly, repressed by glffcose

as in the former. Indeed, ffnder glffcose-derepressed conditions in chemostat cffltffres,

ॲ-carnitine addition coffld restore respiratory groflth of an S. cerevisiae pda1Δ ach1Δ

strain in glffcose-limited chemostats (Table 4.4). Constitfftifie effipression of the genes in-

fiolfied in the carnitine shfftle strongly stimfflated groflth of a pda1Δ ach1Δ strain in

the presence of ॲ-carnitine (Table 4.5), indicating that there are no post-translational or

allosteric regfflation mechanisms that prefient this shfftle from operating in glffcose-

containing media. Hoflefier, the incomplete (77%) recofiery of the flild-groflth rate may

reet a remaining limitation in this pathflay in S. cerevisiae. his stffdy demonstrates,

for the rst time, that the entire carnitine shfftle in this yeast can be fffnctionally ofier-

effipressed. We therefore also infiestigated its impat in a ۜflild type PDA1 ACH1 CIT2

reference strain (Figffre 4.2). his effiperiment indicated that a mere facilitation of the

entry of acetyl-CoA into the TCA cycle does not affet the balance betfleen respiration

and fermentation in aerobic, glffcose-grofln batch cffltffres of S. cerevisiae. Glffcose re-

pression of other key genes in respiratory glffcose metabolism, e.g. those encoding TCA

cycle and mitochondrial respiratory chain proteins, constrains the respiratory capacity

ffnder these conditions (77, 92). We anticipate that S. cerevisiae strains flith a constitff-

tifiely effipressed carnitine shfftle flill profie to be fialffable tools for stffdies on metabolic

engineering of de novo ॲ-carnitine synthesis in this yeast (83) and on the reqffirements

for in vivo refiersibility of the mitochondrial carnitine shfftle (322, 330).
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Figure S4.1. mRNA lefiels from genes infiolfied in the carnitine shfftle, based on chemostat cffltffres flith

glffcose or ethanol as a carbon soffrce. Dffring nitrogen-limited conditions, the high (residffal) glffcose lefiels

caffse glffcose repression. ADH2 is inclffded for comparison flith a typical glffcose-repressible gene. Data are

obtained from (157). he bars indicate log2 of the mRNA lefiels dffring groflth on glffcose flith nitrogen as the

limiting element (blffe), dffring groflth flith carbon as the limiting element flith either glffcose (red) or ethanol

(green) as the sffbstrate.

Table S4.1. Plasmids ffsed in this stffdy

Name Relevant characteristics Origin

pUG-natNT2 Template for natNT2 cassete (164)
pUD301 pUC57 + pTPI1-pdhA E. faecalis-tTEF1 (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-lplA E. faecalis-tPMA1 (167)
pUD306 pUC57 + pPGI1-lplA2 E. faecalis-tPYK1 (167)
pMEL11 2μm ampR amdSYM gRNA-CAN1.Y (200)
pROS13 2μm ampR kanMX gRNA-CAN1.Y gRNA-ADE2.Y (200)
pUDE340 2μm ampR kanMX gRNA-PDA1 gRNA-ACH1 his stffdy
pUDR119 2μm ampR amdSYM gRNA-SGA1 his stffdy
pUD366 pJET1.2 + pTDH3-AGP2-tAGP2 his stffdy
pUD367 pJET1.2 + pPGK1-HNM1-tHNM1 his stffdy
pUD368 pJET1.2 + pADH1-YAT2-tYAT2 his stffdy
pUD369 pJET1.2 + pPGI1-YAT1-tYAT1 his stffdy
pUD370 pJET1.2 + pTPI1-CRC1-tCRC1 his stffdy
pUD371 pJET1.2 + pTEF1-CAT2-tCAT2 his stffdy
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Table S4.2. Primers ffsed in this stffdy.

Number Name Sequence 5’ → 3’

PDA1 deletion

9087 PDA1-S1B CACAATTGGTCCGCGGGTTAGGAGCTGTTCTTCGC

ACTCCCAGCTGAAGCTTCGTACGC

9088 PDA1-S2B AGCTTTGACTTCAGCTTCAGTGGCAATACCTAGAT

CAATCGCATAGGCCACTAGTGGATCTG

CIT2 deletion

9089 CIT2-S1 ATGACAGTTCCTTATCTAAATTCAAACAGAAATGT

TGCATCAGCTGAAGCTTCGTACGC

9090 CIT2-S2 CTATAGTTTGCTTTCAATGTTTTTGACCAATTCCT

TGTATGCATAGGCCACTAGTGGATCTG

ACH1 deletion

3636 ACH1KOf GCGGCAAAACAAACAACACATTTCTTTTTTTCTTT

TTCACATATTGCACTAAAGAAGCTTCGTACGCTGC

AGGTCGAC

3637 ACH1KOr ATTTCCTTTCTTTTTTTTGTTAAATACTCATCTCT

CGGTTTGCGCACAAACACCGCATAGGCCACTAGTG

GATCTG

Primers for CRISPR/Cas9 gene editing

5792 pCAS9 ffl GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAG

5794 pCAS9 target pda1 ffl TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGT

GAAAGATAAATGATCTACCGGGATCAGACATAGAA

GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC

TAGTCCGTTATCAAC

5979 Primer_gRNA_426_ffl TATTGACGCCGGGCAAGAGC

5980 Primer_stRNA_426_rfi CGACCGAGTTGCTCTTG

6157 PDA1 repair ffl TGTTTATCTCTCTTCTGATTCCTCCACCCCTTCCT

TACTCAACCGGGTAAATGTCGCATCTTAATCGTAA

GGAAAAATAAAATAATAGTGCTGTGATCGCATGAT

ATTCTTCCCTGGAAG

6158 PDA1 repair rfi CTTCCAGGGAAGAATATCATGCGATCACAGCACTA

TTATTTTATTTTTCCTTACGATTAAGATGCGACAT

TTACCCGGTTGAGTAAGGAAGGGGTGGAGGAATCA

GAAGAGAGATAAACA

6159 ACH1 gRNA GTGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAG

TGAAAGATAAATGATCCGAGGCAACGGCCATTAAA

GGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAG

6160 ACH1 repair ffl GACAATAGCGGCAAAACAAACAACACATTTCTTTT

TTTCTTTTTCACATATTGCACTAAATGTTTGTGCG

CAAACCGAGAGATGAGTATTTAAAAAAAAAAGAAA

GGAAATGATATGATT

6161 ACH1 repair rfi AATCATATCATTTCCTTTCTTTTTTTTTTAAATAC

TCATCTCTCGGTTTGCGCACAAACATTTAGTGCAA

TATGTGAAAAAGAAAAAAAGAAATGTGTTGTTTGT

TTTGCCGCTATTGTC
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Number Name Sequence 5’ → 3’

7023 RV_sga1_gRNA GTTGATAACGGACTAGCCTTATTTTAACTTGCTAT

TTCTAGCTCTAAAACGAAGAATTCCAGTGGTCAAT

GATCATTTATCTTTCACTGCGGAGAAGTTTCGAAC

GCCGAAACATGCGCA

Confirmation of PDA1, CIT2 and ACH1 deletion

9091 K1-A GGATGTATGGGCTAAATGTACG

9092 K2 GTTTCATTTGATGCTCGATGAG

9093 PDA1-A1 GCAACAGCAGCCACCTGC

9094 PDA1-A4 AAGAACCTCTACAGCAGAGG

9095 CIT2-A1 CATACGCGTATGCAACCGT

9096 CIT2-A4 AGTACGCTAGCCAAGGCAG

3146 ROSP031 DG PDA1

KO ffl

ATCGCGCGTGTACATGTC

3147 ROSP032 DG PDA1

KO rfi

GCGGCTATTTTCCGGTCTG

3770 ACH1kocheck2f CGGGCTTACATTAGCACAC

3771 ACH1kocheck2r GCAAGAAAAAACAACGCATTGG

Construction of cassettes for constitutive expression of genes involved

in the carnitine shuttle

3051 ROSP015 TEF1

promoter rfi

TTTGTAATTAAAACTTAGATTAGATTGC

3274 Fffs Tag I-ffl TATTCACGTAGACGGATAGGTATAGC

3277 Fffs Tag C rfi CTAGCGTGTCCTCGCATAGTTCTTAGATTG

3283 Fffs Tag C ffl ACGTCTCACGGATCGTATATGC

3285 Fffs Tag J ffl GGCCGTCATATACGCGAAGATGTC

3289 Fffs Tag F ffl CATACGTTGAAACTACGGCAAAGG

3354 D-ffl ACGCATCTACGACTGTGGGTC

3355 J-Re CGACGAGATGCTCAGACTATGTG

3844 refi ldoffi TGCCGAACTTTCCCTGTATG

4068 Nic1 amp Ffld GCCTACGGTTCCCGAAGTATGC

4187 FUS SGA1 -ffl TTACAATATAGTGATAATCGTGGACTAGAG

4224 SGA1 offtside rfi TTGATGTAAATATCTAGGAAATACACTTG

4583 IlfiC nefl tag ffld ACGCATCTACGACTGTGGGTCC

5231 D-Tag Refi AATCACTCTCCATACAGGG

5917 Primer_pPGK1_rfi TGTTTTATATTTGTTGTAAAAAGTAGATAATTACT

TCC

6221 Sc_ADH1_P_FW TGTATATGAGATAGTTGATTGTATGCTTGGTATAG

6374 TDH3_P_FW TTTGTTTGTTTATGTGTGTTTATTCGAAACTAAG

6486 Sc_TPI1_P_RV TTTTAGTTTATGTATGTGTTTTTTGTAGTTATAGA

TTTAAGCAAG

6498 Sc_PGI_P_FW TTTTAGGCTGGTATCTTGATTCTAAATCG

7334 AGP2 ffl (ol TDH3) GTTTTAAAACACCAAGAACTTAGTTTCGAATAAAC

ACACATAAACAAACAAAATGACAAAGGAACGTATG

ACCATC

7335 CAT2 ffl ol pTEF1 CTTCTTGCTCATTAGAAAGAAAGCATAGCAATCTA

ATCTAAGTTTTAATTACAAAATGAGGATCTGTCAT

TCGAGAAC
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Number Name Sequence 5’ → 3’

7336 CRC1 ffl ol pTPI1 GTTTGTATTCTTTTCTTGCTTAAATCTATAACTAC

AAAAAACACATACATAAACTAAAAATGTCTTCAGA

CACTTCATTATCAG

7337 HNM1 ffl ol pPGK1 CTCTTTTTTACAGATCATCAAGGAAGTAATTATCT

ACTTTTTACAACAAATATAAAACAATGAGTATTCG

GAATGATAATGCTTC

7338 pTDH3 ffl ol tag I TATTCACGTAGACGGATAGGTATAGCCAGACATCA

GCAGCATACTTCGGGAACCGTAGGCATAAAAAACA

CGCTTTTTCAGTTCG

7339 tAGP2 ol (pSGA1) TTTACAATATAGTGATAATCGTGGACTAGAGCAAG

ATTTCAAATAAGTAACAGCAGCAAAAAATGTAACG

TTTAGCATTTGATAG

7340 tCAT2 ol tSGA1 TATATTTGATGTAAATATCTAGGAAATACACTTGT

GTATACTTCTCGCTTTTCTTTTATTTAATGATCAG

TATGTATTCGTAAGCC

7341 tCRC1 rfi ol tag F CATACGTTGAAACTACGGCAAAGGATTGGTCAGAT

CGCTTCATACAGGGAAAGTTCGGCATTATACTGTA

ATCAGCCCACGTTG

7342 tHNM1 ffl ol tag C CTAGCGTGTCCTCGCATAGTTCTTAGATTGTCGCT

ACGGCATATACGATCCGTGAGACGTTTTAATCCCC

TATATATCAAACTGTTAATAC

7343 tYAT1 rfi ol tag F TGCCGAACTTTCCCTGTATGAAGCGATCTGACCAA

TCCTTTGCCGTAGTTTCAACGTATGGGTGTGTGGA

GGGGTGAAAG

7344 tYAT2 rfi ol tag C ACGTCTCACGGATCGTATATGCCGTAGCGACAATC

TAAGAACTATGCGAGGACACGCTAGGTCTACCTCT

AATGCGCGATG

7345 YAT1 ffl ol pPGI GAATTTTAATACATATTCCTCTAGTCTTGCAAAAT

CGATTTAGAATCAAGATACCAGCCTAAAAATGCCA

AACTTAAAGAGACTACCC

7346 YAT2 ffl ol pADH1 CTTTTTCTGCACAATATTTCAAGCTATACCAAGCA

TACAATCAACTATCTCATATACAATGTCAAGCGGC

AGTACTATTG

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

7486 AGP2_5 GGCTTACCACGTCCAACAAGATTC

4223 SGA1 offtside ffl CTTGGCTCTGGATCCGTTATCTG

2916 I_FW (PDH constrfft

trl)

GCAGGTATGCGATAGTTCCTCAC

3362 Tag I forflard (2) CCAGGCAGGTTGCATCACTC

7705 1_YAT2_check GCAGTCGTGTGGGTAGAAAG

7704 1_HNM1_check CGGCCTCTGACGTTGAACTC

2669 m-PCR-HR2-RV GCGCGTGGCTTCCTATAATC

3363 Tag K forflard 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 constrfft

trl)

CCCGCTCACACTAACGTAGG

7479 Q_OfftsideSGA_RV GGACGTTCCGACATAGTATC

7514 CAT2_6 ATGGTGTCGATCGTCATTTC

7479 Q_OfftsideSGA_RV GGACGTTCCGACATAGTATC

4229 Seqffence SGA1 2 rfi TGGTCGACAGATACAATCCTGG

Table S4.3. Primers and templates ffsed to constrfft the cassetes flith genes infiolfied in the carnitine shfftle

Construt Template(s) Primers Resulting fragment Comment

I-pTDH3-
AGP2-tAGP2 (ol
pSGA1)

pUD302 6374, 7338 I-pTDH3
CEN.PK113-7D 7339, 7334 AGP2-tAGP2 (ol pSGA1

and pTDH3)
AGP2-tAGP2 (ol pSGA1
and pTDH3)

4187, 3274 I-pTDH3-AGP2-tAGP2
(ol pSGA1)

Fffsion PCR

I-pTDH3

I-pPGK1-
HNM1-tHNM1-C

pUD305 5917, 4068 I-pPGK1
CEN.PK113-7D 7342, 7337 HNM1-tHNM1-C (ol

pPGK1)
HNM1-tHNM1-C (ol
pPGK1)

3277, 4068 I-pPGK1-
HNM1-tHNM1-C

Fffsion PCR

I-pPGK1

J-pADH1-
YAT2-tYAT2-C

pUD303 6221, 3355 J-pADH1
CEN.PK113-7D 7344, 7346 YAT2-tYAT2-C (ol

pADH1)
YAT2-tYAT2-C (ol
pADH1)

3355, 3283 J-pADH1-YAT2-tYAT2-C Fffsion PCR

J-pADH1

J-pPGI1-
YAT1-tYAT1-F

pUD306 6498, 3285 J-pPGI1
CEN.PK113-7D 7343, 7345 YAT1-tYAT1-F (ol

pPGI1)
YAT1-tYAT1-F (ol
pPGI1)

3844, 3285 J-pPGI1-YAT1-tYAT1-F Fffsion PCR

J-pPGI1

D-pTPI1-
CRC1-tCRC1-F

pUD301 6486, 3354 D-pTPI1
CEN.PK113-7D 7341, 7336 CRC1-tCRC1-F (ol

pTPI1)
CRC1-tCRC1-F (ol
pTPI1)

3289, 4583 D-pTPI1-CRC1-tCRC1-F Fffsion PCR

pTPI1-D

D-pTEF1-
CAT2-tCAT2 (ol
tSGA1)

pUD304 3051, 5231 D-pTEF1
CEN.PK113-7D 7340, 7335 CAT2-tCAT2 (ol tSGA1

and pTEF1)
CAT2-tCAT2 (ol tSGA1
and pTEF1)

4224, 5231 D-pTEF1-CAT2-tCAT2
(ol tSGA1)

Fffsion PCR

D-pTEF1
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Abstrat

In many effkaryotes, the carnitine shfftle plays a key role in intracellfflar trans-

port of acyl moieties. Faty-acid grofln Saccharomices cerevisiae cells employ this

shfftle to translocate acetyl ffnits into their mitochondria. Mechanistically, the carni-

tine shfftle shoffld be refiersible, bfft prefiioffs stffdies indicate that carnitine-shfftle-

mediated effiport of mitochondrial acetyl ffnits to the yeast cytosol does not oc-

cffr in vivo. his apparent ffnidirectionality flas infiestigated by constitfftifiely effi-

pressing genes encoding carnitine-shfftle-related proteins in an engineered S. cere-

visiae strain, in flhich cytosolic acetyl coenzyme A (acetyl-CoA) synthesis coffld be

sflitched o by omiting lipoic acid from groflth media. Laboratory efiolfftion of

this strain yielded mfftants flhose groflth on glffcose, in the absence of lipoic acid,

flas ॲ-carnitine dependent, indicating that in vivo effiport of mitochondrial acetyl

ffnits to the cytosol occffrred fiia the carnitine shfftle. he mitochondrial pyrfffiate-

dehydrogenase compleffi flas identied as the predominant soffrce of acetyl-CoA

in the efiolfied strains. Whole-genome seqffencing refiealed mfftations in genes in-

fiolfied in mitochondrial faty-acid synthesis (MCT1), nffclear-mitochondrial commff-

nication (RTG2) and encoding a carnitine acetyl-transferase (YAT2). Introdffction of

these mfftations into the non-efiolfied parental strain enabled ॲ-carnitine-dependent

groflth on glffcose. his stffdy indicates intramitochondrial acetyl-CoA concentra-

tion and constitfftifie effipression of carnitine-shfftle genes as key factors in enabling

in vivo effiport of mitochondrial acetyl ffnits fiia the carnitine shfftle.

Importance his stffdy demonstrates, for the rst time, that Saccharomices cere-

visiae can be engineered to employ the carnitine shfftle for effiport of acetyl moieties

from the mitochondria and, thereby, to at as the sole soffrce of cytosolic acetyl-CoA.

Fffrther optimization of this ATP-independent mechanism for cytosolic acetyl-CoA

profiision can contribffte to efcient, yeast-based prodffction of indffstrially relefiant

compoffnds derified from this precffrsor. he strains constrffted in this stffdy, flhose

groflth on glffcose depends on a fffnctional carnitine shfftle, profiide fialffable mod-

els for fffrther fffnctional analysis and engineering of this shfftle in yeast and other

effkaryotes.

Accepted manffscript.
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5.1 Iॴॺॸॵ४ॻ३ॺ९ॵॴ

In effkaryotes, metabolic compartmentation necessitates mechanisms for translocation

of metabolites betfleen cellfflar compartments. Acetyl coenzyme A (acetyl-CoA) is an

important precffrsor in cytosolic and mitochondrial biosynthetic pathflays and, more-

ofier, is infiolfied in cellfflar regfflation by ating as acetyl donor for acetylation of nffclear

and cytosolic proteins (89, 219, 220, 238, 306). Effkaryotes hafie efiolfied sefieral mecha-

nisms for synthesis and intracellfflar transport of acetyl-CoAflithin and betfleen cellfflar

compartments. One of these, the carnitine shfftle, plays a key role in translocation of

acetyl ffnits betfleen cellfflar compartments dffring groflth of Saccharomices cerevisiae

on faty acids (15, 86, 257).

In contrast to the sitffation in mammals, in flhich faty-acid ͡-offiidation also occffrs

in mitochondria, this process is conned to peroffiisomes in S. cerevisiae (118). Fffrther

metabolism of acetyl-CoA, themajor prodfft of faty acid ͡-offiidation, reqffires transport

of its acetyl moiety from peroffiisomes to other cellfflar compartments (15). his trans-

port is initiated by a peroffiisomal carnitine acetyltransferase, flhich transfers the acetyl

moiety of acetyl-CoA to ॲ-carnitine, yielding acetyl-ॲ-carnitine and coenzyme A. Acetyl-

ॲ-carnitine is then transported to other compartments, flhere carnitine acetyltrans-

ferases catalyze the refierse reaction, thereby regenerating acetyl-CoA and ॲ-carnitine.

In S. cerevisiae, siffi proteins hafie been reported to contribffte to the in vivo fffnction-

ality of the carnitine shfftle. In contrast to many other effkaryotes, inclffding mam-

mals (319) and the yeast Candida albicans (302), S. cerevisiae lacks the genes reqffired

for ॲ-carnitine biosynthesis (257, 305). As a conseqffence, operation of the carnitine

shfftle in S. cerevisiae depends on import of effiogenoffs ॲ-carnitine fiia the Hnm1 plasma-

membrane transporter (4), flhose effipression is regfflated by the plasma-membrane pro-

tein Agp2 (4, 258). he three carnitine acetyltransferases in S. cerevisiae (15) hafie differ-

ent sffbcellfflar localizations: Cat2 is actifie in the peroffiisomal and mitochondrial matri-

ces (69), Yat1 is localized to the offter mitochondrial membrane (271) and Yat2 has been

reported to be cytosolic (129, 159, 305). he inner mitochondrial membrane contains an

(acetyl-)carnitine translocase, Crc1 (84, 160, 233, 258), flhile effiport of acetyl-ॲ-carnitine

from peroffiisomes has been proposed to occffr fiia diffffsion throffgh channels in the per-

offiisomal membrane (103).

Catabolism of the acetyl-CoA generated dffring groflth of S. cerevisiae on faty acids

infiolfies the mitochondrial TCA cycle. Confiersely, dffring groflth on glffcose, the mi-

tochondria at as an important soffrce of acetyl-CoA, flith the pyrfffiate-dehydrogenase

(PDH) compleffi catalyzing the predominant acetyl-CoA generating reaction (244, 318).

he carnitine-acetyltransferase reaction is, in principle, mechanistically and thermody-

namically refiersible (ΔGR° = -1.1 kJ·mol-1 in the direction of acetyl-ॲ-carnitine forma-

tion (79)). his obserfiation sffggests that the carnitine shfftle shoffld not only be able

to import acetyl ffnits into the mitochondria, bfft also to effiport them from the mito-

chondrial matriffi to the cytosol. herefore, based on in vitro effiperiments, it flas initially

hypothesized that the carnitine shfftleflas responsible for effiport of acetyl moieties from

yeast mitochondria (160). Fffrther stffdies, hoflefier, indicated the PDH bypass, flhich en-

compasses the concerted action of pyrfffiate decarboffiylase, acetaldehyde dehydrogenase

and acetyl-CoA synthetase (122), to be responsible for cytosolic acetyl-CoA profiision in
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Figure 5.1. Cytosolic acetyl-CoA metabolism in (engineered) Saccharomices cerevisiae strains. A In flild-type

strains, cytosolic acetyl-CoA is prodffced fiia the PDH bypass, consisting of pyrfffiate carboffiylase, acetaldehyde

dehydrogenase and acetyl-CoA synthetase. B Replacing the natifie roffte of acetyl-CoA synthesis by the Entero-

coccus faecalis PDH compleffi reqffires the effitracellfflar addition of lipoic acid for actifiation of the E2 sffbffnit of

the cytosolically effipressed bacterial PDH compleffi.C In the efiolfiedstrains IMS0482 and IMS0483, effitracellfflar

ॲ-carnitine is imported into the mitochondria fiia the Hnm1 transporter at the plasma membrane and the Crc1

transporter at the inner mitochondrial membrane. Pyrfffiate is imported into the mitochondria, follofling its

offiidatifie decarboffiylation by the natifie mitochondrial PDH compleffi. he acetyl moiety is then transferred to

ॲ-carnitine, follofled by effiport of acetyl-ॲ-carnitine to the cytosol.here, carnitine acetyltransferases mofie the

acetyl moiety back to CoA, yielding cytosolic acetyl-CoA. Abbrefiiations: PDC, pyrfffiate decarboffiylase; ALD,

acetaldehyde dehydrogenase; Ach1, CoA transferase; Acs, Acs1, Acs2, acetyl-CoA synthetase; Agp2, regfflator;

CAT, carnitine acetyltransferase; Crc1, acetyl-carnitine translocase; Hnm1, carnitine transporter; LplA, LplA2,

lipoylation proteins; Mpc1, Mpc2, Mpc3, mitochondrial pyrfffiate carrier; OAA, offialoacetate; PDH, pyrfffiate

dehydrogenase compleffi.

glffcose-grofln S. cerevisiae cffltffres (244) (Figffre 5.1A). Sefieral additional obserfiations

argffe against an in vivo role of the carnitine shfftle in effiport of acetyl moieties from

mitochondria to cytosol in glffcose-grofln cffltffres. In flild-type S. cerevisiae, transcrip-

tion of genes infiolfied in the carnitine shfftle is strongly glffcose repressed (69, 151,

271), flhich preclffdes a signicant contribfftion to cytosolic acetyl-CoA profiision in

glffcose-grofln batch cffltffres. Moreofier, efien in derepressed, glffcose-limited chemo-

stat cffltffres, sffpplementation of groflth media flith ॲ-carnitine cannot complement the

groflth defet of strains lacking a fffnctional PDH bypass, flhich is caffsed by an inabil-

ity to synthesize cytosolic acetyl-CoA (203). Hence, based on cffrrently afiailable data,

the carnitine shfftle of S. cerevisiae appears to operate ffnidirectionally (i.e. transporting

acetyl moieties into the mitochondria) dffring groflth on glffcose.

he goal of the present stffdy is to infiestigate the molecfflar basis for the apparent

ffnidirectionality of the yeast carnitine shfftle. To this end, fle stffdied groflth on glff-

cose of an S. cerevisiae strain in flhich the carnitine shfftle is constitfftifiely effipressed.

We recently demonstrated that constitfftifie effipression of the components of the carni-

tine shfftle enables efcient transport of acetyl moieties from cytosol to mitochondria

in glffcose-grofln, ॲ-carnitine-sffpplemented batch cffltffres (318). In the present stffdy,

ofiereffipression of the carnitine-shfftle proteins flas combined flith replacement of the

natifie S. cerevisiae pathflay for cytosolic acetyl-CoA synthesis by a cytosolically effi-

pressed bacterial PDH compleffi (167). In the resfflting strain, cytosolic acetyl-CoA syn-

thesis coffld be sflitched o at flill by omiting lipoic acid from groflth media. After lab-

oratory efiolfftion, mfftations reqffired for ॲ-carnitine-dependent groflth in the absence
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of lipoic acid flere identied by flhole-genome seqffencing and fffnctionally analyzed

by their introdffction in the non-efiolfied parental strain.

5.2 M१ॺ५ॸ९१ॲॹ १ॴ४ ॳ५ॺ८ॵ४ॹ

5.2.1 Growth media

Yeast-effitrat/peptone (YP) mediffm contained 10 g·L-1 Bato yeast effitrat (BD, Franklin Lakes, NJ,

USA) and 20 g·L-1 Bato peptone (BD) in demineralized flater. Synthetic mediffm flith ammoniffm

as nitrogen soffrce (SM-ammoniffm), flas prepared according to Verdffyn et al. (326). Synthetic

mediffm flith ffrea as nitrogen soffrce (SM-ffrea) contained 38 mM ffrea (SM-ffrea) and 38 mM

K2SO4 instead of (NH4)2SO4. SM-ammoniffm flas afftoclafied at 121 ◦C for 20 min, SM-ffrea flas

sterilized ffsing 0.2 μm botle-top lters (hermo Fisher Scientic,Waltham,MA, USA). Solidmedia

flere prepared by addition of 20 g·L-1 agar (BD), prior to afftoclafiing at 121 ◦C for 20 min. Where

indicated, ffrea flas added after heat-sterilization of the solid media from a lter-sterilized 100-fold

concentrated stock solfftion.

5.2.2 Strains, growth conditions and storage

All S. cerevisiae strains ffsed in this stffdy (Table 5.1) share the CEN.PK genetic backgroffnd (71,

222). Shake-ask cffltffres in 500-mL asks flith 100 mL SM-ffrea and 20 g·L-1 glffcose flere grofln

at 30 ◦C in an Innofia incffbator shaker (Nefl Brffnsflick Scientic, Edison, NJ, USA) set at 200

rpm. Stock cffltffres flere grofln in YP mediffm flith 20 g·L-1 glffcose. Where indicated, lipoic acid

flas added to sterile media to a concentration of 50 ng·L-1. A 50 mg·L-1 stock solfftion of lipoic

acid flas prepared by dissolfiing 5 g·L-1 (k)-͠-lipoic acid (Sigma-Aldrich, St. Loffis, MO, USA) in

ethanol and dilffting the resfflting solfftion 100 fold in sterile demineralized flater. ॲ-Carnitine

(Sigma-Aldrich) flas added to sterile media from a 40 g·L-1 lter-sterilized stock solfftion at the

concentration indicated. Frozen stock cffltffres of yeast strains flere prepared by adding glycerol

(g30% fi/fi) to effiponentially grofling shake-ask cffltffres and freezing 1-mL aliqffots at -80 ◦C.

5.2.3 Plasmid construction

GffideRNA (gRNA) plasmids for CRISPR/Cas9-based genome editing (Table S5.1) flere constrffted

as described prefiioffsly (200). In short, doffble-gRNA cassetes flere PCR-amplied ffsing the

primer(s) indicated in Tables S1 and S2. Plasmid backbones containing the desired marker gene

flere obtained by PCR flith primer 6005, ffsing the appropriate pROS plasmid (Table S5.1) as a tem-

plate. he tflo fragments flere then assembled into a plasmid flith the Gibson Assembly kit (Nefl

England Biolabs, Ipsflich, MA, USA) or NEBffilder HiFi DNA Assembly Cloning kit (Nefl England

Biolabs). Mfflti-copy plasmids carrying flild-type and mfftated YAT2 fiariants flere based on the

pRS426 effipression fiector (48). pADH1-YAT2-tYAT2 and pADH1-YAT2C173G-tYAT2 fragments flere

PCR amplied fromstrains IMX745 and IMS0482, respectifiely, ffsing primers 8902 & 8903 and then

inserted into the EcoRI-XhoI-linearized pRS426 backbone flith the NEBffilder HiFi DNAAssembly

Cloning kit. After transforming the resfflting plasmids to E. coli and conrmation of their DNA

seqffences by Illffmina seqffencing, this yielded pUDE390 (2 μm ori URA3 pADH1-YAT2-tYAT2)

and pUDE391 (2 μm ori URA3 pADH1-YAT2C173G-tYAT2). A mfflti-copy plasmid carrying the CAT2

gene ffnder control of the TDH3 promoter flas similarly obtained by assembling a pRS426 back-

bone flith a CAT2 PCR fragment ffsing Gibson Assembly. he TDH3 promoter and CYC1 termi-

nator seqffences flere synthesized and assembled into the pRS426 fiector by GenScript (Piscat-

aflay, NJ, USA). he resfflting plasmid flas linearized by PCR amplication ffsing primers 3627
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& 3921. he CAT2 ORF flas amplied fiia PCR from CEN.PK113-7D genomic DNA ffsing primers

5948 & 5949. Gibson Assembly of the tflo fragments yielded pUDE336 (2 μm ori URA3 pTDH3-

CAT2-His6-tCYC1).

5.2.4 Strain construction

S. cerevisiae strains flere transformed according to Gietz and Woods (97) and transformants se-

leted on solid YP mediffm flith 20 g·L-1 glffcose. Appropriate antibiotics flere added at the fol-

lofling concentrations: G418 (InfiifioGen, San Diego, CA, USA), 200 mg·L-1; hygromycin B (In-

fiifioGen), 200 mg·L-1; noffrseothricin (Jena Bioscience, Jena, Germany), 100 mg·L-1. Lipoic acid

flas added as indicated abofie. hroffghofft the teffit fle refer to chromosomally integrated gene

clffsters flith foffr-capital acronyms sffrroffnded by cffrly brackets (based on the common practice

in set theory for indicating a collection of elements). A mfftation in a gene that is part of the clffster

is indicated flithin the cffrly brackets. For effiample, {CARN,YAT2C173G} refers to the {CARN} set in

flhich the YAT2 gene carries a C173G nffcleotide change.

Unless indicated otherflise, genetic engineering flas done ffsing CRISPR/Cas9 (200). he plat-

form strain flith constitfftifie effipression of the genes infiolfied in the carnitine shfftle (HNM1,

AGP2, CRC1, YAT1, YAT2 and CAT2) flas constrffted bymodication of the prefiioffsly constrffted

strain IMX719 (200), flhich had ACS1 and ACS2 replaced by the genes reqffired for an actifie, lipoy-

lated cytosolic Enterococcus faecalis PDH compleffi {PDHL}. Analogoffs to a prefiioffs description

(318), the genes infiolfied in the carnitine shfftle flere placed ffnder the control of strong consti-

tfftifie promoters and integrated into the SGA1 locffs of strain IMX719, resfflting in strain IMX745

(acs1Δ acs2Δ::{PDHL} sga1Δ::{CARN}) (Table 5.1). To remofie the E. faecalis PDH genes {PDHL}

or the set of carnitine shfftle effipression cassetes {CARN} from strains IMS0482 and IMS0483,

either plasmid pUDR072 (to remofie {PDHL}) or pUDR073 (to remofie {CARN}) flas transformed

together flith a repair fragment obtained by annealing oligonffcleotides 7349 & 7350 or oligonff-

cleotides 8012 & 8013 (Table S5.2), respectifiely, resfflting in strains IMW074 ۗ IMW077. Deletion

of PDA1 and ACH1 in strains IMS0482 and IMS0483 flas done by transformation flith pUDR047

(flith oligonffcleotides 6157 & 6158) and pUDR085 (flith oligonffcleotides 6160 & 6161), resfflting

in strains IMW078 ۗ IMW082. To introdffce the MCT1T641G mfftation, plasmid pUDR080 and a re-

pair fragment obtained by annealing oligonffcleotides 8417 & 8418 flas transformed into strain

IMX745 (Table 5.1), resfflting in strain IMX847. Similarly, the RTG2G503T mfftation flas introdffced

in strain IMX745 by transforming plasmid pUDR078 and oligonffcleotides 8430 & 8431, resfflting

in strain IMX849. Doffble mfftationsMCT1T641G RTG2G503T flere introdffced in IMX745 ffsing plas-

mid pUDR079 ffsing oligonffcleotides 8417 & 8418 and 8430 & 8431, resfflting in strain IMX852.

To selectifiely introdffce the YAT2C173G mfftation in the ADH1-promoter-drifien gene and not the

YAT2-promoter drifien gene (at chromosome V), the SNP flas introdffced in {CARN} fiia a tflo-step

strategy. First, a synthetic CRISPR target site flas introdffced by transformation of strains IMX745,

IMX847, IMX849 and IMX852 flith plasmid pUDR073 and oligonffcleotides 8621 & 8622, thereby

remofiing part of the ADH1 promoter and part of the YAT2 ORF. Neffit, the fragment containing

the YAT2C173G mfftation flas PCR amplied from the IMS0482 genome ffsing primers 8618 & 8619

and co-transformed flith plasmid pUDR105, introdffcing the YAT2C173G mfftation and resfflting in

strains IMX907, IMX909, IMX911 and IMX913. In all these cases, after introdffction of the desired

mfftations, the doffble gRNA plasmids flere remofied, follofled by conrmation of the SNPs by

Sanger seqffencing (BaseClear BV, Leiden, he Netherlands) ffsing the primers indicated in Ta-

ble S5.2. he ORFs of YAT2 (the copy present in {CARN}), RTG2 and MCT1 flere deleted from the

genome of, respectifiely, strains IMX852, IMX909 and IMX911 by transforming the follofling plas-

mids and repair fragments: strain IMX852, plasmid pUDR073 and oligonffcleotides 8874 & 8875;

strain IMX909, plasmid pUDR078 and oligonffcleotides 8428 & 8429; and strain IMX911, plasmid
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pUDR080 and oligonffcleotides 8415 & 8416. After gene knockofft flas conrmed by diagnostic

PCR (Table S5.2), the resfflting strains flere named IMX932 ۗ IMX934, respectifiely.

he pADH1-YAT2-tYAT2 fiariants flere integrated in the cas9-bearing reference strain IMX585.

pADH1-YAT2-tYAT2 (flild-type) and pADH1-YAT2C173G-tYAT2 cassetes flere amplied flith PCR

ffsing primers 8647 & 8648 from genomic DNA of strains IMX745 and IMS0482, respectifiely. he

resfflting cassetes had ofierlaps flith the promoter and terminator of SGA1, enabling integration

into the SGA1 locffs. Cas9 flas directed to the SGA1 locffs ffsing the gRNA plasmid pUDR119 (Ta-

ble S5.1), follofling integration of the cassete by in vivo homologoffs recombination. After con-

rmation of corret integration and seqffence by PCR and Sanger seqffencing, plasmid pUDR119

flas remofied as described earlier (200), resfflting in strains IMX923 and IMX925, respectifiely. To

get the mfflti-copy-based YAT2 and CAT2 effipressing strains, plasmids pUDE336, pUDE390 and

pUDE391 flere transformed to CEN.PK113-5D, resfflting in strains IME233, IME320 and IME321,

respectifiely (Table 5.1).

Deletion of CAT2 and YAT1, to get strain CEN.PK215-4A (cat2Δ iat1Δ), flas carried offt by trans-

formation of a kanMX marker cassete, obtained by PCR ffsing pUG6 as template (108) flith the

primers 9237 & 9238 for the CAT2 deletion cassete and primers 9239 & 9240 for the YAT1 dele-

tion cassete. he amplied kanMX cassetes flere ffsed as selectable markers to replace the target

genes in the prototrophic diploid strain CEN.PK122. Transformants flere fieried for corret gene

replacement by diagnostic PCR (Table S5.2). After sporfflation and tetrad dissection, the corre-

sponding haploid deletion strains, CEN.PK194-2C (MATa cat2Δ) and CEN.PK196-2C (MATα iat1Δ),

flere obtained. To obtain a strain flith both CAT2 and YAT1 deleted, strains CEN.PK194-2C and

CEN.PK196-2C flere crossed. After tetrad dissection, spores flere sffbseqffently analyzed by di-

agnostic PCR to conrm corret deletion of both genes, resfflting in strain CEN.PK215-4A (cat2Δ

iat1Δ) (Table 5.1).

5.2.5 Molecular biologi techniques

PCR amplication flith the Phffsionh Hot Start II High Fidelity Polymerase (hermo Fisher Scien-

tic), flas performed according to the manfffactffrers instrffctions, ffsing HPLC- or PAGE-pffried

oligonffcleotide primers (Sigma-Aldrich). Diagnostic colony PCR flas performed on randomly

picked transformed colonies, ffsing DreamTaq (hermo Fisher Scientic) and desalted primers

(Sigma-Aldrich). DNA fragments obtained by PCR flere separated by gel electrophoresis on 1%

(fl/fi) agarose gels (hermo Fisher Scientic) in TAE bffer (hermo Fisher Scientic). Alterna-

tifiely, fragments flere pffried ffsing the GenElffte™ PCR Clean-Up Kit (Sigma-Aldrich). Plas-

mids flere isolated from E. coli flith Sigma GenElffte Plasmid kit (Sigma-Aldrich) according to

the sffppliers manffal. Yeast genomic DNA flas isolated ffsing a YeaStar Genomic DNA kit (Zymo

Research) or ffsing an SDS/LiAc-based lysis protocol (195). E. coli XL1-Blffe (GE Healthcare Life

Sciences, he Netherlands) flas ffsed for chemical transformation or for electroporation. Chemi-

cal transformation flas done according to Inoffe et al. (133). Electroporation flas done in a 2 mm

cfffiete (165ۗ2086, Bio-Rad, Hercffles, CA, USA) ffsing a Gene Pfflser Xcell Electroporation System

(Bio-Rad), follofling the manfffactffrers protocol. Electrocompetent E. coli cells flere prepared ac-

cording to the same protocol, flith the effiception that, dffring preparation of competent cells, E.

coli flas grofln in LB mediffm flithofft sodiffm chloride.

5.2.6 Laboratori evolution

Strain IMX745 flas inocfflated in 500-mL shake asks, containing 100 mL SM-ffrea flith 20 g·L-1

glffcose and 400 mg·L-1 ॲ-carnitine. When stationary phase flas reached, 1-3 mL of cffltffre flas

transferred to a nefl shake ask. After 6-7 serial shake ask transfers, 8 indifiidffal cells flere iso-
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lated from each efiolfftion effiperiment ffsing amicromanipfflator (Singer Instrffments,Watchet, UK)

and placed on SM-ffrea plates flith 20 g·L-1 glffcose and 400 mg·L-1 ॲ-carnitine. For each efiolfftion

effiperiment, one colony flas seleted and restreaked once, yielding strains IMS0482 (efiolfftion line

1) and IMS0483 (efiolfftion line 2) (Table 5.1).

5.2.7 DNA sequencing and sequence analisis

After isolation of genomic DNA (164) of strains IMX745, IMS0482 and IMS0483, 350-bp insert li-

braries flere constrffted and paired-end seqffenced (100 bp reads) flith an Illffmina HiSeq 2500

seqffencer (Baseclear BV, Leiden, he Netherlands). At least 500 Mb of seqffence data, correspond-

ing to a ca. 40-fold cofierage, flas generated for each strain. Plasmids pUDE390 and pUDE391 flere

seqffenced in-hoffse ffsing the Illffmina MiSeq platform (San Diego, CA, USA). After qffantication

of plasmid DNA flith the ubit 2.0 fforometer (hermo Fisher Scientic), DNA libraries flere

prepared ffsing the Neffitera XT DNA kit (Illffmina). 300 bp paired-end reads of plasmid DNA gen-

erated on the MiSeq platform flere mapped to an in silico-generated plasmid seqffence ffsing the

BffrroflsۗWheeler Alignment tool (184) and processedflith Pilon (332). Seqffence reads of genomic

DNA flere mapped onto the CEN.PK113-7D genome (222), sffpplemented flith seqffences contain-

ing the modied SGA1, ACS2 and CAN1 loci, ffsing the BffrroflsۗWheeler Alignment tool (184).

Data flere fffrther processed flith Pilon (332) and seqffence fiariations flere effitrated from the Pi-

lon offtpfft le .ۜchanges. Uniqffeness of seqffence differences in strains IMS0482 and IMS0483flere

manffally conrmed by comparison flith strain IMX745 ffsing the Integratifie Genomics Viefler

(311). Copy nffmber fiariations in strains IMS0482 and IMS0483, relatifie to strain IMX745, flere

determined flith the Poisson-miffitffre model based algorithm Magnolya (223). Rafl seqffencing

data of strains IMX745, IMS0482 and IMS0483 are deposited at the NCBI Seqffence Read Archifie

(flflfl.ncbi.nlm.nih.gofi/sra) ffnder BioProjet ID PRJNA313402.

5.2.8 Growth studies in shake ठasks and using spot plate assais

For groflth stffdies in shake asks and ffsing spot plates, strains flere pre-grofln in shake asks

flith SM-ffrea and 20 g·L-1 glffcose flith lipoic acid or ॲ-carnitine, flhere appropriate. For groflth

stffdies in shake asks, cells flere flashed tflice flith synthetic mediffm (326) and transferred to

nefl shake asks flith SM-ffrea, 20 g·L-1 glffcose and 40 mg·L-1 ॲ-carnitine or 50 ng·L-1 lipoic

acid, flhere indicated. Groflth rates flere based on OD660 measffrements ffsing a Libra S11 spec-

trophotometer (Biochrom, Cambrige, UK). Cffltffre fiiability flas estimated flith the FffngaLight

AM-CFDA (acetoffiymethyl ester 5-carboffiyfforescein diacetate)/propidffm iodide yeast fiiability

kit (Infiitrogen, Carlsbrad, CA) and a Cell Lab uanta SC MPL ofl cytometer (Beckman Cofflter,

Woerden, Netherlands) as described prefiioffsly (16). For the preparation of spot plates, pre-cffltffres

flere flashed once flith synthetic mediffm and dilffted in synthetic mediffm to an OD660 of 0.273

(corresponding to 2·106 cells·mL-1). 5 μL samples of a dilfftion series, containing an estimated

2·105, 2·104 and 2·103 cells per mL, flere spoted on SM-ffrea agar plates flith 20 g·L-1 glffcose and

ॲ-carnitine (400 mg·L-1) or lipoic acid (50 ng·L-1) as indicated.

5.2.9 Enzime activiti assais

Cell effitrats flere prepared as described before (318) from mid-effiponentially grofling cffltffres.

he groflth mediffmflas SM-ammoniffmflith either 20 g·L-1 glffcose or 2% (fi/fi) ethanol as carbon

soffrce and, flhere reqffired, lipoic acid. Actifiities in cell effitrats of carnitine-acetyltransferase

actifiity (318) and glffcose-6-phosphate dehydrogenase (241) (the later actifiity flas ffsed to fierify
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the qffality of cell effitrats), flere assayed spectrophotometrically as described prefiioffsly (318).

Protein concentrations in cell effitrats flere determined flith the Loflry method (197).

5.3 R५ॹॻॲॺॹ

5.3.1 Constitutive ehpression of carnitine-shutle genes does not rescue growth on glucose

of acs1Δ acs2Δ S. cerefiisiae.

Interpretation of prefiioffs stffdies on the role of the carnitine shfftle in glffcose-grofln

cffltffres of S. cerevisiae is complicated by the strong glffcose repression of the strffc-

tffral genes encoding carnitine acetyltransferases and acetyl-carnitine translocase (69,

151, 157, 271). To re-effiamine flhether the carnitine shfftle can translocate acetyl ffnits

from mitochondria to cytosol, a strain flas constrffted in flhich profiision of cytoso-

lic acetyl-CoA coffld be made stritly dependent on a constitfftifiely effipressed carnitine

shfftle. Its constrffction (Figffre 5.2A) started flith a strain in flhich cytosolic acetyl-CoA

metabolism had been modied by replacing the acetyl-CoA synthetase genes ACS1 and

ACS2 by the 6-gene {PDHL} clffster ((200), Table 5.1), flhich enables fffnctional effipres-

sion in the yeast cytosol of the E. faecalis PDH compleffi (Figffre 5.1B).his strain profiided

an effiperimental model in flhich cytosolic acetyl-CoA synthesis coffld be sflitched o at

flill by omiting lipoic acid from groflth media. Fffnctionality of alternatifie (introdffced)

rofftes to cytosolic acetyl-CoA coffld thffs be tested by omiting lipoic acid and checking

for groflth. Effipression cassetes flere constrffted in flhich the yeast carnitine-shfftle

genes (AGP2, CAT2, CRC1, HNM1, YAT1 and YAT2) flere controlled by strong, consti-

tfftifie promoters. he resfflting siffi DNA fragments flere assembled and integrated as

a single clffster ({CARN}; Figffre 5.2B; Table 5.1) into the genome of the strain carrying

the {PDHL} clffster. Consistent flith an earlier stffdy on cytosolic effipression of the E.

faecalis PDH compleffi in S. cerevisiae (167), groflth of the resfflting strain IMX745 (acs1Δ

acs2Δ::{PDHL} sga1∆::{CARN}) on glffcose synthetic mediffm depended on addition of

lipoic acid to the groflth mediffm.

Table 5.1. Saccharomices cerevisiae strains ffsed in this stffdy.

Name Relevant genotypea Parental

strain(s)

Origin

CEN.PK113-7D MATa P. Köter

IMX585 MATa can1Δ::cas9-natNT2 CEN.PK113-7D (200)

IMX719 MATa can1Δ::cas9-natNT2 acs1Δ

acs2Δ::{PDHL}b
IMX585 (200)

IMX868 MATα can1Δ::cas9-natNT2

sga1Δ::{CARN}c
(318)

IMX745 MATa can1Δ::cas9-natNT2 acs1Δ

acs2Δ::{PDHL} sga1Δ::{CARN}

IMX719 his stffdy

IMS0482 MATa can1Δ::cas9-natNT2 acs1Δ

acs2Δ::{PDHL} sga1Δ::{CARN}

IMX745 his stffdy

IMS0483 MATa can1Δ::cas9-natNT2 acs1Δ

acs2Δ::{PDHL} sga1Δ::{CARN}

IMX745 his stffdy
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Name Relevant genotypea Parental

strain(s)

Origin

IMW074 MATa can1Δ::cas9-natNT2 acs1Δ

acs2Δ::{PDHL} sga1Δ

IMS0482 his stffdy

IMW075 MATa can1Δ::cas9-natNT2 acs1Δ acs2Δ

sga1Δ::{CARN}

IMS0482 his stffdy

IMW076 MATa can1Δ::cas9-natNT2 acs1Δ

acs2Δ::{PDHL} sga1Δ

IMS0483 his stffdy

IMW077 MATa can1Δ::cas9-natNT2 acs1Δ acs2Δ

sga1Δ::{CARN}

IMS0483 his stffdy

IMW078 MATa can1Δ::cas9-natNT2 acs1Δ

acs2Δ::{PDHL} sga1Δ::{CARN} ach1Δ

IMS0482 his stffdy

IMW079 MATa can1Δ::cas9-natNT2 acs1Δ

acs2Δ::{PDHL} sga1Δ::{CARN} pda1Δ

IMS0482 his stffdy

IMW081 MATa can1Δ::cas9-natNT2 acs1Δ

acs2Δ::{PDHL} sga1Δ::{CARN} ach1Δ

IMS0483 his stffdy

IMW082 MATa can1Δ::cas9-natNT2 acs1Δ

acs2Δ::{PDHL} sga1Δ::{CARN} pda1Δ

IMS0483 his stffdy

IMX847 MATa can1Δ::cas9-natNT2 acs1Δ

acs2Δ::{PDHL} sga1Δ::{CARN} MCT1T641G
IMX745 his stffdy

IMX849 MATa can1Δ::cas9-natNT2 acs1Δ

acs2Δ::{PDHL} sga1Δ::{CARN} RTG2G503T
IMX745 his stffdy

IMX852 MATa can1Δ::cas9-natNT2 acs1Δ

acs2Δ::{PDHL} sga1Δ::{CARN} MCT1T641G

RTG2G503T

IMX745 his stffdy

IMX907 MATa can1Δ::cas9-natNT2 acs1Δ

acs2Δ::{PDHL} sga1Δ::{CARN,

pADH1-YAT2C173G}

IMX745 his stffdy

IMX909 MATa can1Δ::cas9-natNT2 acs1Δ

acs2Δ::{PDHL} sga1Δ::{CARN,

pADH1-YAT2C173G} MCT1T641G

IMX847 his stffdy

IMX911 MATa can1Δ::cas9-natNT2 acs1Δ

acs2Δ::{PDHL} sga1Δ::{CARN,

pADH1-YAT2C173G} RTG2G503T

IMX849 his stffdy

IMX913 MATa can1Δ::cas9-natNT2 acs1Δ

acs2Δ::{PDHL} sga1Δ::{CARN,

pADH1-YAT2C173G} MCT1T641G RTG2G503T

IMX852 his stffdy

IMX932 MATa can1Δ::cas9-natNT2 acs1Δ

acs2Δ::{PDHL} sga1Δ::{CARN,iat2Δ}

MCT1T641G RTG2G503T

IMX852 his stffdy

IMX933 MATa can1Δ::cas9-natNT2 acs1Δ

acs2Δ::{PDHL} sga1Δ::{CARN,

pADH1-YAT2C173G} MCT1T641G rtg2Δ

IMX909 his stffdy

IMX934 MATa can1Δ::cas9-natNT2 acs1Δ

acs2Δ::{PDHL} sga1Δ::{CARN,

pADH1-YAT2C173G} mct1Δ RTG2G503T

IMX911 his stffdy

IMX923 MATa can1Δ::cas9-natNT2

sga1Δ::pADH1-YAT2-tYAT2

IMX585 his stffdy
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Name Relevant genotypea Parental

strain(s)

Origin

IMX925 MATa can1Δ::cas9-natNT2

sga1Δ::pADH1-YAT2C173G-tYAT2

IMX585 his stffdy

CEN.PK122 MATa/MATα P. Köter

CEN.PK194-2C MATa cat2Δ::lohP-KanMX4-lohP CEN.PK122 his stffdy

CEN.PK196-2C MATα iat1Δ::lohP-KanMX4-lohP CEN.PK122 his stffdy

CEN.PK215-4A MATa cat2Δ::lohP-KanMX4-lohP

iat1Δ::lohP-KanMX4-lohP

CEN.PK194-2C

×

CEN.PK196-2C

his stffdy

CEN.PK113-5D MATa ura3-52 P. Köter

IME140 MATa ura3-52 p426GPD (2 μm ori URA3) CEN.PK113-5D (166)

IME320 MATa ura3-52 pUDE390 (2 μm ori URA3

pADH1-YAT2-tYAT2)

CEN.PK113-5D his stffdy

IME321 MATa ura3-52 pUDE391 (2 μm ori URA3

pADH1-YAT2C173G-tYAT2)

CEN.PK113-5D his stffdy

IME233 MATa ura3-52 pUDE336 (2 μm ori URA3

pTDH3-CAT2-His6-tCYC1)

CEN.PK113-5D his stffdy

ahe RTG2G503T mfftation translates into a Rtg2W168L protein, MCT1T641G in Mt1L214W and

YAT2C173G in Yat2P58R

b{PDHL}, PDH E. faecalis, pADH1-aceF-tPGI1 pPGI1-lplA2-tPYK1 pPGK1-lplA-tPMA1

pTDH3-pdhB-tCYC1 pTEF1-lpd-tADH1 pTPI1-pdhA-tTEF1
c{CARN}, pTDH3-AGP2-tAGP2 pPGK1-HNM1-tHNM1 pADH1-YAT2-tYAT2 pPGI1-YAT1-tYAT1

pTPI1-CRC1-tCRC1 pTEF1-CAT2-tCAT2

Enzyme actifiities in cell effitrats of strain IMX745 shofled a carnitine acetyltrans-

ferase (CAT) actifiity of 3.2 k 0.1 μmol·(mg protein)-1·min-1, flhile actifiities in effi-

trats of the parental strain IMX719 (acs1Δ acs2Δ::{PDHL}) and of the reference strain

IMX585 (ACS1 ACS2) flere belofl the detection limit of the assay (< 0.01 μmol·(mg

protein)-1·min-1). Groflth of strain IMX745 flas not obserfied flhen lipoic acid flas re-

placed by ॲ-carnitine or flhen both groflth factors flere omited from the glffcose syn-

thetic mediffm (Figffre 5.3). his resfflt demonstrated that, efien flhen constitfftifiely effi-

pressed, the S. cerevisiae carnitine shfftle cannot effiport acetyl ffnits from mitochondria

at a rate that is sfffcient to meet cytosolic acetyl-CoA reqffirements in an acs1Δ acs2Δ

strain backgroffnd.

5.3.2 Laboratori evolution iields mutants in which the carnitine shutle provides citosolic

acetil-CoA.

To infiestigate flhether laboratory efiolfftion can enable the carnitine shfftle to sffp-

port effiport of acetyl ffnits from the mitochondrial matriffi, a laboratory efiolfftion effi-

periment flas started flith strain IMX745 (Acsۗ {PDHL} {CARN}) by starting tflo inde-

pendent shake-ask cffltffres on synthetic mediffm flith 20 g·L-1 glffcose and 400 mg·L-1

ॲ-carnitine (Figffre 5.2C). Follofling tflo fleeks of incffbation, groflth flas obserfied in

both shake asks and after 6 to 7 sffbseqffent transfers (corresponding to ca. 70 genera-

tions) single-cell lines flere isolated from each effiperiment, resfflting in strains IMS0482
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Figure 5.2. Constrffction of a lipoic-acid-dependent, carnitine-shfftle-constitfftifie S. cerevisiae strain and its

laboratory efiolfftion for lipoic-acid-independent, carnitine-dependent groflth.A In a prefiioffs stffdy (200), the

{PDHL} clffster, consisting of 6 cassetes reqffired for cytosolic effipression of a fffnctional Enterococcus faecalis

pyrfffiate-dehydrogenase compleffi and anked by 60 bp seqffences flas assembled in vivo fiia homologoffs

recombination (indicated flith black crosses) and introdffced in ACS2 after introdffction of a Cas9-indffced

doffble-strand break. ACS1 flas remofied ffsing a 120 bp DNA repair fragment (gffre adapted from (200)).

B In this strain, the {CARN} clffster, consisting of 6 cassetes for constitfftifie effipression of carnitine-shfftle

genes, flas similarly in vivo assembled and introdffced into the SGA1 locffs, resfflting in strain IMX745 (acs1Δ

acs2Δ::{PDHL} sga1Δ::{CARN}). Actifiity of the E. faecalis PDH in the yeast cytosol is lipoic-acid dependent

(167). C As strain IMX745 did not shofl ॲ-carnitine-dependent groflth flhen lipoic acid flas omited from

groflth media, an efiolfftion effiperiment flas initiated ffsing synthetic mediffm flith 20 g·L-1 glffcose (SMD)

and 400 mg·L-1 ॲ-carnitine.

and IMS0483. hese efiolfied strains readily grefl on glffcose synthetic mediffm sffpple-

mented flith either lipoic acid or ॲ-carnitine, bfft did not grofl flhen both compoffnds

flere omited from the mediffm (Figffre 5.3). In shake-ask cffltffres on glffcose synthetic

mediffm, addition of ॲ-carnitine sffpported specic groflth rates of 0.14 h-1 (IMS0482) and

0.10 h-1 (IMS0483) (Table 5.2). When the synthetic gene clffster encoding the E. faecalis

PDH compleffi {PDHL} flas remofied from the efiolfied strains, groflth of the resfflting

strains on glffcose coffld no longer be sffpported by lipoic-acid addition and, instead,

became ffniqffely dependent on ॲ-carnitine (Figffre 5.4). Confiersely, deletion of the siffi

carnitine-shfftle effipression cassetes {CARN} from the efiolfied strains abolished their

ॲ-carnitine-dependent groflth, leafiing the strains ffniqffely dependent on lipoic acid

(Figffre 5.4). Together, these resfflts ffneqffifiocally shofl that, in the efiolfied strains, effi-

port of the acetyl moiety of mitochondrially prodffced acetyl-CoA fiia the constitfftifiely

effipressed carnitine shfftle sffpported cytosolic acetyl-CoA profiision (Figffre 5.1C).
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Figure 5.3.Groflth on glffcose of S. cerevisiae strains in the presence and absence of lipoic acid and ॲ-carnitine.

S. cerevisiae strains flere pre-grofln in shake asks on synthetic mediffmflith 20 g·L-1 glffcose (strain IMX585),

sffpplemented flith lipoic acid (strain IMX745) or ॲ-carnitine (strains IMS0482 and IMS0483) and spoted on

glffcose synthetic mediffm plates flithofft lipoic acid or ॲ-carnitine (let panel), flith lipoic acid (middle panel)

and flith ॲ-carnitine (right panel). Plates flere incffbated for 100 h at 30 ◦C. Relefiant strain descriptions are

gifien in the gffre.

Table 5.2. Specic groflth rates of different acs1Δ acs2Δ S. cerevisiae strains on glffcose in the presence of
ॲ-carnitine. Acsۗ S. cerevisiae strains flere grofln on glffcose synthetic mediffm lacking lipoic acid, thereby
blocking synthesis of cytosolic acetyl-CoA fiia heterologoffsly effipressed bacterial pyrfffiate dehydrogenase
compleffi. Strains flere grofln in shake asks flith 20 g·L-1 glffcose; media flere sffpplemented flith 40 mg·L-1

ॲ-carnitine. Data represent afierages of tflo independent effiperiments for each strain. With the effiception of
strain IMX909, flhich shofled biphasic groflth, the afierage defiiation of the mean specic groflth rate flas 6
0.01 h-1 in all effiperiments.

Strain Short descriptiona Growth rate
(h-1)

IMX745 Unefiolfied strain no groflthb

IMS0482 Efiolfftion line 1 0.14
IMS0483 Efiolfftion line 2 0.10
IMX909 Mt1L214W Rtg2

Yat2P58R
0.10 ۗ 0.06c

IMX913 Mt1L214W

Rtg2W168L Yat2P58R
0.14

aAll strains harboffr the {PDHL} and {CARN} gene sets.
Composition of these gene sets is described in the
Materials and methods section.
bGroflth flas only obserfied in the presence of lipoic acid
(0.29 h-1).
cShake-ask cffltffres of strain IMX909 shofled
decelerating groflth rates from mid-effiponential phase
onflards.

5.3.3 hemitochondrial PDH compleh is the predominant source of acetil-CoA in evolved,

carnitine-dependent- acs1Δ acs2Δ strains.

In S. cerevisiae, mitochondrial acetyl-CoA can be generated by the natifie, mitochondrial

PDH compleffi and by the mitochondrial sffccinyl-CoA:acetate CoA-transferase Ach1 (80,
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Figure 5.4.Groflth on glffcose of S. cerevisiae strains in the presence and absence of lipoic acid and ॲ-carnitine.

S. cerevisiae strains flere pre-grofln in shake asks on synthetic mediffm flith 20 g·L-1 glffcose, sffpplemented

flith lipoic acid (strains IMW074 and IMW076) or ॲ-carnitine (strains IMW075 and IMW077) and spoted on

glffcose synthetic mediffm plates flithofft lipoic acid or ॲ-carnitine (let panel), flith lipoic acid (middle panel)

and flith ॲ-carnitine (right panel). Plates flere incffbated for 100 h at 30 ◦C. Relefiant strain descriptions are

gifien in the gffre.

SMD carnitineSMD lipoate

IMW078
Acs- {PDHL} {CARN}
evolution line 1
ach1Δ

IMW079
Acs- {PDHL} {CARN}
evolution line 1
pda1Δ

IMW081
Acs- {PDHL} {CARN}
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ach1Δ

IMW082
Acs- {PDHL} {CARN}
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pda1Δ
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Figure 5.5. Groflth on glffcose of S. cerevisiae strains in the presence of lipoic acid or ॲ-carnitine. S. cerevisiae

strains flere pre-grofln in shake asks on synthetic mediffm flith 20 g·L-1 glffcose, sffpplemented flith lipoic

acid and spoted on glffcose synthetic mediffm plates flith lipoic acid (let panel) or flith ॲ-carnitine (right

panel). Plates flere incffbated for 100 h at 30 ◦C. Relefiant strain descriptions are gifien in the gffre.

244, 318). To stffdy flhich of these reactions profiided mitochondrial acetyl-CoA in the

efiolfied strains IMS0482 and IMS0483, the mitochondrial PDH compleffi flas inactifiated

by deleting PDA1 (245, 338) and Ach1 actifiity flas abolished by disrffptingACH1. In both

efiolfied strains, deletion of PDA1 abolished ॲ-carnitine-dependent groflth on glffcose,

flhile ACH1 disrffption did not hafie a detetable impat on groflth (Figffre 5.5). hese

resfflts demonstrate that, in glffcose-grofln batch cffltffres of the efiolfied strains, the S.

cerevisiae PDH compleffi is the predominant soffrce of mitochondrial acetyl-CoA and, fiia

the constitfftifiely effipressed carnitine shfftle, of cytosolic acetyl-CoA.
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5.3.4 Whole-genome sequencing and reverse engineering of evolved carnitine-dependent-

strains.

To identify the mfftations that enabled ॲ-carnitine-dependent groflth of the efiolfied

carnitine-dependent acs1Δ acs2Δ strains, the genomes of strains IMS0482 and IMS0483

(Acsۗ {PDHL} {CARN}, isolated from efiolfftion lines 1 and 2, respectifiely) and of their

parental strain IMX745 (Acsۗ {PDHL} {CARN}) flere seqffenced. Analysis of single-

nffcleotide changes and insertions/deletions (indels) in open-reading frames refiealed

only three mfftations in strain IMS0482 (efiolfftion line 1) and foffr in strain IMS0483

(efiolfftion line 2), relatifie to the parental strain (Table 5.3). Analysis of copy nffmber

fiariations shofled that strain IMS0482 carried a dffplication of chromosome X (data not

shofln). Chromosome X did not carry either of the tflo synthetic gene clffsters, nor any

of three mfftated genes. No copy-nffmber fiariations relatifie to the parental strain flere

deteted in strain IMS0483.

Both efiolfied strains carried mfftations in MCT1, flhich is predited to encode the mi-

tochondrial malonyl-CoA:ACP transferase that catalyzes the second step of mitochon-

drial faty-acid synthesis (159, 250, 273). In IMS0482, the MCT1T641G mfftation caffsed

an amino-acid change from leffcine to tryptophan at position 214 and in IMS0483 a

MCT1C292T mfftation caffsed a prematffre stop codon at position 98. Strain IMS0482 car-

ried an additional mfftation in RTG2, flhich resfflted in aW168L amino-acid change. Rtg2

is infiolfied in commffnication betfleen mitochondria and nffcleffs and deletion of RTG2

negatifiely affets actifiity of citrate synthase (offialoacetate + acetyl-CoA + H2O → cit-

rate + CoA; (189, 283)). A third mfftation in strain IMS0482 flas foffnd in the introdffced

effipression cassete for YAT2, flhich has been reported to encode a cytosolic carnitine

acetyltransferase (305) and caffsed a P58R amino-acid change in the efiolfied strain. In

strain IMS0483, the abofiementioned MCT1C292T mfftation flas accompanied by single-

nffcleotide changes in the coding regions of RPO21 and STB2 and a deletion of either

HXT6 or HXT7. Since the protein prodffts of these three genes did not shofl an obfii-

offs relation flith mitochondrial metabolism (Table 5.3), fffrther analysis flas focffsed on

the mfftations foffnd in strain IMS0482 flhich, moreofier, effihibited the highest specic

groflth rate on glffcose of the tflo efiolfied strains (Table 5.2).

5.3.5 Mutations in MCT1, RTG1 and YAT2 together enable in fiifio reversal of the mito-

chondrial carnitine shutle.

To infiestigate their biological relefiance, the three mfftations foffnd in efiolfied strain

IMS0482 flere introdffced indifiidffally and in different combinations into the non-

efiolfied parental strain IMX745 (Acsۗ {PDHL} {CARN}). As effipeted, all resfflting strains

grefl on synthetic mediffmflith glffcose and lipoic acid. Hoflefier, on solid mediffm, only

strains IMX909 (Mt1L214W Rtg2 Yat2P58R) and IMX913 (Mt1L214W Rtg2W168L Yat2P58R)

shofled ॲ-carnitine-dependent groflth (Figffre 5.6), sffggesting that both Mt1L214W and

Yat2P58R flere essential for the acqffired phenotype. On spot plates, no clear impat of

the mfftation in RTG2 flas obserfied after 100 h of incffbation (Figffre 5.6). For a qffanti-

tatifie analysis of the impat of the Rtg2W168L mfftation on specic groflth rates, strains
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Table 5.3. Mfftations in efiolfied S. cerevisiae strains flith ॲ-carnitine-dependent profiision of cytosolic acetyl-
CoA. Mfftations in the open-reading frames of the laboratory-efiolfied strains IMS0482 and IMS0483 flere iden-
tied by comparing flhole genome seqffence data to those of the ffnefiolfied parental strain IMX745. Descrip-
tions of gene fffnction flere obtained from the Saccharomices Genome Database flebsite (45).

Gene Nu-
cleotide
change

Amino
acid
change

Description

IMS0482
RTG2 G503T W168L Sensor of mitochondrial dysfffnction; regff-

lates the sffbcellfflar location of Rtg1p and
Rtg3p, transcriptional actifiators of the retro-
grade (RTG) and TOR pathflays; Rtg2p is in-
hibited by the phosphorylated form of Mks1p

MCT1 T641G L214W Predited malonyl-CoA:ACP transferase; pff-
tatifie component of a type-II mitochondrial
faty acid synthase that prodffces intermedi-
ates for phospholipid remodeling

YAT2 C173G P58R Carnitine acetyltransferase; has similarity
to Yat1p, flhich is a carnitine acetyltrans-
ferase associated flith the mitochondrial
offter membrane

IMS0483
RPO21 A2507G Y836C RNA polymerase II largest sffbffnit B220;

part of central core; phosphorylation of C-
terminal heptapeptide repeat domain regff-
lates association flith transcription and splic-
ing factors; similar to bacterial beta-prime

HXT6 or HXT7 gene deletion High-afnity glffcose transporter; member of
the major facilitator sffperfamily, nearly iden-
tical to Hffit7p, effipressed at high basal lefiels
relatifie to other HXTs, repression of effipres-
sion by high glffcose reqffires SNF3;

STB2 C1073A P358Q Protein that interats flith Sin3p in a tflo-
hybrid assay; part of a large protein compleffi
flith Sin3p and Stb1p; STB2 has a paralog,
STB6, that arose from the flhole genome dff-
plication

MCT1 C292T Q98* Predited malonyl-CoA:ACP transferase; pff-
tatifie component of a type-II mitochondrial
faty acid synthase that prodffces intermedi-
ates for phospholipid remodeling

IMX909 (Mt1L214W Rtg2 Yat2P58R) and IMX913 (Mt1L214W Rtg2W168L Yat2P58R) flere

grofln in shake-ask cffltffres on synthetic mediffm flith glffcose and ॲ-carnitine (Ta-

ble 5.2; Figffre 5.7). Strain IMX909 shofled decelerating effiponential groflth prole flith

groflth rates of 0.10 h-1 ۗ 0.06 h-1, flhile strain IMX913 effihibited monophasic effiponen-

tial groflth at a specic groflth rate of 0.14 h-1, flhich resembled the specic groflth

rate of efiolfied strain IMS0482 (Figffre 5.7). his resfflt shofled that all three mfftations

in the laboratory-efiolfied strain IMS0482 contribffted to its acqffired phenotype. Effipo-

nentially grofling cffltffres of the refierse engineered strain IMX913 on synthetic mediffm
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Figure 5.6. Groflth on glffcose of S. cerevisiae strains in the presence of lipoic acid or ॲ-carnitine. S. cerevisiae

strains flere pre-grofln in shake asks on synthetic mediffm flith 20 g·L-1 glffcose, sffpplemented flith lipoic

acid and spoted on glffcose synthetic mediffm plates flith lipoic acid (let panel) or flith ॲ-carnitine (right

panel). Plates flere incffbated for 100 h at 30 ◦C. Relefiant strain descriptions are gifien in the gffre.

flith glffcose and ॲ-carnitine effihibited a high fiiability (> 99 %), resembling that of the

reference strain IMX585.

To infiestigate flhether the mfftations in MCT1, RTG2 and YAT2, acqffired by strain

IMS0482 dffring laboratory efiolfftion, might hafie caffsed a complete loss of fffnction,

three Acsۗ {PDHL} {CARN} strains flere constrffted in flhich deletion of one of the

three genes flas combined flith the acqffired point mfftations of the remaining tflo

genes. he resfflting three strains IMX932, IMX933 and IMX934 all shofled groflth af-

ter 100 h incffbation on solid mediffm flith glffcose and lipoic acid (Figffre 5.6). Hofl-

efier, strains IMX934 (Acsۗ {PDHL} {CARN, Yat2P58R} mct1Δ Rtg2W168L) and IMX932

(Acsۗ {PDHL} {CARN,iat2Δ} Mt1L214W Rtg2W168L) flere ffnable to grofl on mediffm
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Figure 5.7. Groflth cffrfies of S. cerevisiae strains IMX585 (Acs+ reference), IMX745 (Acsۗ {PDHL} {CARN}),

IMS0482 (Acsۗ {PDHL} {CARN}, efiolfftion line 1), IMX909 (Acsۗ {PDHL} {CARN,pADH1-YAT2C173G}MCT1T641G)

and IMX913 (Acsۗ {PDHL} {CARN,pADH1-YAT2C173G}MCT1T641G RTG2G503T) on glffcose syntheticmediffmflith

or flithofft ॲ-carnitine. All strains flere pre-grofln in liqffid synthetic mediffm flith 20 g·L-1 glffcose and lipoic

acid, flashed flith synthetic mediffm and transferred to nefl shake asks flith synthetic mediffm, 20 g·L-1

glffcose.A Cffltffres sffpplemented flith ॲ-carnitine, B cffltffres flithofft ॲ-carnitine.he indicated afierages and

mean defiiations are from single shake ask effiperiments that are qffantitatifiely representatifies of dffplicate

effiperiments.

flith ॲ-carnitine, flhile strain IMX933 (Acsۗ {PDHL} {CARN,Yat2P58R} Mt1L214W rtg2Δ)

did shofl ॲ-carnitine-dependent groflth (Figffre 5.6). his resfflt indicated that the

amino-acid changes in the Mt1L214W and Yat2P58R fiariants did not resfflt in com-

plete loss of fffnction. Interestingly, the genetic conteffit of the other efiolfied strain

IMS0483, in flhich MCT1 contained a prematffre stop codon, did appear to enable

carnitine-dependent groflth in the absence of a fffnctional Mt1 protein. he slightly

lofler ॲ-carnitine-dependent groflth of strain IMX933 (Acsۗ {PDHL} {CARN, Yat2P58R}

Mt1L214W rtg2Δ) as compared to a congenic strain effipressing the mfftant Rtg2W168L

fiariant, sffggests that this amino acid change does not lead to a completely non-

fffnctional protein.

5.3.6 Enzime assais do not conटrm carnitine-acetiltransferase activiti of Yat2.

he prior classication of Yat2 as a cytosolic carnitine acetyltransferase flas based on

its homology flith other carnitine-acetyltransferase genes and on a reported 50 % de-

crease of carnitine-acetyltransferase actifiity (not normalized for protein content) in cell

effitrats of ethanol-grofln cffltffres of a iat2Δ strain (84, 129, 159, 305). To compare

carnitine-acetyltransferase actifiities of Yat2 and Yat2P58R, YAT2 and YAT2C173G genes

ffnder control of the constitfftifie ADH1 promoter flere introdffced in reference genetic

backgroffnds. Since the natifie YAT1, YAT2 and CAT2 carnitine acetyltransferases are

repressed by glffcose, enzyme assays on cell effitrats of glffcose-grofln batch cffltffres

shoffld only reet actifiity of these constitfftifiely effipressed YAT2 genes. Sffrprisingly,

no detetable (< 0.01 μmol·(mg protein)-1·min-1) carnitine-acetyltransferase actifiity flas

foffnd in sffch effiperiments flith strains effipressing the flild-type or efiolfied alleles of

YAT2 from single-copy or mfflti-copy, pADH1-controlled effipression cassetes (Table 5.4).

he same negatifie resfflts flere obtained flith the carnitine-acetyltransferase assay pro-
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Table 5.4. Specic carnitine-acetyltransferase actifiities in cell effitrats of S. cerevisiae strains. Strains flere
grofln in shake asks containing synthetic mediffm flith either 20 g·L-1 glffcose or 2% (fi/fi) ethanol as carbon
soffrce and harfiested in mid-effiponential phase. Carnitine-acetyltransferase actifiities in cell effitrats flere
obtained from dffplicate groflth effiperiments and shofln as afierage k mean defiiation. he detection limit of
the enzyme assay flas 0.01 μmol·(mg protein·min)-1.

Strain Short description Carbon
source
medium

Carnitine-
acetyltransferase
activity
(μmol·(mg
protein)-1·min-1)

IMX585 reference strain glffcose B.D.
IMX868 {CARN}a glffcose 2.69 k 0.51
IMX923 sga1Δ::pADH1-YAT2 glffcose B.D.
IMX925 sga1Δ::pADH1-YAT2C173G glffcose B.D.

IME140 empty mfflti-copy plasmid glffcose B.D.
IME320 mfflti-copy plasmid pADH1-YAT2 glffcose B.D.
IME321 mfflti-copy plasmid pADH1-YAT2C173G glffcose B.D.
IME233 mfflti-copy plasmid pTDH3-CAT2 glffcose 4.24 k 0.52

CEN.PK113-7D CAT2 YAT1 YAT2 ethanol 1.75 k 0.02
CEN.PK215-4A cat2Δ iat1Δ YAT2 ethanol B.D.

IMX745 {CARN} glffcose 3.19 k 0.14
IMS0482 {CARN} efiolfftion line 1 glffcose 2.39 k 0.05
IMX852 {CARN,pADH1-YAT2} MCT1T641G

RTG2G503T
glffcose 2.92 k 0.73

IMX913 {CARN,pADH1-YAT2C173G} MCT1T641G

RTG2G503T
glffcose 3.11 k 0.71

IMX932 {CARN,iat2Δ} MCT1T641G RTG2G503T glffcose 2.82 k 0.44
aComposition of the {CARN} gene set is described in the Materials and methods section.

cedffre described by Sfliegers et al. (305). In contrast, strains IMX868 (sga1Δ::{CARN})

and IME233 (mfflti-copy plasmid flith constitfftifiely effipressed CAT2) shofled high ac-

tifiities (Table 5.4). To efficlffde the theoretical possibility that Yat2 is sffbjet to glffcose-

catabolite inactifiation, a iat1Δ cat2Δ YAT2 strain (CEN.PK215-4A) flas constrffted

and sffbseqffently tested ffnder glffcose-derepressed, respiratory groflth conditions.

Hoflefier, also in ethanol-grofln cffltffres of this strain the Yat2-dependent carnitine-

acetyltransferase actifiity remained belofl the detection limit. Under the same condi-

tions, the reference strain CEN.PK113-7D shofled a carnitine-acetyltransferase actifiity

of 1.75 μmol·(mg protein)-1·min-1 (Table 5.4).

Possible effiplanations for offr inability to detet Yat2-dependent carnitine-

acetyltransferase actifiity inclffde: (i) Yat2 is only actifie flithin a heteromeric compleffi

flith another carnitine acetyltransferase; (ii) Yat2 is a catalytically inactifie regfflator

of other carnitine acetyltransferases, and (iii) assay conditions and/or Yat2 protein

instability preclffde accffrate measffrement of in vitro Yat2 carnitine-acetyltransferase

actifiity. In the rst tflo scenarios, the mfftated form of Yat2 might still shofl a detetable

impat on total carnitine-acetyltransferase actifiity. Hoflefier, flhile enzyme assays on

cell effitrats of strains IMX745 ({PDHL} {CARN}), IMS0482 ({PDHL} {CARN} efiolfftion

line 1), IMX852 ({PDHL} {CARN, Yat2} Mt1L214W Rtg2W168L), IMX913 ({PDHL} {CARN,
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Yat2P58R} Mt1L214W Rtg2W168L) and IMX932 ({PDHL} {CARN, iat2Δ} Mt1L214W

Rtg2W168L) all shofled sffbstantial carnitine-acetyltransferase actifiities, these did not

shofl marked differences betfleen the fiarioffs strains (Table 5.4).

5.4 D९ॹ३ॻॹॹ९ॵॴ

5.4.1 Requirements for reversal of the mitochondrial carnitine shutle

To offr knoflledge, this stffdy is the rst to demonstrate that the carnitine shfftle can con-

net the mitochondrial acetyl-CoA pool to cytosolic, acetyl-CoA-consffming pathflays

in a effkaryote. hree reqffirements had to be met to enable effiport of acetyl ffnits from

mitochondria of glffcose-grofln S. cerevisiae. ॲ-Carnitine, flhich cannot be synthesized

by S. cerevisiae (257, 305), needed to be added to groflth media. Fffrthermore, glffcose re-

pression of key genes encoding carnitine-shfftle proteins had to be circffmfiented, flhich

in this stffdy flas done by effipression from constitfftifie promoters. While these rst tflo

criteria also hafie to be met to enable the carnitine shfftle to effectifiely import acetyl

ffnits into mitochondria (15, 257, 305, 318), its operation in the refierse direction addi-

tionally reqffired mfftations in the yeast genome.

Single-amino-acid changes in three proteins (Mt1L214W, Rtg2W168L and Yat2P58R) to-

gether enabled effiport of acetyl-ffnits from mitochondria fiia a constitfftifiely effipressed

carnitine shfftle. Mt1 is predited to encode mitochondrial malonyl-CoA:ACP trans-

ferase (273), flhich is reqffired for mitochondrial faty-acid synthesis. his process ffses

mitochondrial acetyl-CoA as a precffrsor and might therefore compete for this sffb-

strate flith the carnitine shfftle. Rather than acetyl-CoA itself, Mt1 ffses malonyl-CoA,

formed by the mitochondrial acetyl-CoA carboffiylase Hfa1 (121), as a sffbstrate. Inhibi-

tion of Hfa1 by malonyl-CoA, a property shared by sefieral acetyl-CoA carboffiylases (49,

148), coffld decrease its ability to compete for acetyl-CoA flhen Mt1 fffnctions sffbopti-

mally. Rtg2, a sensor protein infiolfied in the retrograde regfflation pathflay for nffclear-

mitochondrial commffnication (189), flas prefiioffsly shofln to affet lefiels of mitochon-

drial citrate synthase (283), flhich also ffses mitochondrial acetyl-CoA as a sffbstrate. We

therefore propose that, in the efiolfiedstrains, mfftations inMCT1 and RTG2 improfied the

drifiing force and/or kinetics of the effiport of acetyl ffnits fiia the mitochondrial carnitine

shfftle by negatifiely affeting pathflays that compete for its sffbstrate, intramitochon-

drial acetyl-CoA.

Mfftations in mitochondrial lipid synthesis flere prefiioffsly shofln to affet carnitine-

shfftle actifiity in hffman cells. When mitochondrial ͡-offiidation of faty acids in hff-

man cells is compromised, acyl-carnitines are effiported from the mitochondria to the

cytosol and can efien be foffnd in blood plasma (234, 330). Especially flhen yeast

carnitine-shfftle genes can be fffnctionally replaced by their hffman orthologs (132), the

ॲ-carnitine-dependent strains described in this stffdy profiide interesting platforms for

stffdying the role of the carnitine shfftle in healthy and diseased hffman cells. Many eff-

karyotes ffse a citrate-offialoacetate shfftle, consisting of mitochondrial citrate synthase,

a mitochondrial citrate transporter and cytosolic ATP-dependent citrate lyase, for effi-

port of acetyl ffnits from their mitochondria (20, 26, 131). Confiersion of mitochondrial
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acetyl-CoA to acetate, follofled by its effiport and cytosolic ATP-dependent actifiation

to acetyl-CoA, occffrs in Tripanosoma brucei (253). he later mechanism also sffpports

slofl groflth of pyrfffiate-decarboffiylase-negatifie S. cerevisiae mfftants, flhich cannot

ffse the PDH bypass for cytosolic acetyl-CoA synthesis (44). he ATP reqffirement of

these natffrally occffrring acetyl-CoA shfftles is consistent flith offr hypothesis that in

vivo concentrations of acetyl-CoA in cytosol and mitochondria of flild-type yeast cells

do not allofl offtflard translocation of acetyl ffnits fiia the energy-independent carnitine

shfftle. uantication of trade-os betfleen ATP-efciency and in vivo kinetics of cy-

tosolic acetyl-CoA profiision fiia different pathflays reqffires analysis of mitochondrial

and cytosolic acetyl-CoA pools in flild-type and engineered strains. Sffch stffdies flill,

hoflefier, hafie to aflait defielopment of techniqffes for accffrate measffrement of acetyl-

CoA concentrations in different cellfflar compartments.

YAT2, the third gene in flhich a point mfftation stimfflated carnitine-dependent

groflth of acs1Δ acs2Δ strains, flas reported to encode a carnitine acetyltransferase

(305). Yat2 shofls sffbstantial seqffence identity flith the tflo other yeast carnitine-

acetyltransferases (28% and 22% amino acid seqffence identity flith Yat1 and Cat2, re-

spectifiely (337)). Hoflefier, Yat2 is sffbstantially longer than Yat1 and Cat2, by 236 and

253 amino acids, respectifiely and its 169 amino-acid C-terminal seqffence is only con-

serfied in some closely related orthologs flithin the Saccharomycetaceae (127). he mff-

tation in YAT2 is intrigffing becaffse Cat2 (actifie in the mitochondrial and peroffiisomal

matrices) and Yat1 (actifie in the cytosol) shoffld in theory sfffce to form a fffnctional

mitochondrial carnitine shfftle. Prompted by its essential role in refiersal of the mito-

chondrial carnitine shfftle in efiolfied strain IMS0482, fle soffght to compare enzyme

kinetics of flild-type Yat2 and Yat2P58R. Offr inability to detet actifiity of either Yat2 iso-

form in cell effitrats does not rffle offt that these proteins are carnitine acetyltransferases.

Combined flith the impat of a mfftation in YAT2 on in vivo carnitine-shfftle actifiity,

this resfflt ffnderlines the need for fffrther biochemical characterization of Yat2.

5.4.2 (Energetic) implications of the carnitine shutle in citosolic acetil-CoA provision for

biotechnological applications.

In the natifie S. cerevisiae pathflay for cytosolic acetyl-CoA synthesis, cytosolic acetate is

actifiated by the Acs1 and/or Acs2 acetyl-CoA synthetases (14, 142, 244, 306). his actifia-

tion infiolfies hydrolysis of ATP to AMP and pyrophosphate flhich, flhen pyrophosphate

is sffbseqffently hydrolyzed to inorganic phosphate, is eqffifialent to the hydrolysis of 2

moles of ATP to ADP and inorganic phosphate. Cytosolic acetyl-CoA is an important pre-

cffrsor for many indffstrially relefiant compoffnds and mffch effort has been infiested in

metabolic engineering of alternatifie, more ATP-efcient pathflays for cytosolic acetyl-

CoA sffpply into S. cerevisiae. Effiamples of sffch strategies inclffde cytosolic effipression of

heterologoffs phosphoketolase and phosphotransacetylase, acetylating acetaldehyde de-

hydrogenase, pyrfffiate-formate lyase and a heterologoffs pyrfffiate-dehydrogenase com-

pleffi (166, 167, 291). he present stffdy demonstrates that refiersal of the mitochondrial

carnitine shfftle can diretly link acetyl-CoA synthesis fiia the mitochondrial PDH com-

pleffi, the predominant soffrce of acetyl-CoA in aerobic, glffcose-grofln S. cerevisiae cffl-
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tffres (245), to profiision of cytosolic acetyl-CoA. he lofl specic groflth rates of the

efiolfied and refierse engineered ॲ-carnitine-dependent strains indicate that this nofiel

strategy for engineering cytosolic acetyl-CoA profiision in S. cerevisiae reqffires opti-

mization before indffstrial implementation can be considered. Progress in this direc-

tion floffld profiide a strong incentifie to engineer a complete ॲ-carnitine biosynthesis

pathflay in S. cerevisiae. Despite recent adfiances (83), synthesis of the key precffrsor

trimethyl-lysine in S. cerevisiae remains an important metabolic engineering challenge.

Effiport of acetyl ffnits from mitochondria fiia the carnitine shfftle may also be rele-

fiant for effkaryotic cell factories other than S. cerevisiae. Oleaginoffs effkaryotes sffch

as the yeast Yarrowia lipolitica employ the mitochondrial PDH compleffi and a citrate-

offialoacetate shfftle to profiide cytosolic acetyl-CoA for lipid synthesis (20, 192). he

citrate-offialoacetate shfftle reqffires 1 ATP for each molecffle of mitochondrial pyrff-

fiate confierted into cytosolic acetyl-CoA. Eliminating this ATP reqffirement coffld fffr-

ther improfie the ATP-efciency of lipid synthesis and, conseqffently, the lipid yield in

oleaginoffs effkaryotes.

5.5 Oॻॺॲॵॵॱ

By demonstrating in vivo refiersibility of mitochondrial carnitine shfftle, a ffbiqffi-

toffs mechanism in effkaryotes, this stffdy profiides nefl leads for infiestigating and

ffnderstanding the role of this shfftle in yeast and other effkaryotes. he ۜsflitchable

ॲ-carnitine-dependent yeast strains described here profiide fialffable effiperimental plat-

forms for fffnctional analysis of the natifie yeast carnitine shfftle, for heterologoffs com-

plementation stffdies on carnitine-shfftle components from other effkaryotes and for

engineering of a complete ॲ-carnitine biosynthesis pathflay into S. cerevisiae (83). After

fffrther optimization of the kinetics, the ۜrefierse mitochondrial carnitine shfftle offers

a potential nefl strategy for energetically efcient synthesis of cytosolic acetyl-CoA as a

precffrsor for a flide range of biotechnologically relefiant compoffnds by effkaryotic cell

factories.
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Table S5.1. GffideRNA plasmids ffsed in this stffdy. For amplication of the doffble gffideRNA cassete, a pROS
plasmid (200) flas ffsed as a template flith the primer(s) as indicated.

Plasmid Target(s) Target sequence(s) Template
backbone

Relevant
primer(s)

pUDR047 PDA1 TACCGGGATCAGACATAGAATGG pROS12 5794
pUDR072 LplA1 AGAAACGATTTGTTGATTGACGG pROS13 8016
pUDR073 pADH1-YAT2a ATCTCATATACAATGTCAAGCGG pROS13 8014
pUDR078 RTG2 GCGGTAGTACTCAGTTATCATGG pROS13 8427
pUDR079 RTG2, GCGGTAGTACTCAGTTATCATGG pROS13 8427,

MCT1 TAAGAACAGAATTGAACCTAAGG 8413
pUDR080 MCT1 TAAGAACAGAATTGAACCTAAGG pROS13 8413
pUDR085 ACH1 CGAGGCAACGGCCATTAAAGAGG pROS13 6159
pUDR105 Synthetic

CRISPRR site
TGTAGAATTTCACCTAGACGTGG pROS12 8558

pUDR119b SGA1 ATTGACCACTGGAATTCTTCCGG pROS11
aTarget seqffence is at the jffnction of ADH1 promoter and YAT2 ORF
bConstrffted earlier, see (318)

Table S5.2. Primers ffsed in this stffdy.

Number Name Sequence 5’ → 3’

Primers for guideRNA cassette construction

6005 p426 CRISP rfi GATCATTTATCTTTCACTGCGGAGAAG

5794 pCAS9 target pda1 ffl TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGT

GAAAGATAAATGATCTACCGGGATCAGACATAGAA

GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC

TAGTCCGTTATCAAC

6159 ACH1 gRNA GTGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAG

TGAAAGATAAATGATCCGAGGCAACGGCCATTAAA

GGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAG

8016 LplA1 target_RNA FW TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGT

GAAAGATAAATGATCAGAAACGATTTGTTGATTGA

GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAG

8014 pADH1-YAT2

target_RNA FW

TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGT

GAAAGATAAATGATCATCTCATATACAATGTCAAG

GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAG

8427 RTG2_targetRNA FW

RsaI

TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGT

GAAAGATAAATGATCGCGGTAGTACTCAGTTATCA

GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAG

8413 MCT1_targetRNA-

L214W FW

EcoRI

TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGT

GAAAGATAAATGATCTAAGAACAGAATTGAACCTA

GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAG

8558 CRISPRR target gRNA TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGT

GAAAGATAAATGATCTGTAGAATTTCACCTAGACG

GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAG
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Number Name Sequence 5’ → 3’

CRISPR acs2Δ locus

7349 ACS2_repair oligo rfi AAAATAGAAAACAGAAAAGGAGCGAAATTTTATCT

CATTACGAAATTTTTCTCATTTAAGATTTTATTAT

TGTATTGATTTACTTTCCTGTATTCTGTTTGTGTA

TAACAATCACTAACC

7350 ACS2_repair oligo ffl GGTTAGTGATTGTTATACACAAACAGAATACAGGA

AAGTAAATCAATACAATAATAAAATCTTAAATGAG

AAAAATTTCGTAATGAGATAAAATTTCGCTCCTTT

TCTGTTTTCTATTTT

CRISPR sga1Δ locus

8012 SGA1_repair oligo ffl ATTTACAATATAGTGATAATCGTGGACTAGAGCAA

GATTTCAAATAAGTAACAGCAGCAAACAAAAAAAA

ATAAAAGAAAAGCGAGAAGTATACACAAGTGTATT

TCCTAGATATTTACA

8013 SGA1_repair oligo rfi TGTAAATATCTAGGAAATACACTTGTGTATACTTC

TCGCTTTTCTTTTATTTTTTTTTGTTTGCTGCTGT

TACTTATTTGAAATCTTGCTCTAGTCCACGATTAT

CACTATATTGTAAAT

CRISPR MCT1T641G mutation and MCT1 deletion

8417 MCT1_repair oligo

L214W ffl

GTAAAGCAATGTGTAGTCACCGGTCTGGTTGATGA

TTTAGAGTCCTTAAGAACAGAATGGAACCTAAGGT

TCCCGCGTTTAAGAATTACAGAATTAACTAACCCA

TACAACATCCCCTTC

8418 MCT1_repair oligo

L214W rfi

GAAGGGGATGTTGTATGGGTTAGTTAATTCTGTAA

TTCTTAAACGCGGGAACCTTAGGTTCCATTCTGTT

CTTAAGGACTCTAAATCATCAACCAGACCGGTGAC

TACACATTGCTTTAC

8415 MCT1_repair oligo ffl AGGGTAGTAACAAAGCGTTTTGCACTTTTCTGATC

GTGGTACACATATATAAGCGTTTGTGAAAGAGATC

AAAACTGCGAACTCTCTCCACTCCCAGTCTGTGCT

TCTACGCATTCATTG

8416 MCT1_repair oligo rfi CAATGAATGCGTAGAAGCACAGACTGGGAGTGGAG

AGAGTTCGCAGTTTTGATCTCTTTCACAAACGCTT

ATATATGTGTACCACGATCAGAAAAGTGCAAAACG

CTTTGTTACTACCCT

CRISPR RTG2G503T mutation and RTG2 deletion

8430 RTG2_repair oligo

W168L ffl

CATTTAATACAGTAAGAGGTCTATATCTAGATGTG

GCAGGCGGTAGTACTCAGTTATCATTGGTAATAAG

CTCGCACGGAGAAGTCAAGCAATCCAGCAAACCTG

TATCTTTGCCATATG

8431 RTG2_repair oligo

W168L rfi

CATATGGCAAAGATACAGGTTTGCTGGATTGCTTG

ACTTCTCCGTGCGAGCTTATTACCAATGATAACTG

AGTACTACCGCCTGCCACATCTAGATATAGACCTC

TTACTGTATTAAATG
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Number Name Sequence 5’ → 3’

8428 RTG2_repair oligo ffl ACTCTTGGAAGTGTCCTTTACTAAGGATTGTTTTG

AACGAAAAGTGTAGGCGTGCCACAAAGACATCTAG

TCTTTAAATACTTGAACAATAAATACGAAATCCTT

ATATAAGCATCTTTT

8429 RTG2_repair oligo rfi AAAAGATGCTTATATAAGGATTTCGTATTTATTGT

TCAAGTATTTAAAGACTAGATGTCTTTGTGGCACG

CCTACACTTTTCGTTCAAAACAATCCTTAGTAAAG

GACACTTCCAAGAGT

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

8621 YAT2 repair oligo

CRISPRR ffl

GTTTCTTTTTCTGCACAATATTTCAAGCTATACCA

AGCATACAATCAACTAGTAGAATTTCACCTAGACG

TGGGAACAAATTGAGAAGCTGTCATCCATAATAAG

AGATTTTGAAGAG

8622 YAT2 repair oligo

CRISPRR rfi

CTCTTCAAAATCTCTTATTATGGATGACAGCTTCT

CAATTTGTTCCCACGTCTAGGTGAAATTCTACTAG

TTGATTGTATGCTTGGTATAGCTTGAAATATTGTG

CAGAAAAAGAAAC

8874 pADH1-YAT2 repair

oligo ffl

TTTCTTCCTTGTTTCTTTTTCTGCACAATATTTCA

AGCTATACCAAGCATACAATCAACTGAACGCTCTT

TGTTTATCTATTTATTACTAGCATTATGCGTAAGC

TTGGCGTGATGTGAT

8875 pADH1-YAT2 repair

oligo rfi

ATCACATCACGCCAAGCTTACGCATAATGCTAGTA

ATAAATAGATAAACAAAGAGCGTTCAGTTGATTGT

ATGCTTGGTATAGCTTGAAATATTGTGCAGAAAAA

GAAACAAGGAAGAAA

CRISPR PDA1 deletion

6157 PDA1 repair ffl TGTTTATCTCTCTTCTGATTCCTCCACCCCTTCCT

TACTCAACCGGGTAAATGTCGCATCTTAATCGTAA

GGAAAAATAAAATAATAGTGCTGTGATCGCATGAT

ATTCTTCCCTGGAAG

6158 PDA1 repair rfi CTTCCAGGGAAGAATATCATGCGATCACAGCACTA

TTATTTTATTTTTCCTTACGATTAAGATGCGACAT

TTACCCGGTTGAGTAAGGAAGGGGTGGAGGAATCA

GAAGAGAGATAAACA

CRISPR ACH1 deletion

6160 ACH1 repair ffl GACAATAGCGGCAAAACAAACAACACATTTCTTTT

TTTCTTTTTCACATATTGCACTAAATGTTTGTGCG

CAAACCGAGAGATGAGTATTTAAAAAAAAAAGAAA

GGAAATGATATGATT

6161 ACH1 repair rfi AATCATATCATTTCCTTTCTTTTTTTTTTAAATAC

TCATCTCTCGGTTTGCGCACAAACATTTAGTGCAA

TATGTGAAAAAGAAAAAAAGAAATGTGTTGTTTGT

TTTGCCGCTATTGTC

Marker cassette CAT2 deletion

9237 CAT2-S1 ATGAGGATCTGTCATTCGAGAACTCTCTCAAACTT

AAAGGCAGCTGAAGCTTCGTACGC
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Number Name Sequence 5’ → 3’

9238 CAT2-S2 ATTGATATGCAGCCACTCGTTATTCAACATGTATG

CCAGTGCATAGGCCACTAGTGGATCTG

Marker cassette YAT1 deletion

9239 YAT1-S1 ATGCCAAACTTAAAGAGACTACCCATCCCGCCACT

GCAGGCAGCTGAAGCTTCGTACGC

9240 YAT1-S2 GTAATCGTAGCCGGACAACAGGTATTTCATGTCTT

CTGATGCATAGGCCACTAGTGGATCTG

Primers for amplification of the YAT2C173G mutation

8618 pADH1 ffl CCTCGTCATTGTTCTCGTTC

8619 YAT2 rfi GTTTAGATTGCAGCTTCTCAC

Primers for amplification of the pADH1-YAT2-tYAT2 cassettes

8647 tag C ffl ol pSGA1 TTTACAATATAGTGATAATCGTGGACTAGAGCAAG

ATTTCAAATAAGTAACAGCAGCAAAACGTCTCACG

GATCGTATATGC

8648 tag J rfi (ol tSGA1) TATATTTGATGTAAATATCTAGGAAATACACTTGT

GTATACTTCTCGCTTTTCTTTTATTCGACGAGATG

CTCAGACTATG

8902 tag J ffl (ol pRS426) CTATAGGGCGAATTGGGTACCGGGCCCCCCCCGAC

GAGATGCTCAGACTATG

8903 tag C rfi (ol pRS426) GAACTAGTGGATCCCCCGGGCTGCAGGAATTACGT

CTCACGGATCGTATATG

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

3627 pTDH3 rfi TTTGTTTGTTTATGTGTGTTTATTCGAAAC

3921 tCYC1 ffl (smaller) CAGGCCCCTTTTCCTTTG

5948 pRS426-CAT2 ffl TTTAAAACACCAAGAACTTAGTTTCGAATAAACAC

ACATAAACAAACAAAATGAGGATCTGTCATTCGAG

AAC

5949 pRS426-CAT2 rfi TAAGCGTGACATAACTAATTACATGATATCGACAA

AGGAAAAGGGGCCTGTCAGTGATGGTGGTGATGAT

GTAACTTTGCTTTTCGTTTATTCTCATTTTC

Confirmation of PDA1 deletion

3146 ROSP031 DG PDA1

KO ffl

ATCGCGCGTGTACATGTC

3147 ROSP032 DG PDA1

KO rfi

GCGGCTATTTTCCGGTCTG

Confirmation of ACH1 deletion

3770 ACH1kocheck2f CGGGCTTACATTAGCACAC

3771 ACH1kocheck2r GCAAGAAAAAACAACGCATTGG

Confirmation of sga1Δ locus

4223 SGA1 offtside ffl CTTGGCTCTGGATCCGTTATCTG

4229 Seqffence SGA1 2 rfi TGGTCGACAGATACAATCCTGG

Confirmation of acs2Δ locus

2618 acs2 Ctrl Ffl TACCCTATCCCGGGCGAAGAAC

2619 acs2 KO Ctrl Rfi CCGATATTCGGTAGCCGATTCC

Confirmation of cat2Δ and yat1Δ loci

9091 K1-A GGATGTATGGGCTAAATGTACG

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 MCT1_dg ffl-2 GAGTCAGAACGGCAAGGAATC

8426 MCT1_dg rfi-3 CTCCATCAACGTGTGAGTTC

8507 RTG1 inside DG ffl ACAGAAGCCACGCGAGATG

8508 RTG1 inside DG rfi AGAAGCAGATGTCCCATACC

706 5Padh1-3 GTCGTTGTTCCAGAGCTGATGAG

7497 YAT2_3 AAAGCGTCATCTGCGAGAACC
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