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Summary

One of the most conserved and central parts of metabolism is the pathway of
glycolysis, that breaks down hexose sugars. While multiple variants of glycolytic
pathway exist, the Emden-Meyerhof-Parnas pathway which converts glucose to two
molecules of pyruvate with the net gain of two ATP and two reduced NADH moieties
is the one predominantly found in eukaryotes. This well-studied metabolic pathway
is important for industrial biotechnology, because sugars are often used as substrate
for microbial production of fuels and chemicals, as well as human health, because
of the involvement of glycolytic dysfunction and deregulation in diseases such as
cancer. The analysis of glycolytic enzyme function is complicated by the presence
in many organisms of a large range of secondary ‘moonlighting’ functions besides
the main glycolytic function. Because of its robustness, genetic accessibility, ease of
culture and highly expressed glycolytic pathway, baker’'s yeast, Saccharomyces
cerevisiae has been key to research on glycolysis. Besides its role in food and
beverage production and as industrial host for e.g. bioethanol and insulin production,
this yeast has been intensively used as a model organism to study fundamental
processes and pathways.

Despite S. cerevisiae glycolysis being the first metabolic pathway to be discovered,
understanding of its regulation, which is largely achieved by metabolic inhibition and
activation, as well of its complex secondary functions, is far from complete. Study
and engineering of eukaryotic metabolism is complicated by genetic redundancy, as
illustrated by the 26 isoenzymes encoded by 26 genes scattered across the genome
in yeast, catalysing the 10 glycolytic steps and the 2 fermentation steps (converting
pyruvate to ethanol). To enable simpler study and modification of yeast glycolysis,
previously the essentiality of the various isoenzymes has been studied and the minor
isoenzymes were deleted without noticeable impact on yeast physiology. In a further
step, the genes encoding the 13 major isoenzymes were relocated to a single
chromosomal locus, enabling the modular replacement of the entire pathway in two
transformation steps. These Minimal Glycolysis (MG) and Switchable Yeast
Glycolysis (SwYG) strains are the foundation for this thesis. The goals of this thesis
are to investigate the potential of pathway swapping to study and remodel this central
pathway and explore the metabolic and physiological impact of glycolytic
transplantation in S. cerevisiae.

While the minimization of the glycolytic pathway had no visible effect on yeast
physiology, the relocation of the genes encoding the major isoenzymes in the SwYG
strain resulted in a 8-30% decrease in growth rate depending on the growth
conditions. In Chapter 2 the effects of genetic reorganization on yeast physiology,



Summary

and more particularly on the specific growth rate decrease was studied. Using the
SwYG strain, several aspects of the pathway relocation and the concomitant genetic
alterations were investigated, including presence of ARS sequences and gene
direction. Additionally the changes resulting from pathway reorganization on
glycolytic enzyme activity and expression from neighbouring loci were analysed,
however none of these showed a distinct connection to strain physiology. Wild-type
growth rate could be restored in the SwYG strain through adaptive evolution and
reverse engineering, unexpectedly revealing the involvement of genes related to
autophagy. While this study could not identify the exact cause of the slow growth
phenotype of the SwyG strain, untargeted mutations caused by strain construction
as well as an as-yet uncharacterised moonlighting function of Pgk1 were implicated
in the growth defect. This chapter illustrates the challenges encountered by
extensive strain construction programs, additionally the analysis of the impact of
pathway reorganization provided design guidelines for modular pathways.

The humanization of genes in yeast has long been used to study protein and
pathway function, allowing simpler modification and characterization compared to
mammalian cells. Chapter 3 reports the humanization of the glycolytic pathway in
yeast. The combination of single gene complementation, full pathway swapping and
adaptive laboratory evolution proved a powerful approach to evaluate the
conservation of enzyme function and generate new humanized model strains. The
activity of the 25 tested human glycolytic enzymes was largely conserved in the
humanized yeast strains, with the exception of the muscle hexokinases, which were
only functional in yeast after the acquisition of mutations that modified hexokinase
sensitivity to its allosteric inhibitor glucose-6-phosphate. This requirement for
reduced allosteric sensitivity was observed with single hexokinase complementation,
as well as in yeast strains with fully humanized muscle glycolysis, showing
fundamental differences in operation between human (muscle) and yeast cells. A
surprising further finding was the apparent complementation of moonlighting
functions in yeast by the human hexokinase, aldolase and enolase enzymes. The
function of the human pathway was further optimized in S. cerevisiae by targeted
gene overexpression and evolutionary engineering, which identified hexokinase and
phosphoglycerate mutase as likely limiting steps in the pathway and pointed to the
possibility of novel interactions between human aldolase and the yeast cytoskeleton.
Finally, comparison of the glycolytic enzymes from humanized strains to those from
cultured muscle cells indicated similar catalytic turnover numbers, showing the
potential of humanized yeast strains as novel models to study metazoan glycolysis.

Integrating the lessons learned in the previous chapters, Chapter 4 describes the
use of pathway swapping to explore metabolic regulation of S. cerevisiae glycolysis.
While such fast-acting regulation of glycolytic enzymes by metabolites is wide-
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spread across organisms and thought to be important for dynamic flux regulation in
S. cerevisiae, single enzymes studies have failed to identify a clear role for
(allosteric) metabolic regulation in glycolysis. Using transplantation of non-allosteric
glycolytic enzymes from the oleaginous yeast Yarrowia lipolytica, devoid of the
typical metabolic regulations found in S. cerevisiae, these long-standing questions
were put to the test. Full and partial pathway replacement, combined with single
complementation revealed that while single enzymes can be replaced with non-
regulated variants with marginal phenotypic effect, combination of expression of the
Y. lipolytica glucokinase, phosphofructokinase and pyruvate kinase led to a
dysfunctional pathway. Swapped glycolysis strains showed high sensitivity to
glucose, but not to galactose, suggesting that the lack of metabolic regulation caused
a carbon overflow in upper glycolysis and an imbalance between upper and lower
glycolysis. Adaptive evolution revealed that reduction of the glucokinase activity
suppressed this effect. Kinetic modelling combined with culturing under lower
glucose conditions confirmed that the reduction of the flux in upper glycolysis
restored glycolytic balance in the absence of S. cerevisiae-like metabolic regulations.
These observations demonstrate the synergetic role played by metabolic regulation
of hexokinase, phosphofructokinase and pyruvate kinase in S. cerevisiae during
dynamic conditions, particularly during transition between glucose poor and rich
environments. This chapter therefore demonstrates the potential of pathway
swapping to study fundamental aspects of glycolysis and the importance of pathway
level, systems approaches to study complex regulatory mechanisms.

Finally Chapter 5 looks beyond yeast Synthetic Biology to the broader field of
Synthetic Genomics, which focuses on the construction of synthetic chromosomes
and genomes. Lessons about synthetic locus design learned from the swapping of
a single pathway can eventually be used for larger scale engineering of metabolism,
including modification of central carbon metabolism and implementation of product
pathways. Such metabolic engineering can be made easier by the application of
synthetic chromosomes, which would enable great flexibility for pathway
rearrangement, integration and swapping. However, current DNA synthesis
techniques are limited to short DNA fragments, necessitating assembly of multiple
fragments even for a single synthetic gene. With current synthetic chromosomes
ranging to thousands of base pairs and dozens of genes and potential synthetic
genomes increasing in size beyond that, methods for DNA assembly are critical to
the success of synthetic biology. In this chapter the use of S. cerevisiae and its
powerful intrinsic homologous recombination machinery for assembly of synthetic
DNA is reviewed. The use of this versatile microorganism has been critical to the
development of the field so far, enabling the first assembly of a complete synthetic
genome. The lack of efficient alternative DNA assembly methods and the intrinsic
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limits of bacterial hosts for synthetic biology mean S. cerevisiae will likely remain a
key genome foundry for the foreseeable future.



Samenvatting

De glycolyse, de metabole route waarin suikers worden afgebroken, is een van de
meest behouden en centrale metabole routes. Hoewel meerdere varianten van deze
route bestaan, komt in eukaryoten voornamelijk de Emden-Meyerhof-Parnas
glycolyse voor, waarin glucose wordt omgezet tot twee moleculen pyruvaat
(pyrodruivenzuur) met de productie van twee ATP en twee gereduceerde NADH. Dit
uitgebreid bestudeerde deel van het metabolisme is van belang voor de industriéle
biotechnologie, waarin vaak gebruik wordt gemaakt van suikers als grondstof voor
de productie van brandstoffen en chemicalién, maar ook voor de menselijke
gezondheid, omdat dysfunctie en deregulatie van de glycolyse verband houden met
ziektes zoals kanker. Onderzoek naar de functie van glycolyse enzymen wordt
gecompliceerd doordat in veel organismen deze eiwitten een reeks secundaire
cellulaire functies hebben die niet gerelateerd zijn aan hun katalytische rol in de
glycolyse. Bakkersgist, Saccharomyces cerevisiae, is een belangrijk organisme in
het onderzoek naar deze metabole route vanwege zijn robuustheid, genetische
toegankelijkheid, gemak van cultivatie en hoge expressie van glycolyse enzymen.
Deze gist wordt toegepast in de productie van voedsel en dranken, en als industrieel
gastheerorganisme voor onder andere bio-ethanol en insuline productie, maar is ook
van groot belang als modelorganisme voor fundamenteel onderzoek. Hoewel de
glycolyse van S. cerevisiae de eerst beschreven metabole route is, zijn niet alle
aspecten volledig opgehelderd, waaronder de regulatie, die grotendeels via remming
en activatie door metabolieten plaatsvindt, en de complexe secundaire functies. Het
bestuderen en aanpassen van het metabolisme in eukaryoten zoals gist wordt
verder bemoeilijkt doordat er voor veel reacties meerdere iso-enzymen aanwezig
zijn. In S. cerevisiae worden de tien reacties van de glycolyse samen met de twee
reacties van pyruvaat naar ethanol uitgevoerd door 26 enzymen en de coderende
26 genen liggen verspreid over het gistgenoom. Om de studie van de gist glycolyse
eenvoudiger te maken is in eerder werk de noodzakelijkheid van de verschillende
iso-enzymen in kaart gebracht en zijn de overtollige enzymen verwijderd, wat geen
invioed bleek te hebben op de fysiologie van deze ‘geminimaliseerde glycolyse’
giststam. Vervolgens zijn de noodzakelijke 13 iso-enzymen verplaatst naar een
enkele locus, in de zogenaamde ‘SwYG’ stam (Switchable Yeast Glycolysis),
waardoor het mogelijk werd om deze route in enkele stappen te verwisselen voor
andere varianten. Deze ‘minimale glycolyse’ en ‘verwisselbare glycolyse’
platformstammen vormen de basis voor deze thesis. De doelen van dit werk waren
het onderzoeken van transplantatie van metabole routes als methode om de
glycolyse te modificeren en te bestuderen en het in kaart brengen van de metabole
en fysiologische invloed van zulke verwisselingen in S. cerevisiae.
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Hoewel het minimaliseren van de glycolyse geen meetbare effecten had op de
fysiologie van gist, resulteerde het verplaatsten van de essentiéle glycolyse genen
naar één locus in een 8-30% lagere groeisnelheid van de SwYG stam, afhankelijk
van de condities. In Hoofdstuk 2 worden de effecten van genetische reorganisatie
op de gistfysiologie, en specifiek de lagere groeisnelheid, bestudeerd. Verschillende
aspecten van de verplaatsing en reorganisatie van deze metabole route zijn
onderzocht, waaronder de aanwezigheid van replicatie-sequenties en de
transcriptie-richting van genen. Daarnaast zijn de veranderingen in glycolyse
activiteit en transcriptie van nabijgelegen genen onderzocht, maar geen van deze
factoren leek verband te houden met de verminderde groeisnelheid van deze stam.
De groeisnelheid kon wel hersteld worden door gerichte evolutie toe te passen en
de gevonden genetische wijzigingen terug te plaatsen. Enkele van deze genetische
wijzigingen waren onverwacht gerelateerd aan autofagie processen. Hoewel deze
studie niet eenduidig de oorzaken van het groeisnelheidsverschil kon identificeren,
konden onbedoelde mutaties en een niet eerder beschreven secundaire functie van
Pgk1 aangewezen worden als mogelijke oorzaken. Dit hoofdstuk laat de uitdagingen
zien van uitgebreide genetische modificatie, daarnaast leidde de analyse van de
invloed van genetische reorganisatie tot ontwerprichtlijnen voor modulaire metabole
routes.

Het tot expressie brengen van menselijke genen in gist (vermenselijking) wordt al
lang toegepast voor de studie van eiwitten en routes omdat het aanpassen en
karakteriseren van gist eenvoudiger is in vergelijking tot zoogdiercellen. Hoofdstuk
3 beschrijft de vermenselijking van de glycolyse in gist. De combinatie van de
complementatie (vervanging) van enkelvoudige genen, het verwisselen van de
complete glycolyse, en gerichte laboratoriumevolutie bleek een krachtige methode
om nieuwe modelorganismen te verkrijgen en de conservatie van enzymfunctie te
bestuderen. De 25 geteste menselijke glycolyse enzymen waren grotendeels
functioneel in de vermenselijkte giststammen, met uitzondering van de menselijke
spier-hexokinases. Deze bleken alleen functioneel te zijn in gist na de verkrijging van
mutaties die de inhibitie door glucose-6-fosfaat verminderden. Deze vereiste voor
verminderde inhibitie was zowel aanwezig in de enkele hexokinase complementatie
stammen als in de stammen met een volledige menselijke glycolyse, en liet de
fundamentele verschillen in werking zien tussen menselijke (spier-) cellen en
gistcellen. Een verrassende vinding was verder de complementatie door menselijke
hexokinase, aldolase en enolase enzymen van de secundaire functies van de
gistenzymen. De werking van de humane glycolyse in S. cerevisiae werd vervolgens
geoptimaliseerd door de overexpressie van enkele glycolyse genen en
laboratoriumevolutie, waardoor hexokinase en fosfoglyceromutase als voornaamste
limiterende stappen konden worden aangewezen. Ook werden aanwijzingen
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gevonden voor de interactie van menselijke aldolase en het gist cytoskelet.
Vergelijking van de in gist geproduceerde menselijke enzymen met de enzymen uit
een cultuur van menselijke spiercellen liet verder zien dat de katalytische efficiéntie
grotendeels vergelijkbaar was, wat de potentie aantoont van vermenselijkte
gistcellen als nieuwe modellen voor onderzoek naar de menselijke glycolyse.

Met gebruik van de lessen uit de vorige hoofdstukken, gaat Hoofdstuk 4 over het
gebruik van route-verwisseling om de metabole regulatie van de gistglycolyse te
onderzoeken. Zulke regulatie is wijdverspreid in verschillende organismen en wordt
gezien als belangrijk voor de dynamische regulatie van de glycolyse flux in S.
cerevisiae. Echter, studies naar enkele enzymen hebben tot dusver de rol van
metabole regulatie niet eenduidig geidentificeerd. Door transplantatie van niet-
gereguleerde glycolyse enzymen uit de vetzuur-ophopende gist Yarrowia lipolytica
naar S. cerevisiae konden vragen over metabole regulatie worden getest. De
combinatie van volledige en gedeeltelijke vervanging samen met complementatie
van enkele enzymen toonde aan dat enkele enzymen konden worden vervangen
door niet-gereguleerde enzymen zonder grote effecten, maar dat de combinatie van
expressie van de Y. lipolytica glucokinase, fosfofructokinase en pyruvaatkinase tot
een dysfunctionele glycolyse leidde. Deze gedereguleerde glycolyse stammen
waren overgevoelig voor glucose, maar niet voor galactose, wat suggereerde dat
het gebrek aan metabole regulatie een disbalans tussen de bovenste en onderste
helft van de glycolyse veroorzaakte. Laboratorium evolutie onthulde dat een
vermindering van de glucokinase activiteit dit effect kon onderdrukken. Een kinetisch
model samen met groei bij lagere glucose concentraties bevestigden dat een
reductie van flux in het bovenste deel van de glycolyse de balans kon herstellen in
afwezigheid van de S. cerevisiae metabole regulatie. Deze waarnemingen
demonstreren de synergetische rol van metabole regulatie van hexokinase,
fosfofructokinase en pyruvaatkinase in S. cerevisiae onder dynamische
omstandigheden, specifiek bij de overgang tussen lage en hoge glucose
concentraties. Dit hoofdstuk laat de mogelijkheden van route-verwisseling zien om
fundamentele aspecten van de glycolyse te bestuderen en toont het belang van
systemische methoden op route-niveau om regulatiemechanismen te onderzoeken.

Als laatste kijkt Hoofdstuk 5 verder dan de synthetische biologie in gist naar het
bredere veld van synthetische genomica (synthetic genomics), waarin de constructie
van synthetische chromosomen en genomen centraal staat. Lessen uit het
verwisselen van een enkele route zouden kunnen worden toegepast voor het
modificeren van het metabolisme op grotere schaal, waaronder het veranderen van
het centrale koolstofmetabolisme en het implementeren van specifieke product
routes. Dit soort ‘metabolic engineering’ zou eenvoudiger kunnen worden door het
toepassen van synthetische chromosomen, die een hoge mate van flexibiliteit voor
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de integratie, verwisseling en herschikking van genen voor metabole routes mogelijk
maken. De huidige methoden voor de synthese van DNA zijn echter beperkt tot korte
fragmenten, waardoor zelfs voor een enkel gen meerdere fragmenten aan elkaar
moeten worden gezet. De huidige synthetische chromosomen bevatten al duizenden
baseparen en tientallen genen en toekomstige synthetische genomen zullen nog
groter moeten zijn. Methoden voor assembleren van DNA fragmenten zijn dus kritiek
voor het succes van de synthetische genomica en de synthetische biologie. In dit
hoofdstuk wordt een overzicht gegeven van het gebruik van S. cerevisiae en zijn
krachtige, inherente homologe recombinatie voor de assemblage van synthetische
DNA fragmenten. Het gebruik van dit veelzijdige micro-organisme is essentieel
geweest voor de ontwikkeling van het veld tot dusver, en heeft de constructie van
het eerste synthetische genoom mogelijk gemaakt. Het gebrek aan efficiénte
alternatieve DNA assemblage methoden en de intrinsieke limieten van bacteriéle
organismen voor synthetische biologie betekenen dat S. cerevisiae waarschijnlijk
een belangrijke rol zal behouden in de constructie van synthetische chromosomen
en genomen.

12
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Chapter 1: General introduction

Structural diversity of glycolytic pathways

The Emden-Meyerhof-Parnas pathway

All life forms primarily consist of organic molecules, characterized by carbon-carbon
bonds. To take up molecules containing carbon from the environment and convert
them into the lipids, proteins and nucleic acids that make up biomass, and extract
energy from conversion of carbon molecules, life has evolved a network of enzyme-
catalysed reactions, known as central carbon metabolism. Important cellular building
blocks and carbon sources in many environments are hexose sugars such as
glucose, galactose and fructose. These primary products of photosynthesis can be
degraded for use as source of carbon, electrons and energy by many forms of life
using a set of reactions known as glycolysis. Glycolysis is usually defined from
glucose to the three-carbon organic acid pyruvate, which can subsequently be
subject to different fates, including further oxidation, incorporation in biomass, or
functioning as electron acceptor to maintain redox balance, depending on the needs
and environment of the cell. A variety of glycolytic pathways has evolved, shaped by
different cellular requirements and environments across the domains of life, and
while most variants conserve energy in the form of ATP via substrate-level
phosphorylation, these pathways differ in their component enzymes and ATP yield.
In addition, glycolysis is an amphibolic pathway, where the same reaction steps can
operate in the opposite direction (gluconeogenesis), from three-carbon
intermediates to sugar phosphates, with input of free energy. These sugar-
phosphates fulfil essential roles as cellular building blocks or can be converted to
storage metabolites such as glycogen and starch even in organisms that don’t use
extracellular hexoses as primary carbon and energy source.

The most intensively studied glycolytic pathway is the Emden-Meyerhof-Parnas
(EMP) pathway, shown in detail in Fig. 1. The abundance of knowledge on this
pathway is largely explained by its high level of conservation among eukaryotes,
including humans, but also by the fact that glycolysis was initially discovered and
characterized in the model eukaryote Saccharomyces cerevisiae [1], popularly
known as bakers’ yeast. Besides in eukaryotes, the EMP pathway is also found in
many bacteria and some archaea (though usually with some variations, discussed
below). The EMP pathway consists of 10 biochemical reactions that convert one
mole of glucose into two moles of pyruvate and generate two moles of reduced
NADH and two moles of ATP. In the first three steps of the pathway, glucose is
phosphorylated by the investment of two ATP molecules producing fructose-1,6-
bisphosphate, subsequently this phosphorylated sugar is cleaved in the centre,
generating two phosphorylated three-carbon moieties. These two compounds,
glyceraldehyde-3-phosphate (GAP) and dihydroxyacetone phosphate (DHAP) are
interconverted by the triose phosphate isomerase (TPI). In the lower part of the

14



Chapter 1: General introduction

pathway, which is largely reversible, glyceraldehyde-3-phosphate is oxidized, with
the incorporation of inorganic phosphate, generating 1,3-bisphosphoglycerate and a
reduced NAD(P)H moiety. The two phosphate groups are then used to conserve free
energy in the form of ATP, a mechanism known as substrate level phosphorylation.
The energy generated from substrate level phosphorylation enables this pathway to
support growth in the absence of respiration, provided the two produced NADH
moieties are re-oxidized. For example, yeasts convert pyruvate to acetaldehyde,
which is reduced to form ethanol, while lactic acid bacteria and human muscle cells
directly reduce pyruvate to form lactic acid. Besides these examples, many more
fermentative reactions from pyruvate are described in diverse organisms, some
contributing to substrate-level phosphorylation, (see [2] for a concise overview of
possible reactions).

OH
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Figure 1 - The Emden-Meyerhof-Parnas pathway of glycolysis.
The EMP glycolytic pathway is shown, on the left the upper glycolysis, on the right the lower ‘trunk’

pathway. For every glucose molecule, two molecules of glyceraldehyde-3-phosphate are produced.
Phosphate groups are indicated in yellow, ATP consuming reactions in red, ATP producing reactions in
green, redox reaction in blue.
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Chapter 1: General introduction

Alternative reactions and pathways

The classical EMP pathways is the textbook standard for glycolysis, but not the only
biochemical pathway to convert hexoses to pyruvate. Biological constraints on the
chemical properties and toxicity of intermediates as well as the feasibility of enzyme-
catalysed reaction mechanisms do limit the possibilities for chemical pathways
between glucose and pyruvate [3, 4]. Especially the lower part of the EMP pathway
between glyceraldehyde-3-phosphate and pyruvate, the so-called trunk pathway,
seems to have few biochemically viable alternatives [5]. Indeed most enzymes in
this part of the pathway (triose-phosphate isomerase, glyceraldehyde-3-phosphate
dehydrogenase, phosphoglycerate kinase and enolase) are highly conserved
among kingdoms and are suspected to have been present in the last universal
common ancestor (LUCA). This ancient pathway possibly evolved originally as part
of a gluconeogenic pathway [6]. Corresponding to their ancient origins, evolutionary
rates are slow for the enzymes of lower glycolysis, while more variation and faster
evolutionary rates are found for upper glycolytic enzymes, especially the irreversible
steps involved in regulation of the glycolytic flux, hexokinase and
phosphofructokinase [7].

Variations on the EMP pathway as described above appear in various organisms
(overview shown in Fig. 2), one common variation is the nature of the phosphate
donor for the phosphorylation of glucose and fructose in upper glycolysis, which can
affect the glycolytic ATP yield. In many bacteria, including E. coli, a membrane-
bound phosphotransferase system (PTS) which uses PEP instead of ATP as
phosphate group donor, couples glucose entry into the cell to its phosphorylation.
This does not change the overall ATP yield of glucose assimilation, but has
implications for the regulation of the glycolytic flux, since PEP is required for the start-
up of glycolysis, and cells have to adjust their metabolite levels accordingly [8]. PTS-
containing bacteria often also contain an ATP-dependent glucokinase, possibly to
offer metabolic flexibility [9]. More strikingly different variants of the EMP pathway
are found in archaea and thermophilic bacteria, which often have the typical EMP
pathway structure but use ADP or pyrophosphate instead of ATP to phosphorylate
glucose and fructose-6-phosphate, thereby potentially increasing the glycolytic ATP
yield [10, 11]. Similarly, pyrophosphate-dependent phosphofructokinases are
commonly found in plant cells cytosol, although ATP-dependent variants are also
present [12]. Variations also exist in the more conserved lower part of glycolysis, for
instance non-phosphorylating glyceraldehyde-3-phosphate dehydrogenase (GAPN)
or ferredoxin-dependent glyceraldehyde-3-phosphate oxidoreductase (GAPOR) can
replace two steps of the standard pathway (glyceraldehyde-3-phosphate
dehydrogenase and phosphoglycerate kinase), leading to 3-phosphoglycerate
formation from glyceraldehyde-3-phosphate without ATP generation from ADP.
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Additionally pyruvate phosphate dikinase (PPDK) and pyruvate water dikinase,
which use AMP and pyrophosphate/inorganic phosphate for pyruvate formation are
sometimes found instead of pyruvate kinase [10, 13]. These pathway variations can
change the ATP yield and in the case of GAPN and GAPOR, the redox cofactors
generated (NADPH or Fd®d instead of NADH), changing the EMP pathway from
generating two ATP to one without net ATP yield (with GAPN or GAPOR) or even a
higher ATP yield (with ADP or PPi dependent enzymes). These changes in pathway
stoichiometry also alter the thermodynamic driving force of the pathway and are
thought to result from an optimization specific growth conditions and requirements
of the organisms in which these variants are found [10].

The Entner-Doudoroff (ED) pathway is a widely-spread variation of the glycolytic
pathway among bacteria and archaea. The ED pathway is composed of two
enzymes that catalyse the conversion of one molecule of 6P-gluconate, which can
be derived from glucose-6-phoshate or gluconate, into one molecule of pyruvate and
one molecule of glyceraldehyde-3-phosphate. Glyceraldehyde-3-phosphate is
further metabolized via the same lower glycolysis that is part of the EMP pathway,
leading to one ATP per glyceraldehyde-3-phosphate molecule. The direct production
of a pyruvate molecule from glucose-6-phosphate shortcuts lower glycolysis and
thereby reduces the ATP yield from two to one mole of ATP per mole of glucose as
compared to the EMP pathway. Besides functioning as the main pathway for hexose
utilization in many bacteria and archaea, the ED pathway also acts as specialized
pathway for catabolism of gluconate and some other carbohydrates next to the EMP
pathway, for example in Escherichia coli [9, 14]. The ED pathway is sometimes
referred to as an example of a lesser evolved ‘paleo-metabolism’ since it has a lower
yield compared to the EMP pathway [4]. However, despite its lower ATP yield, the
ED pathway, less demanding in terms of protein cost than the EMP pathway, might
be more optimal under certain conditions. This theory is supported by the preferential
catabolism of glucose via the ED pathway in some organisms that harbour both the
EMP and ED pathway [15]. Several variations on the ED pathway have been
identified, including non-phosphorylative and semiphosphorylative variants mainly
found in archaea [10, 16]. A particular, cyclic pathway found in Pseudomonads,
combines the ED, pentose phosphate (PP) and EMP pathways [14, 17]. In
Pseudomonas putida, glucose is first converted to gluconate and then metabolized
through the ED pathway. The synthesis of intermediates of upper glycolysis, required
for biosynthetic purposes, is catalysed via parts of the PP and reversed EMP
pathways. This cyclic pathway is thought to endow Pseudomonads with metabolic
flexibility and oxidative stress resistance, important features for survival and growth
in their environmental niche [17, 18].
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Figure 2 - Alternative pathways of glycolysis.
Schematic representation of variations in the glycolytic pathway. Reactions catalysed by multiple

enzymes are indicated as dashed lines. In black the EMP pathway as present in e.g. humans and S.
cerevisiae, in red the alternative reactions found in the EMP pathway in archaea and some plants and
bacteria. In green the Entner-Doudoroff pathway, present in many bacteria. In orange the pentose
phosphate pathway, present in most organisms but rarely used as main glycolytic pathway. In blue the
phosphoketolase and bifidobacterium shunt pathways found in some prokaryotes. Stoichiometry of the
sugar rearrangement reactions in the pentose-phosphate and phosphoketolase pathways is not indicated.
Some pathways are not shown including the semi-phosphorylative and non-phosphorylative ED pathways
(mainly found in archaea and some prokaryotes) and pathways via glucose dehydrogenase (gluconate)
found in e.g. Pseudomonas species. Abbreviations: G6P: glucose-6-phosphate; F6P: fructose-6-
phosphate; F1,6bP: fructose-1,6-bisphosphate; DHAP: dihydroxy-acetone phosphate; GAP:
glyceraldehyde-3-phosphate; 1,3BPG: 1,3-bisphosphoglycerate; 3PG: 3-phosphoglycerate; 2PG: 2-
phosphoglycerate; PEP: phosphoenolpyruvate; PYR: pyruvate; 6PG: 6-phospho-gluconate; KDPG: 2-
keto-3-deoxy-6-phosphogluconate; R5P: Ribulose-5-phosphate; AcP: Acetyl-phosphate; E4P: Erythrose-
4-phosphate; X5P: Xylulose-5-phosphate.
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Besides these two most widely spread glycolysis variants (EMP and ED), some other
variations, mainly built on components of the PP, EMP and ED pathways, have been
described in bacteria and archaea (see [2] and [10] for comprehensive reviews). The
pentose phosphate pathway can convert glucose-6-phosphate to glyceraldehyde-3-
phosphate with the release of CO2. While in most organisms this route is used mainly
as a way to produce NADPH equivalents for biosynthesis, it can replace glycolysis
in some cases [2, 19]. The phosphoketolase (also called heterolactic) pathway splits
the PP intermediate xylulose-5-phosphate into acetyl-phosphate and
glyceraldehyde-3-phosphate, which can then be used in lower glycolysis. A related
pathway known as the Bifidobacterium shunt (or bifid pathway) uses a broader
spectrum phosphoketolase that is also active on fructose-6-phosphate, which
enables degradation of glucose to acetyl-phosphate and pyruvate without CO2
production [20].

In general, the structure of the glycolytic pathway is dependent on the metabolic
needs and ecological niche of each organism. However, due to constraints, there is
strong conservation of glycolysis across kingdoms, especially in the bottom section
of the pathway, which is considered the most ancient part. The Emden-Meyerhof-
Parnas pathway, topic of this thesis, is the main route for hexose utilisation in many
organisms across the tree of life, including humans and many (micro)organisms
relevant for food production and biotechnology.

Regulation of the glycolytic pathway

The importance of key-points

The glycolytic pathway does not operate in isolation, but is part of the larger cellular
metabolic network and is connected to the extracellular environment. Since both the
extracellular environment and the requirements for energy and building blocks can
fluctuate in time, the glycolytic flux needs to be flexible to allow cells to survive and
grow [21]. A variety of mechanisms have evolved to allow changes of enzyme
activities on different time scales. A relatively slow way of adjusting the flux is through
transcriptional regulation of the glycolytic genes. This type of regulation is often
present on irreversible glycolytic and gluconeogenic enzymes, simultaneous
operation of which would lead to futile cycles and should be prevented [7]. Regulation
of the glycolytic enzymes abundance can also be regulated by mRNA stability and
possibly even mRNA localization [9, 22] as well as protein translation and
degradation [23]. For fast responses to environmental changes, other mechanisms
have evolved that can act faster, by direct modification of the enzyme activity.
Oligomerization can play an important role in regulation of glycolytic activities as
most glycolytic enzymes operate as oligomers, which can change stability upon
binding of other proteins or metabolites [7]. Binding to cellular structures, such as
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the cytoskeleton or mitochondria, and re-localization are also thought to regulate
activity of some glycolytic enzymes [24]. Another mechanism leading to direct
changes in enzyme activities in vitro is covalent post-translational modification of
enzymes, such as phosphorylation, which is wide-spread in eukaryotic central
carbon metabolism [25]. Such post-translational modifications can be both activating
or inhibiting and can also cross-talk with other regulations, for example,
phosphorylation can cause re-localization of an enzyme, or change its degradation
[26]. These types of regulation are difficult to measure in controlled in vitro systems,
and knowledge on their importance in glycolytic regulation is therefore far from
complete. The most direct and, in many systems, most important mechanism
controlling glycolytic activities on short timescales is regulation by metabolites.
Metabolite concentrations can affect the activity and kinetic properties of enzymes
either through mass-action effects (substrates and products) or through binding to
allosteric sites.

In each organism and cell type, regulation of the glycolytic flux occurs through some
combination of all of these mechanisms, and this regulation can be subject to change
over time, for instance by expression of different isoenzymes with different allosteric
properties. Despite this large variety, some general trends in regulation have been
observed that translate across different organisms. Not all reactions of the glycolytic
pathway are equally targeted by regulations, instead, key-points identified across
different systems are the irreversible ATP- and ADP-linked steps of glucose
phosphorylation, fructose-6-phosphate phosphorylation and phosphoenolpyruvate
dephosphorylation, and the enzymes catalysing those reactions
(hexokinase/glucokinase/PTS, phosphofructokinase and pyruvate kinase
respectively) are often sensitive to fast-acting metabolic regulation. Interestingly, in
modified EMP routes in archaea, where ADP and PPi dependent hexokinases and
phosphofructokinases catalyse reversible reactions and are not subject to regulation,
instead such regulation is transferred to an irreversible step such as GAPN [10, 16].
Apart from these classical regulation points, glucose transport and product export
can also be control points in some cases, for instance in immortalized human cell
lines [27]. Control is therefore mainly centred on the irreversible reactions. The
amphibolic nature of the glycolytic pathway means that the irreversible enzymes of
glycolysis and gluconeogenesis need to be strictly regulated to avoid futile cycling
and ATP dissipation which would occur if both were active simultaneously [28].
Another reason regulation of some steps is of particular importance is the possibility
of metabolic imbalances resulting from the EMP pathway architecture, where ATP is
invested in the first part of the pathway, but only recovered later. If a situation occurs
where the first half of the pathway runs faster than the second half, so the pathway
temporarily consumes more ATP than it produces, imbalances can occur that can
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lead to a lethal depletion of cellular ATP [29]. The balancing of upper and lower
glycolytic fluxes can therefore be considered another target of evolution of glycolytic
regulation, as suggested by the frequently observed tight regulation of hexokinase
and phosphofructokinase. In line with the central importance of ATP balancing, ATP
itself is often involved in regulation of glycolytic enzyme activities, and in many
systems, ATP demand can be seen as the main factor controlling glycolytic flux [21,
30]. This does however not hold for all organisms, in Lactococcus lactis for instance,
the redox status seems to be a major regulator of the glycolytic flux instead of ATP,
but how this control is exerted is not completely elucidated [8, 31, 32].

Despite decades of research into the control of glycolysis in various organisms, the
understanding of how the flux is regulated and which regulations are important is not
complete, even in model organisms. This incomplete understanding is underlined
with the difficulty of generating predictive in silico kinetic models of glycolysis from
biochemical data [33-35]. New mechanisms that modulate activities of glycolytic
enzymes continue to be discovered, such as new metabolic regulations [36], a
polymerization mechanism controlling activity [37] and indications of metabolon
formation, linking multiple glycolytic enzymes together [38]. For such newly
discovered mechanisms, as well as many previously discovered but not
quantitatively understood types of regulation, their importance on in vivo flux
regulation remains difficult to estimate.

Regulation of glycolysis in various eukaryotes

Below the regulation in three thoroughly investigated eukaryotic systems is
described in detail to give a more complete picture of how the regulation is connected
to the function of glycolysis in each organism. The chosen systems are yeast, mainly
Saccharomyces cerevisiae, human muscle and the parasitic trypanosomes, which
each have different regulatory mechanisms but share some marked similarities.

Yeast

The regulation of the glycolytic pathway has been most thoroughly studied in baker’s
yeast. Saccharomyces cerevisiae has a long history of use by humankind for
products such as beer, wine and bread, for which the fast uptake of sugars and the
production of fermentation products ethanol and CO: are critical. As a Crabtree-
positive yeast, S. cerevisiae preferentially uses glycolysis coupled to ethanol
fermentation as main catabolic pathway, when glucose is supplied in excess, even
in presence of oxygen. Because glycolysis coupled to fermentation has a low ATP
yield as compared to respiration, S. cerevisiae requires a high glycolytic flux to
maintain fast growth rates. The evolutionary reasons for this metabolic strategy have
been debated as there are multiple potential benefits [39]. Ethanol production could
offer a competitive advantage in natural environments, because S. cerevisiae has a
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high ethanol tolerance [40]. Additionally, the produced ethanol and organic acids can
subsequently be consumed after glucose depletion, so carbon is not lost, but ‘stored’
in another form. Alternatively, glycolytic ATP production coupled to fermentation
might simply be more efficient in terms of protein costs compared to respiration [41,
42].

On a pathway level, the metabolic strategy of S. cerevisiae means that the glycolytic
proteins are highly expressed, making up approximately 7-13% of the proteome [41].
The high glycolytic capacity makes S. cerevisiae potentially sensitive to imbalances
in the pathway, and various regulations have evolved on the glycolytic enzymes.
Although transcriptional regulators have been described, the abundance of glycolytic
proteins remains high under varying conditions and transcriptional regulation is
therefore not thought to be a major regulatory mechanism to adjust the glycolytic flux
on short timescales [23, 43]. Underlining this, overexpression of glycolytic enzymes
does not increase the flux significantly [44, 45]. Instead, the major mechanism
controlling glycolytic activities and glycolytic flux on short timescales is metabolic
regulation on a few key enzymes.

S. cerevisiae hexokinase 2, the major isoenzyme in high glucose conditions, is
strongly inhibited by trehalose-6-phosphate [46]. This metabolite is an intermediate
of trehalose biosynthesis, produced from glucose-6-phosphate by trehalose-6-
phosphate synthase (Tps1). The next regulated step, phosphofructokinase, is
sensitive to multiple effectors, which sense energy status and substrate supply. The
major regulatory interactions are ATP inhibition, AMP and ADP activation and
activation by fructose-2,6-bisphosphate [35, 47]. Additionally the substrate fructose-
6-phosphate binds cooperatively, and the product fructose-1,6-bisphosphate
decreases the activation by fructose-2,6-bisphosphate [48]. Fructose-2,6-
bisphosphate is a regulatory metabolite, generated by 6-phosphofructo-2-kinases
and broken down by specific phosphatases, which are themselves subject to
allosteric and transcriptional regulation [49-51]. Fructose-2,6-bisphosphate, besides
activating phosphofructokinase, also inhibits the opposite reaction catalysed by
fructose-1,6-bisphosphatase, and might thereby prevent simultaneous
gluconeogenesis and glycolysis [21, 51]. The other major allosteric regulation is
feed-forward activation of pyruvate kinase 1, the major isoform, by fructose-1,6-
bisphosphate [52]. These regulations are thought to balance the upper and lower
halves of the pathway by inhibition of hexokinase and phosphofructokinase and
activation of pyruvate kinase, while sensing ATP demand and energy state, mainly
through effectors of phosphofructokinase. See Fig. 3 for a schematic overview.

Even though the regulation of yeast glycolysis has been under scrutiny since its
discovery, the picture is not yet complete. Proving the in vivo function of any of the
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above described regulations has been very difficult, and removal of any single
regulatory mechanism though mutations and deletions does not quantifiably alter
physiology. For example, mutations on the enzymes modifying the fructose-2,6-
bisphosphate concentration did not lead to drastic changes in glycolytic or
gluconeogenic fluxes [49]. Similarly replacement of each of the key-points enzymes
with heterologous or mutated variants lacking allosteric regulations has revealed
limited effects on the flux and robustness of yeast cells [53-56]. One exception
where a single deletion causes a dramatic deregulation of the glycolytic flux is the
deletion of the gene encoding trehalose-6-phosphate synthase, TPS1. Mutants
deficient for this enzyme fail to grow on glucose and accumulate hexose phosphates,
leading to the hypothesis that the inhibition of hexokinase by its product, thehalose-
6-phosphate, is critical for a balanced glycolytic pathway [57]. However, more
detailed investigation revealed that alleviation of hexokinase inhibition was not the
main mechanism of deregulated glycolysis in tps7 deletion mutants, since trehalose-
6-phosphate insensitive heterologous hexokinases can complement native yeast
hexokinases. Instead the effect of Tps1 and trehalose-6-phosphate seems to be
exerted via a combination of hexokinase inhibition and freeing up phosphate through
the trehalose cycle [58]. Additionally, Tps1 and its product trehalose-6-phosphate
have been implicated in transcriptional regulation, cellular signalling, apoptosis, and
effects on intracellular pH suggesting regulatory roles outside glycolysis, which have
not been fully elucidated to date [59-61]. The metabolic regulation of yeast glycolysis
has been summarized in kinetic models [35, 58, 62]. These models are useful
collections of biochemical data and have been used to successfully generate
hypotheses, but are incomplete and when matched against experimental data
sometimes lack predictive power, illustrating not all aspects of glycolytic regulation
are currently understood [34].

In other yeasts glycolysis has not been studied in the same level of detail as in S.
cerevisiae, but some marked similarities and differences have been found. In other
Crabtree-positive yeasts, such as Schizosaccharomyces pombe, at least some of
the metabolic regulations are similar. The S. pombe phosphofructokinase is similarly
activated and inhibited by multiple metabolites, such as ATP and fructose-2,6-
bisphosphate [63]. However, the S. pombe hexokinase is not regulated by trehalose-
6-phosphate and deletion of the trehalose-6-phosphate synthase does not have a
major effect on glycolysis, suggesting a more limited role of the trehalose cycle in
flux regulation in this yeast [64]. Additionally the S. pombe pyruvate kinase is not
activated to the same extent as the S. cerevisiae enzyme by fructose-1,6-
bisphosphate. Even more differences are found in more distantly related yeasts,
such as the oleaginous yeast Yarrowia lipolytica. This yeast relies mostly on a
glucokinase insensitive to trehalose-6-phosphate, but additionally has a very
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insensitive phosphofructokinase, which is only inhibited by phosphoenolpyruvate
[65, 66]. In addition, its pyruvate kinase is seemingly not metabolically regulated [67].
These differences illustrate the optimal metabolic regulations of glycolysis will likely
depend strongly on environment and substrate preference.

Human muscle

In metazoans, glycolytic regulation differs between cell types, since some cell types
will require high glycolytic fluxes, such as muscle cells, while others have low
glycolytic rates or switch between gluconeogenesis and glycolysis, such as liver
cells. Expression of different genes and splicing isoforms generates a diverse set of
glycolytic genes with different regulatory properties to cater to the regulatory
requirements of different cell types. In human muscle cells, the glycolytic flux needs
to change quickly to respond to the energy demands of exercise and this is achieved
by metabolic regulation at the level of glucose phosphorylation
(hexokinase/glucokinase) and phosphofructokinase [68, 69]. Glycogenolysis, the
breakdown of glycogen, is the main source of glucose-6-phosphate during exercise
and the glycogen phosphorylase is tightly regulated by a combination of endocrine
signals, muscle activation (via pH and Ca?*) and metabolites such as AMP and
glucose-6-phosphate. Similarly the entry of glucose into the cells is regulated via
localization of glucose transporters, and muscle hexokinases (isoforms 1 and 2) are
sensitive to product inhibition by glucose-6-phosphate [69, 70]. Phosphofructokinase
is a major regulatory hub, being sensitive to many effectors that sense cellular
energy state (inhibition by ATP and activation by AMP and ADP), lactate
accumulation (inhibition at low pH), TCA cycle flux (inhibition by citrate) and
substrate supply and endocrine signals (activation by fructose-2,6-bisphosphate)
[24, 69]. Additionally the enzyme appears to be regulated by complex
phosphorylation, oligomerization and association with the cytoskeleton [24]. While
the impact of all individual regulations in vivo is not fully understood, maintaining ATP
supply under varying demand while balancing upper and lower glycolysis seems to
be the major reason for the presence of these various (metabolic) regulations [21,
69, 71].

Trypanosomes

The requirement for some type of fast acting regulation of glycolytic enzyme activities
seems to be conserved across different organisms, especially in cell types with high
glycolytic capacities, although the specific regulatory mechanisms themselves are
not [7]. An exception to this requirement is found in the glycolysis of trypanosomes,
unicellular parasitic eukaryotes. Trypanosoma brucei, which causes African sleeping
disease, can metabolize glucose at high rates in its bloodstream form, relying on
glycolysis for most of its ATP production. Yet unusually, most typical eukaryotic
glycolytic regulations are absent, including metabolic regulation on hexokinase and
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phosphofructokinase [72]. Pyruvate kinase is sensitive to allosteric activation by
fructose-2,6-bisphosphate, which acts on phosphofructokinase in most eukaryotes.
However, all glycolytic enzymes from hexokinase until phosphoglycerate kinase are
compartmentalized in a separate organelle, named the glycosome, while
phosphoglycerate mutase, enolase and pyruvate kinase are present in the cytosol
[73]. The glycosome is thought to function by separating the glycolytic ATP
consuming steps from the producing steps, preventing imbalance between the two
phases of the pathway, because there is only a limited amount of ATP that can be
consumed inside the glycosome [74]. This unique configuration allows the absence
of allosteric regulation on the ATP consuming steps, while still balancing ATP
consumption and production.
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Figure 3 - Examples of different metabolic regulation strategies in glycolysis in eukaryotes.
Schematic representations of the main metabolic regulations in glycolysis in three different eukaryotes.

Inhibitions are shown with red lines, activations with green arrows. A) S. cerevisiae major isoenzymes are
shown in black, minor isoenzymes shown in grey. For the hexokinase and pyruvate kinase regulation is
different between the isoenzymes as indicated. B) Human muscle glycolysis, major isoenzymes are
shown. C) T. brucei glycolysis is unique in its lack of metabolic regulation but instead is partially contained
in a semi-permeable organelle called the glycosome. Abbreviations: G6P: glucose-6-phosphate; F6P:
fructose-6-phosphate; F1,6bP: fructose-1,6-bisphosphate; DHAP: dihydroxy-acetone phosphate; GAP:
glyceraldehyde-3-phosphate; 1,3BPG: 1,3-bisphosphoglycerate; 3PG: 3-phosphoglycerate; 2PG: 2-
phosphoglycerate; PEP: phosphoenolpyruvate; PYR: pyruvate; T6P: trehalose-6-phosphate; F2,6bP:
fructose-2,6-bisphosphate; ACA: acetaldehyde; ETOH: Ethanol; LAC: lactate.
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Moonlighting functions of glycolytic enzymes

In many (eukaryotic) organisms, glycolytic enzymes have additional cellular roles
next to their catalytic function in glycolysis. Such secondary functions, known as
moonlighting activities, are often completely unrelated to the main function of the
enzymes, and are thought to have evolved after the primary metabolic function.
Because of this more recent emergence, there is large variation in these functions
between organisms. While glycolytic enzymes are not unique in having such
secondary functions, highly conserved proteins, such as other enzymes of central
carbon metabolism and ribosomal proteins seem to be implicated more often in
moonlighting [75]. It has been hypothesized that their cytosolic localization and high
expression levels, enabling efficient binding to other proteins, might make glycolytic
enzymes specifically susceptible to evolving moonlighting functions [76].
Moonlighting functions have been described for most glycolytic enzymes, at least in
some organisms, and especially for GAPDH and enolase a multitude of different
functions have been described. These range from mitochondrial tRNA import
(enolase, [77]), to mediating apoptosis (GAPDH, [78]), to acting as the structural lens
protein in various vertebrates (described for both enzymes in different organisms,
[79], [80]). Most of these functions are cytosolic, but some require relocation of the
enzymes to other cellular compartments or even to the extracellular space, in case
of multicellular and parasitic organisms [76, 81]. While glycolytic moonlighting
functions are often not dependent on the catalytic function of enzymes, they are
sometimes related to glucose metabolism, suggesting they might act as signal
transducers for information on metabolic status. A well-studied example in S.
cerevisiae concerns the role of Hxk2 in glucose repression, the transcriptional
repression of genes involved in utilization of alternative carbon sources in the
presence of glucose. When glucose is present, hexokinase 2 is partially relocated to
the nucleus where it is part of a repressor complex that binds to DNA [82, 83]. This
function is not directly related to the glucose phosphorylation activity of the enzyme,
but the position of hexokinase as the first committed step of glucose utilization could
be related to a function that controls transcription of other carbon-utilization
pathways. Additionally the yeast aldolase enzyme, Fbai, has a secondary function
in the assembly of the vacuolar ATPase, which is dependent on the presence of
glucose [84, 85]. Interestingly the V-ATPases are highly conserved, and the
interaction with aldolase was found in human cells and in yeast, as well as in yeast
expressing human aldolase, even though the aldolases themselves share no
significant homology [86].

Moonlighting functions of glycolytic enzymes can be important for normal cellular
function and have potential roles in human health and disease. However most known
moonlighting functions have been found ‘accidentally’ through association and
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mutation studies, and then proven through detailed molecular investigations [75].
Detailed studies have not been undertaken in every suspected case of moonlighting,
and there are undoubtedly many more to uncover. The fact that gene deletion or
even changes in expression of glycolytic enzymes most often have deleterious
effects on cellular metabolism, not only hampers the discovery of subtle phenotypic
effects, but generally complicates study of the underlying mechanisms [82, 86].
Mutants deficient for either the moonlighting or the catalytic function are often
challenging to construct and their construction requires knowledge on the
mechanism and domains involved. Conversely, the presence of moonlighting
activities can lead to unexpected effects upon metabolic engineering of the glycolytic
pathway. Study of conservation of moonlighting functions between different
organisms could help shed light on their mechanism of action, as well as their
importance and evolution.

Engineering of the glycolytic pathway and its
surrounding reactions

As the central pathway of sugar utilization, the glycolytic pathway in many organisms
is highly relevant for microbial biotechnology. Not only is the production rate of
fermentation products such as ethanol and lactate directly dependent on the
glycolytic flux, but many other products are derived from phosphorylated sugar
intermediates or from acetyl-CoA which is derived from pyruvate [87]. This has led
to many attempts to engineer the glycolytic pathway and its surrounding reactions,
ranging from overexpression of heterologous enzymes to complete rearrangements
of the stoichiometry of the pathway. For ethanol production, attempts have been
made to increase product formation rates by increasing the glycolytic flux in
Saccharomyces cerevisiae. However, overexpression of single or multiple glycolytic
enzymes in S. cerevisiae did not lead to increases in the glycolytic rate [44, 45].
Similarly, in other organisms attempts to directly increase the glycolytic flux have not
always met with success [88], likely resulting from the complex multi-level regulation
of this central pathway. Besides changes in expression of the pathway, engineering
efforts have targeted expression of alternative reactions and pathways to change the
stoichiometry of carbon metabolism. For example, a non-phosphorylating NADP+-
dependent glyceraldehyde-3-phosphate dehydrogenase (GAPN) was expressed in
yeast to reduce glycerol formation and improve ethanol production [89]. Another
addition that allowed a change in the stoichiometry was the expression of the Calvin
cycle enzymes phosphoribulokinase (PRK) and ribulose-1,5-bisphosphate
carboxylase (Rubisco) which provide the ability to incorporate carbon from CO2 using
NADH, also reducing by-product formation [90]. Such rewiring of carbon metabolism
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can be challenging, because it requires high activity of the expressed heterologous
enzymes. Correspondingly, expression of the Entner-Doudoroff pathway enzymes
in S. cerevisiae, which would enable modifying the ATP yield and redox cofactor
production, has been attempted on several occasions but has not been successful
to date [91, 92].

More complete rewiring and bypassing of glycolysis was obtained in bacteria, for
example with the design and integration in E. coli of a novel pathway termed non-
oxidative glycolysis (NOG) [93, 94]. This synthetic pathway uses various
heterologous enzymes, including a phosphoketolase and was designed to avoid
carbon loss as CO2 and increase production of acetyl-CoA and products derived
from it. Major rewiring of the E. coli glycolytic pathway was required, including
deletion of GAPDH and PGK to allow efficient carbon flux through this pathway.
Expression of heterologous phosphoketolases was similarly applied in yeast for
improved production of acetyl-CoA derived products in S. cerevisiae [95] and
Yarrowia lipolytica [96], although the extent of pathway rewiring was more limited.
Another example of rewiring of the glycolytic pathway in E. coli showed that deletions
in the EMP trunk pathway could be bypassed by two alternative routes, the
methylglyoxal pathway and the serine shunt [97]. Both of these pathways contain
toxic intermediates however, and the engineered bypasses did not lead to ATP
production. Engineering of the many genes of glycolysis scattered around the
genome can be challenging. To facilitate engineering, the E. coli EMP pathway was
refactored in simplified expression cassettes that could be used in various Gram-
negative bacteria, allowing the expression of the complete E. coli EMP pathway in
two Pseudomonas species [98].

In most of the cases described, rewiring of glycolysis required extensive engineering
and led to suboptimal growth, even if product formation was increased in some
cases, reflecting the optimized nature of the pathway.

Yeast as a model organism

Besides its uses in food and beverage production and microbial biotechnology, the
yeast S. cerevisiae is of interest as a model organism. Yeast is one of the most
intensively studied eukaryotes and has been essential in the discovery and
elucidation of many pathways and processes relevant for human health, including
much of the glycolytic pathway [1]. Underlying this is its long history of use a
fermenting agent in food and beverage production, but also ease of cultivation,
GRAS safety status and ease of genetic manipulation. The intense study on yeast is
reflected in the fact that it was the first eukaryote to be whole-genome sequenced,
six-and-a-half years before the first human genome was reported [99]. Later
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developments, such as the construction of the yeast gene deletion library [100, 101],
and the improvement of genetic editing by the use of CRISPR-Cas9 endonuclease
[102] have further accelerated the use of yeast as a model organism. Due to its
eukaryotic nature, yeast cellular architecture is more similar to human cells than
some other easily accessible microbial models (e.g. E. coli), leading to first uses as
a model organism to study processes that are conserved between yeast and human
[103]. Additionally, expression of human proteins in yeast has improved our
understanding of many human proteins and their variants. Such humanization efforts
vary from expressing single genes to complete humanization of pathways [104].
Single gene complementation in yeast has been used for functional annotation of
human genes, for example, the function of the human mitochondrial voltage-
dependant anion channel (VDAC) proteins was verified by expression in a yeast
strain deleted for its native VDAC [105]. Such humanization of yeast genes allows
the study of multiple gene variants in a simplified context, for example to examine
the effect of mutations found in patients [106]. Humanized yeast strains can also be
used to test the effect of drugs on specific human proteins in vivo [107].

A systematic study of complementation with 414 human-yeast gene ortholog pairs
showed successful humanization for 47% of the genes tested. Successful
humanization was found to be strongly process-dependent however, with genes
from a single pathway or process often showing similar complementation [108]. This
pathway dependency of complementation was also found in related studies
systematically investigating the heme biosynthesis pathway, which was found to be
highly replaceable, and the cytoskeleton, which proved challenging to humanize
[109, 110]. Complete humanization of a metabolic pathway was recently shown for
the adenine biosynthesis pathway [111]. Such modifications can be challenging
however, and this pathway required extensive ‘debugging’ and analysis of
suppressor mutants to identify the problems with functional expression. A major
challenge of humanization lies in overcoming the differences between the yeast
cellular environment from human cells to allow functional gene expression. An
example of how such challenges can be overcome was shown recently, when the
sterol synthesis of yeast cells was humanized by engineering of cholesterol
synthesis to functionally express G-protein coupled receptors (GPCRs).
Subsequently, this allowed the study of the dependency of GPCR activity on the
presence of specific sterols and the generation of novel opioid biosensors [112].

Challenges in engineering the glycolytic pathway in
yeast

For both metabolic engineering as well as fundamental studies on the operation of
the glycolytic pathway and its enzymes, the yeast S. cerevisiae has played a key
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role. Even in this model microorganism however, modifying complete metabolic
pathways such as glycolysis is challenging. Engineering of the glycolytic reactions
in S. cerevisiae is complicated due to its complex genetic organization. For most of
the glycolytic steps, S. cerevisiae contains multiple isoenzymes (also see Fig. 3),
encompassing 19 genes encoding the 10 steps from glucose to pyruvate spread
across the genome. This redundancy is thought to result from an ancestral whole-
genome duplication which led to the emergence of Saccharomyces yeasts [113]. For
most pathways and processes, the duplicate genes resulting from this event have
subsequently been lost in evolution, and the presence of multiple paralogs for
glycolysis and other pathways of central-carbon metabolism is thought to be related
to S. cerevisiae’s fermentative lifestyle [114]. The multiple isoenzymes in several
cases have different kinetic properties and metabolic regulations, probably allowing
flexibility under different external conditions. Expression levels differ per isoenzyme,
with a so-called ‘major’ isoenzyme constitutively expressed at high level, and
condition-dependent ‘minor’ isoenzymes. Only the two phosphofructokinase
isoenzymes are equally expressed and required for fast growth. Deletion of the minor
isoenzymes of glycolysis and alcoholic fermentation surprisingly does not affect the
physiology of S. cerevisiae under laboratory conditions [115]. Subsequently, to
enable more efficient engineering of the complete pathway in this minimized
glycolysis strain, the genes encoding the major isoenzymes of glycolysis and
alcoholic fermentation were co-localized to a single locus and deleted from their
native locus [116]. This simplification of the genetics of yeast glycolysis opens the
way to modular pathway design which for metabolic rewiring and fundamental
studies into the operation and conservation of the pathway.

Scope of this thesis

This PhD project was funded by an ERC consolidator grant with as overarching goal
to facilitate engineering of yeast central carbon metabolism. Large scale rewiring of
yeast central carbon metabolism could enable higher product yields, rates and titres
in the many yeast-catalysed processes in industrial biotechnology as well as improve
yeast as a model organism for fundamental studies. Such engineering is challenging
however, limited by the available molecular tools, the genetic redundancy for many
of the central-carbon metabolism reactions and the lack of fundamental knowledge
on its regulation. Therefore, these limitations were addressed by the development of
new molecular tools for S. cerevisiae engineering [117-119], minimization and
relocalization of the central carbon metabolism genes [120] and the construction of
synthetic chromosomes to serve as expression platforms [121]. Yeast glycolysis
and its engineering formed a central topic in this project and was the subject of the
three experimental chapters in this thesis.
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The Minimal Glycolysis (MG) and Switchable Yeast Glycolysis (SwYG) yeast strains
greatly facilitate engineering of glycolysis [115, 116]. These strains, intensively used
in Chapters 3 and 4, enable easy and fast single complementation by heterologous
glycolytic genes as well as swapping of the entire pathway by remodelled
(heterologous) glycolytic configurations. However, while the phenotype of the MG
strain was identical to the phenotype of the parental yeast strain with a full set of
glycolytic isoenzymes, relocalization of the glycolytic genes to a single locus mildly
but reproducibly affected the phenotype of the SwYG strain with a ca. 5-10%
reduction in specific growth rate [116]. Since the effect of pathway swapping with
heterologous variants was expected to be much more severe, this mild effect does
not present a hurdle for the implementation of the SwYG strain to study the
remodelling of yeast glycolysis. However, it might hold relevant information for the
design of large synthetic gene constructs. The pathway swapping concept is based
on the co-localization of genes on a chromosomal locus. Demonstrated in this thesis
for glycolysis, this concept can be extended to other pathways or functions, and
opens the way to the construction of modular genomes to facilitate genome
engineering. Also, integration of co-localized (heterologous) genes in a host genome
is a standard approach for the (over)expression of pathways in metabolic
engineering. The occurrence of a negative effect of gene co-localization on yeast
physiology might therefore bring important insight for the construction of synthetic
pathways and chromosomes and thereby help define design criteria for synthetic
constructs. The mechanisms underlying the slower growth phenotype of the SwYG
strain carrying a single locus glycolysis were therefore studied in Chapter 2. This
study explores the impact of intensive genetic engineering on the yeast genome and
physiology, and illustrates the technical challenges encountered in the identification
the causal relationship between genotype and phenotype.

In Chapter 3 the MG and SwYG strains were used to their full extent to tackle the
humanization of the glycolytic pathway in yeast. Humanization of single genes in
yeast has been applied for decades to generate improved model organisms.
Engineering of complete pathways, especially those that are central to metabolism
remains challenging however, due to their high genetic complexity and essentiality.
Despite extensive use of yeast as a model organism, and the importance of
glycolysis for human health and disease, complementation in yeast has only been
described for some of the human glycolytic genes and no systematic study on its
complementation has been undertaken. The analysis of both single
complementation strains as well as completely transplanted human glycolysis strains
allows the study of the conservation of this essential pathway, including its regulation
and moonlighting functions. Combining quantitative physiology, proteomics and
laboratory evolution a detailed picture of the function of the human muscle glycolysis

31



Chapter 1: General introduction

in yeast was generated and the potential of humanized glycolysis strains as new
model organisms was evaluated.

The physiological role of allosteric regulations in yeast glycolysis remains poorly
defined. So far, the impact of these regulations has mostly been investigated by
single gene complementation studies of the regulated glycolytic reactions. However,
to date the replacement of individual glycolytic genes by insensitive variants failed to
identify the physiological role of allosteric regulations in S. cerevisiae. Harnessing
full pathway swapping, Chapter 4 explores S. cerevisiae robustness to drastic
remodelling of the allosteric regulation of glycolysis. The full set of S. cerevisiae
glycolytic enzymes was swapped by the EMP pathway of the dimorphic oleaginous
yeast Yarrowia lipolytica. Contrary to S. cerevisiae, hexoses are not a preferred
carbon source for Y. lipolytica, and its glycolytic enzymes are devoid of the allosteric
regulations found in S. cerevisiae. A combination of strains with full pathway
swapping and smaller scale gene complementation (one to three genes), was
investigated for balanced growth on glucose as well as transition between different
sugar substrates. In-depth physiological and genetic characterization of these strains
revealed the remarkable synergetic role played by the allosteric regulations of the
glycolytic enzymes in the stability of the glycolytic flux.

The yeast genome is composed of a mosaic of genes that are not physically
clustered according to their cellular function. With a focus on glycolysis, Chapters 3
and 4 demonstrate the power of a modular genetic organisation, in which relocalizing
genes involved in the same cellular process enables its fast and easy remodelling.
Glycolysis remodelling is but the first step in a larger effort to modularize the yeast
genome. The developing field of Synthetic Genomics offers great possibilities for
genome engineering using designer synthetic chromosomes. In the ERC project of
which this thesis is a part, genetic modularization was expanded to central carbon
metabolism, and the yeast genome was remodelled using specialized, modular
synthetic chromosomes. With a focus on S. cerevisiae, Chapter 5 reviews the recent
advances in the field of Synthetic Genomics and evaluates the technical challenges
to overcome for the construction of synthetic chromosomes to become a valuable
approach for modular genome remodelling.
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Abstract

The construction of powerful cell factories requires extensive remodelling of
microbial genomes, entailing many rounds of transformations to perform the large
number of desired gene modifications. However, increasing the number of genetic
interventions inevitably increases the occurrence of unwanted mutations and effects.
Using glycolysis as paradigm, a previous study developed a Saccharomyces
cerevisiae strain in which the glycolytic genes, relocated to a single locus, can be
easily swapped by any new design, thereby enabling fast and easy remodelling of
the entire pathway. After 27 genetic modifications performed in 43 transformation
rounds, the Switchable Yeast Glycolysis (SwYG) strain grew ca. 20% slower than its
ancestor with the same glycolytic genes with native glycolysis design. Exploring the
cause of this slower growth rate, the present study reflects on the genetic and
analytical challenges encountered by extensive strain construction programs and
provides design guidelines for integration of large constructs in the yeast genome.
This study also suggests a potential involvement of the yeast glycolytic enzyme
phosphoglycerate kinase (Pgk1) in PI(3)P synthesis and autophagy, as found in
mammalian cells.
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Introduction

Converting microbial cells, optimized to operate in defined natural environments, into
powerful factories with high product yields and productivity in harsh industrial
environments requires extensive remodelling of their genome. Due to the limited
predictability of biological systems, the construction of such cell factories requires
the iteration of design-build-test-learn cycles [1]. In the build phase of the cycle,
microbial cells undergo many rounds of genetic manipulations meant to add new
metabolic routes, but also to rewire native pathways and cellular machineries,
indispensable to optimally supply energy-rich moieties, redox equivalents,
precursors and co-factors to the newly added routes [2-4]. Despite the recent
developments in DNA editing with CRISPR-Cas technologies, extensive rewiring of
native pathways and processes still presents a technical challenge. Taking as
paradigm the popular model organism and synthetic biology platform
Saccharomyces cerevisiae, rewiring entire native pathways is complicated by a high
degree of genetic redundancy and the scattering of genes over the 12 Mb and 16
chromosome-containing genome. For instance, glycolysis and alcoholic
fermentation, central pathways for carbon conversion, cover a set of twelve
biochemical reactions important for industrial applications of this yeast. Most of these
twelve reactions are catalysed by multiple iso-enzymes, resulting in a set of 26 genes
scattered over the yeast chromosomes. To facilitate remodelling of glycolysis and
alcoholic fermentation in yeast, previous studies reported the construction of a strain
in which genes encoding the 13 minor paralogs of glycolysis and fermentation were
deleted and the remaining 13 major paralogs were relocalized to a single locus [5,
6]. In a process named pathway swapping, the resulting Switchable Yeast Glycolysis
strain (SwYG) enables the two-step replacement of the entire glycolytic and
fermentation pathways by any new design, and their translocation to any locus on
native or synthetic chromosomes [6, 7]. The SwYG strain, harbouring a minimized
set of glycolytic and fermentation genes clustered on a single chromosomal locus
consistently displayed a 8-30% reduction in growth rate in synthetic chemically
defined medium with glucose as carbon source, as compared to a strain with a
complete set of glycolytic enzymes scattered over the yeast chromosomes [6]. This
decrease in growth rate could not be attributed to the removal of the minor glycolytic
paralogs, as a similar strain in which the same minimized set of genes was still
present in their native loci grew just as fast as the non-minimized control strain, and
therefore faster than SwYG [5]. While the SwYG strain is a valuable addition to S.
cerevisiae molecular toolbox, this decrease in growth rate was puzzling and could
hold key information regarding the genetic design of large DNA constructs. If the co-
localization of thirteen highly expressed genes had deleterious effects on the host, it
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should be taken into consideration for the design and engineering of cells factories,
as well as the construction of synthetic chromosomes and genomes.

Many mechanisms could potentially cause the growth defect of the SwYG strain, and
this study attempts to identify which ones are at play (Fig. 1). The growth defect
could be directly caused by the integration of the set of 13 clustered genes (called
SinLoG for Single Locus Glycolysis) in the yeast chromosomes, by altering the
expression either of the genes in the SinLoG itself or of genes neighbouring the
SinLoG integration site. Alternatively, the SinLoG might affect DNA replication either
by causing collision between the replication machinery and the polymerase
processing the highly transcribed colocalized glycolytic genes, or by excessively
increasing the distance between adjacent autonomously replicating sequences
(ARS) [8, 9]. The growth defect of the SwYG strain could also be indirectly caused
by the mutations voluntarily (targeted deletion of genes, presence of selection
markers and plasmids) or involuntarily (random mutations) induced during strain
construction. Using a combination of targeted genetic engineering, and explorative
evolutionary and reverse engineering, this study makes full use of the rich S.
cerevisiae molecular and analytical toolbox to directly test these hypotheses and to
discover yet unpredicted mechanisms.
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Figure 1 - Schematic overview of the experimental approach.
Strain construction strategy leading to the Switchable Yeast Glycolysis (SwYG) strain with a Single Locus

Glycolysis (SinLoG). First the Minimal Glycolysis (MG) strain was constructed by deletion of the minor
glycolytic paralogs without measurable phenotypic effects [5]. Subsequently the major glycolytic paralogs
were integrated as SinLoG in chromosome IX and deleted from their native loci, resulting in the SwYG
strain [6]. The SwYG strain displayed a decreased growth rate as compared to the MG strain. Several
hypotheses for the mechanism underlying this growth rate decrease were tested, as well as exploratory
transcriptomics and adaptive laboratory evolution (ALE).

Results

Confirmation that SinLoG integration in the MG strain causes a decrease in
yeast specific growth rate

First, the specific growth rate of the SwYG strain (IMX589) and reference strain
CEN.PK113-5D was measured again, confirming that the SwYG strain grew
consistently 7.6+£0.3% slower in shake flask as compared to the control strain
harbouring a native set of glycolytic genes scattered over the genome (Fig. 2A). The
SwYG strain is auxotrophic for uracil and harbours the amdS marker in the SinLoG.
Repairing the uracil auxotrophy by integration of the URA3 gene at the TDH1 locus
and removing the amdS marker did not affect growth rate, indicating that selection
markers were not accountable for the SwYG strain slower growth phenotype (strain
IMX1822, Fig. 2A). Re-localization of glycolytic genes to a single locus was originally
performed in 18 transformation rounds, starting by the integration of the SinLoG and
followed by the sequential deletion of the 13 glycolytic genes from their native loci
(Fig. 1). To test which steps were involved in the SwYG strain slower growth, the
specific growth rate of all relevant intermediate strains in the construction steps
between the MG and the SwYG strains were measured (Fig 2B). It revealed that,
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after integration of the SinLoG in the MG strain the following deletion steps did not
significantly affect growth. It was further confirmed that the growth rate decrease
caused by SinLoG integration was not an artefact specific to a single transformation
event, by repeating the transformation of the MG strain with the SinLoG DNA parts
(strain IMX382, Supplementary Fig. S1). Altogether these results confirmed that the
growth rate reduction occurred at the time of integration of the SinLoG cassette and
suggested that this integration was the most probable cause for the SwYG strain’s
slower growth rate phenotype.

SwYG decreased growth rate is not caused by secondary effects at the
integration site

While the SinLoG seemed to be responsible for the SwYG strain’s reduced growth
rate, this effect might not be a direct consequence of the genetic clustering of the
glycolytic genes. It could result from unexpected genetic effects at the integration
site. To explore this hypothesis, prototrophic strains with the SinLoG integrated in
two different loci, CAN1 (chromosome V, IMX1821) and SGA1 (chromosome IX,
IMX1822) were constructed. However, this resulted in a similar growth rate as
measured before for prototrophic SwYG strains IMX605 and IMX606 and
auxotrophic strain IMX589 ([6]and Fig. 2A). The SinLoG is a 35 kb long DNA stretch,
considering that autonomously replicating sequences (ARS) are distributed on
average every 30 kb across the yeast genome, integration of the SinLoG might
hinder replication [6, 9]. However, flanking the SinLoG by additional ARS sequences
(strain IMX2109 Fig. 3, strain lineage in Supplementary Fig. S2) [7], had no positive
effect on the growth rate of the SwYG strain. The presence of the SinLoG might also
impact the expression of genes surrounding its integration site, however their
transcript levels were largely unaffected by the SinLoG presence (Supplementary
Fig. S3). Yeast appeared therefore extremely robust to the disruption of its
chromosomes by integration of a 35 kb highly transcribed DNA sequence.
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Figure 2 - Specific growth rates of single locus glycolysis strains.
The specific growth rates of various strains with a SinLoG integration are shown in blue and reference

strains are in grey. Prototrophic strains are shown as filled column while uracil auxotrophic strains are
depicted with dashed columns. All growth rates are normalized to the CEN.PK113-7D (prototrophic) or
CEN.PK113-5D (uracil auxotrophic) control strains from the same experiment. A) Specific growth rates
determined in duplicate shake flask cultures for several reference strains and single locus glycolysis
strains. B) Growth rates of intermediate strains with glycolytic gene deletions during strain construction of
the single locus glycolysis strains. Each modification follows below the previous one from top (MG strain)
to bottom (SwYG strain). Growth rates are measured in 96-wells plates in at least culture triplicate.
Statistically significant differences relative to the auxotrophic or prototrophic CEN.PK reference strain are
indicated (* P<0.05, t-test 2-tailed, homoscedastic). C) Schematic overview of the glycolytic pathway of
S. cerevisiae, reactions are indicated together with the glycolytic genes encoding the major isoenzymes
which were relocated. G6P: glucose-6-phosphate; F6P: fructose-6-phosphate; F1,6bP: fructose-1,6-
bisphosphate; DHAP: dihydroxy-acetone phosphate; GAP: glyceraldehyde-3-phosphate; 1,3BPG: 1,3-
bisphosphoglycerate; 3PG: 3-phosphoglycerate; 2PG: 2-phosphoglycerate; PEP: phosphoenolpyruvate;
PYR: pyruvate; ACA: Acetaldehyde; ETOH: Ethanol.
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Figure 3 - Effects of ARS sequences and gene orientation.

A) Configurations of single locus glycolysis gene clusters with ARS sequences and various gene
orientations. B) Specific growth rate of strains with SinLoG represented in panel A, as well as the
prototrophic control strain with native glycolytic design CEN.PK113-7D. Bars represent the average and
standard deviation of duplicate shake flask cultures expressed as a percentage of the control strain
CEN.PK113-7D. Statistically significant differences are indicated (* P<0.05, t-test 2-tailed,
homoscedastic).

SwYG decreased growth rate is not caused by altered expression of genes
from the SinLoG

As the indirect effects considered so far were not responsible for the SwYG strain’s
slower growth rate, possible direct effects of the SinLoG itself were explored.
Glycolysis is an essential pathway for growth on glucose as sole carbon source,
altering its expression might therefore affect yeast growth. Transcript levels of the
glycolytic genes and in vitro activity of the glycolytic enzymes were measured in the
SwYG and control strains in batch conditions. Despite the re-localization and
clustering of the glycolytic genes, their expression was very similar in the SwYG
strain compared to the minimal glycolysis strain IMX372 (MG), with only PGK1
expression changing more than 2-fold (Fig. 4). Accordingly, activity of the glycolytic
enzymes was largely comparable to the MG control strain. Only Pgk1 activity was
significantly decreased by 43+4% in SwYG as compared to MG (Fig. 4B). However,
this reduced catalytic activity of Pgk1 is most likely not responsible for the lower
growth rate of the SwYG strain as, like most glycolytic enzymes, Pgk1 is present with
a large overcapacity and even with reduced activity it operates far from saturation
[10]. Indeed, for Pgk1, the degree of saturation estimated from the glucose uptake
rate and enzyme activity only increased from 17+3% in the MG strain to 24+3% in
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the SwYG strain. Next to their key role in central carbon metabolism, several
glycolytic enzymes (hexokinase, aldolase and enolase) are also involved in
moonlighting functions outside glycolysis in yeast [11], however, since glycolytic
transcript levels and in vitro activity are similar whether the glycolytic genes are
scattered over the chromosomes or co-localized, there is no evidence suggesting
that moonlighting functions play a role in the SwYG strain reduced growth rate.

There is yet another aspect to consider for the genetic co-localization of genes such
as the glycolytic genes. Glycolytic genes are intensively and continuously
transcribed in growing yeast and their transcripts are amongst the most abundant.
While the strong and constitutive glycolytic promoters are an asset for yeast
molecular biology toolbox, their co-localization might be deleterious for the host.
During cell division, the replication machinery needs to access DNA, which might
lead to head-on collisions with RNA polymerases in the SinLoG transcriptional
hotspot [8]. In such a scenario, DNA replication might be stalled, and even lead to
DNA damage, which could result in a slower growth rate. Since co-directional
collisions are less detrimental than head-on collisions, aligning the orientation of
transcription units with the nearest ARS sequences could attenuate conflicts
between replication and transcription. This possibility was assessed by the design,
construction and growth rate measurement of two strains with modified transcription-
unit's orientation, one without (IMX1770) and one with co-directionality of
transcription and replication (IMX2381). These strains showed no significant
difference in growth rate (Fig. 3). The SwYG strain (auxothrophic IMX589 and
prototrophic IMX1821) did not display alterations in the duration of the S phase of
the cell cycle, which could be expected if DNA replication was competing with
transcription (Supplementary Fig. S4). Although these results do not entirely exclude
potential effects of the SinLoG on DNA replication, they strongly suggest that it is not
the main cause of the SwYG strain’s growth defect.
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Figure 4 - Transcription and enzyme activity of the glycolytic genes in the single locus glycolysis
strains.

A) PFKM-normalized transcript levels of the glycolytic genes in strains IMX372, IMX606 and IMX605 are
compared. Error bars represent the standard error of the mean of independent culture duplicates. See
Fig. 2C for reactions catalysed by each gene product. * indicates significant difference compared to
IMX372 (Pag; < 0.05). B) Enzyme activities measured in cell-free extracts of the minimal glycolysis strain
IMX372, the double glycolysis strain IMX382 and single locus glycolysis strain IMX606 (SwYG, SinLoG-
IX). The data for IMX372 and IMX606 shown here is reproduced from [6] and is the average of at least
four independent culture replicates. IMX382 was measured in biological duplicates. Error bars represent
the standard error of the mean. * indicates significant difference to IMX372 (P < 0.05, student t-test, 2
tailed, homoscedastic).

Discovery-driven approaches to elucidate the molecular basis of SwWYG slow
growth rate
While the targeted engineering strategy enabled the elimination of factors that were

not causal for the SwYG strain’s slower growth rate, it failed to directly identify the
responsible factors. In an attempt to identify these mechanisms, gene expression
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profiles in the SwYG strains with a SinLoG in chromosome V or IX and their ancestor
the MG strain were mined. There again, while genes were up- and down-regulated
in the strains with a SinLoG as compared to the MG strain, transcriptome analysis
did not identify specific genes, sets of genes or mechanisms potentially involved in
the SwYG strain slow growth (Supplementary Fig. S5).

As transcriptome analysis proved inconclusive, an adaptive laboratory evolution
approach was undertaken. To increase the growth rate of SwYG, repeated transfers
of IMX1821 and the control strain CEN.PK113-7D were performed on chemically
defined glucose medium for approximately 525 generations (Fig. 1). Three
independent evolution lines successfully led to SwYG populations with growth rate
comparable to that of the reference strain CEN.PK113-7D (Fig. 5 and
Supplementary Fig. S6). Three fast growing single colony isolates were selected
from independent evolution lines of SwYG and the control strain, and their genome
was sequenced. All three independent single locus glycolysis evolution lines carried
mutations in ATG41, CNB1 and SURZ2 (Fig. 5B and for strain lineage Supplementary
Fig. S5). CNB1, encoding a regulatory subunit of calcineurin, was also mutated in
one of the evolution lines of the CEN.PK113-7D control strain, and was most likely
not the causal mutation for the SwYG strain phenotype (Supplementary Fig. S7).
Introducing the CNB1 mutation of the evolved strains in the non-evolved SwYG strain
confirmed this hypothesis (Fig. 5A). Conversely, ATG41 and SUR2 were not mutated
in the control strain evolution lines and could therefore be involved in alleviating the
slower growth phenotype of the SwYG strain. SURZ2 is involved in sphingolipids
biosynthesis and encodes a sphinganine C4-hydroxylase [12-14]. Sphingolipids are
important membrane components and act as messengers and bioactive molecules
in cell growth, senescence, autophagy and apoptosis [15]. In all three evolution lines
the Sur2 fatty acid hydroxylase domain (amino acids 162 to 297) was mutated. In
one of the evolved strains the mutation caused the occurrence of an early stop
codon, suggesting that the mutations most likely caused a loss of function of this
non-essential gene [16]. Both SURZ2 deletion and reverse-engineering of the SUR2
mutations were performed in the SwYG parental strain IMX1821, but did not result
in a measurable phenotypic effect (Fig. 5A). The exact function of ATG41 has not
been identified, but it is associated with the formation of the autophagosome [17].
Similar to Sur2, several mutations found in Atg41 truncated the protein, removing its
extreme C-terminal domain (amino acids 127-136). This region is essential for the
interaction with protein partners (more particularly Atg9) and thus correct subcellular
distribution and autophagy activity [17]. As SUR2, ATG41 was therefore deleted both
in the SwYG parental strain IMX1821 and modified with the mutations found in the
evolved strain. While individual mutations hardly affected the growth rate of the
SwYG strain, the combined deletion or mutation of both SUR2 and ATG41
successfully restored the growth rate of the evolved strains (Fig. 5A). These results
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demonstrated that mutations in both genes were required to fix the slower growth
rate phenotype of the SwYG strain.
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IMX372 - Minimal glycolysis *
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Figure 5 - Physiological and genetic characterization of the evolved and reverse engineered
strains derived from the SwYG strain.
A) Specific growth rates of the evolved population of the SwYG strain, single colony isolates of the evolved

populations and reverse engineered strains, shown as percentage of reference SwYG strain IMX1821.
Control strains without a single locus glycolysis are shown in grey, evolved strains in orange and
engineered SwYG strains are shown in blue, dashed lines indicate growth rates of the reference strains
IMX1821 and CEN.PK113-7D. Significant differences compared to strain IMX1821 are indicated (*,
P<0.05, T test, homoscedastic). B) Venn diagram showing genes in which mutations were identified in
the evolved strains derived from IMX1821.

Discussion

With the ambition to consolidate the SwYG strain as platform for glycolysis swapping
and to identify design principles for integration of large, modular pathways in S.
cerevisiae, we aimed to characterize and identify underlying factors of the slower
growth phenotype observed upon genetic clustering of the glycolytic pathway in the
SwYG strain.

This in-depth study revealed that genetic factors directly or indirectly related to the
integration of the SinLoG were not responsible for the SwYG strain slow growth rate,
a promising outcome for integration of large DNA constructs in yeast. ALE rather
identified the involvement of autophagy and sphingolipids biosynthesis in the slower
growth rate phenotype, a response difficult to reconcile with the genetic interventions
performed in the SwYG strain. These results might yet be explained if we consider
an alternative theory, initially discarded due to its unlikelihood, but that might, in the
light of all the data obtained in this study, explain the SwYG strain phenotype. The
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SinLoG integration in the MG strain causes a duplication of the glycolysis and
fermentation genes. Glycolysis and fermentation proteins are amongst the most
abundant proteins in S. cerevisiae cells, representing around 15% of total cell
proteins under fermentative conditions [18]. Integration of a second copy of these
genes might increase the abundance of these proteins and, considering that proteins
are extremely costly to synthetize, cause an energetic burden to the cells, reflected
in a decreased growth rate. Enzyme assays confirmed the increased specific activity
of most of these enzymes by 1.5- to 2-fold in the double glycolysis strain (IMX382,
Fig. 4B). This increase in activity, with the reasonable assumption that it represents
an equivalent increase in protein abundance, should result in a decrease in growth
rate. Indeed individual overexpression of glycolytic enzymes has been shown to lead
to decreased growth rates when around 15% of the total cellular protein is made up
of gratuitous glycolytic protein [19]. Similarly overexpression of fluorescent proteins
to high percentages of the proteome (estimated around 10-15%) has been shown to
lead to a growth rate decrease of up to 15% from the cost of protein production [20].
This overexpression alone therefore could explain the decrease in growth rate
measured for the double glycolysis strain (IMX382, Fig. 2B).

Building on the realistic working hypothesis that protein burden is the major cause of
the decreased growth rate in the double glycolysis strain, subsequent removal of the
gene duplicates in this strain is expected to alleviate this burden and to restore
growth rate to the levels of the MG strain. However, deletion of the 13 duplicated
genes from the double glycolysis strain did not alter growth rate (Fig. 2). This stability
in growth rate upon deletion of the gene duplicates could reflect the compensation
of the expected positive effect of sequential deletion by the occurrence of deleterious
events during strain construction. While analysis of the genome sequence and
transcriptome of the SwYG strain indicated that the targeted genetic modifications
did not have measurable direct or indirect deleterious effects on yeast physiology,
the 18 transformation rounds necessary to engineer IMX382 into the SwYG strain
could have caused unwanted mutations in the yeast genome. Accordingly, the
sequence of the SwWYG strain revealed six mutations in coding regions of the native
genome (Supplementary Table S1), three of which led to amino acid changes in
Opt1 (plasma membrane oligopeptide transporter), Cwc25 (essential protein,
component of spliceosomal complex implicated in the catalytic step of pre-mRNA
splicing) and more interestingly Vps15 a serine/threonine protein kinase, key
component in the synthesis of phosphatidylinositol 3-phosphate (P1(3)P) required for
autophagosome formation [21-25]. The deletion of VPS15 as well as the other main
component of the PI3-kinase complex, VPS34, has been reported to lead to growth
defects and cause aberrant endosome morphology [26, 27]. During ALE, mutations
in ATG41, an important protein for autophagosome formation [15, 17], would
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counterbalance the deleterious effect of the mutated VPS15. The role of SUR2
mutations in restoring the growth rate of the SwYG strain might appear more
puzzling, however, evidence for the role of ceramides, important membrane lipids,
in autophagy is growing [12-15, 28]. However, repair of the VPS15 in the IMX589
SwYG strain did not lead to any effect on growth rate, suggesting this mutation in
itself is not responsible for the observed growth rate defect (Supplementary Fig. S8).

An additional, particularly attractive scenario in the context of engineering glycolysis,
involves Pgk1. In mammals the Pgk1 homologue, also called Pgk1, plays a key role
in the formation and activation of the complex responsible for PI(3)P synthesis and
autophagosome formation [29]. The PI3-kinase complex is largely conserved
between mammalian cells and yeast and the human Pgk1 interaction partner,
Beclin1, complements the function of its yeast homolog Vps30 [30]. The potential
involvement of the yeast Pgk1 in PI(3)P synthesis and autophagy has not been
explored yet, but it is not unlikely considering the conservation of moonlighting
functions of several glycolytic proteins between yeast and mammals [31-33].
Remarkably, the activity of Pgk1 is two-fold lower in SwYG strains as compared to
the minimal glycolysis control strain (Fig. 4). While this lower activity of an enzyme
operating far from saturation is most likely not hindering the glycolytic flux, it might
be deleterious for a potential moonlighting function. If such a moonlighting exists,
deletion of the second copy of Pgk1 in the double glycolysis strain (strain IMX557,
Fig. 2) and ensuing lower Pgkl abundance might have a negative effect on
autophagosome formation and therefore growth. Further research will be required to
test these hypotheses, including the integration of a second copy of Pgk1 in the
SwYG strain.

While S. cerevisiae is a fantastic microbial cell factory and model organism, with a
remarkable genetic accessibility, the present study illustrates the challenges faced
by intensive strain construction. It also illustrates the limits of analytical tools and
highlights the need to combine multiple techniques to identify the molecular basis of
mild phenotypic responses. Still, this study enabled a first, in-depth investigation of
the impact of integration of large DNA constructs in S. cerevisiae native
chromosomes, thereby identifying design guidelines for pathway transplantation, but
also pathway design. The SGA1 and CANT loci proved to be robust integration sites
for constructs of 30-40 kb, and can most likely harbour longer constructs. Addition of
ARS was not required, although the spacing between adjacent ARS was increased
from 38 Kb to 73 Kb, an observation in line with previous reports [34]. Transcriptional
hotspots, different from the native genetic configuration with a mosaic of genes with
different transcription levels, did not harm yeast physiology, and the orientation of
transcription did not require careful design. As in most organisms, in S. cerevisiae
transformation is mutagenic, it is therefore recommended to keep the number of
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transformations to a minimum, an achievement made possible using CRISPR-Cas
mediated multiplex editing. Finally, efforts to relocalize genes for genome
modularization should consider watermarking genes, such that only the desired
(native) copy can be exclusively targeted and edited [35]. This approach minimizes
the risk of excessive removal of DNA sequences during gene deletion. Applicable to
native and synthetic chromosomes, these design guidelines should facilitate future
large scale strain engineering endeavours.

Materials and Methods

Media, strain cultivation and stocking
The yeast strains used in this study are all derived from the CEN.PK lineage
(Supplementary Table S2) [36]. For non-selective growth, S. cerevisiae strains were
cultivated on Yeast extract Peptone Dextrose (YPD) medium, consisting of 10 g L™
Bacto yeast extract, 20 g L' Bacto peptone and 20 g L glucose. For selective
growth, Synthetic Medium (SM) was used, containing: 3 g L' KH2PO4, 0.5 g L™
MgSOs4-7H20, 5 g L' (NH4)2S04, 1 mL L of a trace element solution [37]. YPD and
SM medium were set to pH 6 by addition of KOH and 20 g L' Bacto agar was added
in case of solid medium. YPD and SM media were autoclaved for 20 min at 110°C
and 121°C, respectively. Finally, for Synthetic Medium with glucose (SMD), 1 ml L™
of a filter sterilized vitamin solution and 20 g L' of glucose separately autoclaved for
20 min at 110°C was added. When needed SMD was supplemented with 125 mg L
! histidine and/or 150 mg L' uracil. When the dominant markers amdS, KanMX or
hphNT1 were used with SM, (NH4)2SO4 was omitted from the medium and replaced
by 6.6 g L' K2SO4. For amdS selection, 1.8 g L filter sterilized acetamide was used
as nitrogen source. For selection of KanMX or hphNT1, 2.3 g L™ urea was used as
nitrogen source instead and 200 mg L'" G418 and 200 mg L' hygromycin (Hyg) were
added to the medium, respectively. For YPD medium, the G418 and hygromycin
were directly added to the medium. Yeast cultures were grown at 30°C at 200 rpm
in 50-/100-/500-mL shake flasks containing respectively 10-/20-/100 mL of medium,
in an Innova 44 incubator shaker (New Brunswick Scientific, Edison, NJ). Yeast on
solid media were incubated until single colonies were visible (approximately 3 days).
Escherichia coli XL1-Blue strains with ampR containing plasmids were
cultivated on Lysogeny Broth (LB) medium, consisting of: 10 g L tryptone, 5.0 g L
yeast extract, and 5 g L' NaCl, supplemented with 100 mg mL™" ampicillin. E. coli
cultivations were performed at 37°C and 200 rpm in an Innova 4000 incubator (New
Brunswick Scientific) shaker, in 15 mL Greiner tubes containing 5 mL medium.
Cultures on solid LB medium, containing 20 g L' Bacto agar, were incubated
overnight at 37°C.
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S. cerevisiae and E. coli strains were stored at -80°C in 1 mL aliquots of appropriate
medium containing 30% (v/v) glycerol.

Molecular biology techniques

DNA used for strain construction purposes was amplified by PCR using Phusion™
High-Fidelity DNA Polymerase (Thermo Fisher Scientific, Waltham, MA), according
to the manufacturer’s instructions. All diagnostic PCRs were performed with
DreamTag PCR Master Mix (Thermo Fisher Scientific), following the supplier’s
instruction. Primers were ordered desalted unless used for amplification of open
reading frames (ORFs) in which case PAGE purified primers were used (Sigma-
Aldrich, St. Louis, MO).

DNA was purified using the GenElute PCR Clean-Up kit (Sigma-Aldrich) or the
GeneJET PCR Purification Kit (Thermo Fisher Scientific) when no unspecific bands
were present. In case of unspecific bands, the DNA was separated on a 1% or 2%
(w/v) agarose (TopVision Agarose, Thermo Fisher Scientific) gel in 1x Tris-acetate-
EDTA (TAE) buffer (Thermo Fisher Scientific) or 1x Tris-Borate-EDTA (TBE)
(Thermo Fisher Scientific) buffer. 10 ul L' SERVA (SERVA Electrophoresis GmbH,
Heidelberg, Germany) was added to the gel for DNA staining. As size standards, the
GeneRuler DNA Ladder mix (Sigma-Aldrich) or GeneRuler DNA Ladder 50bp
(Sigma-Aldrich) were used. DNA was isolated from gel using the GenElute PCR
Clean-Up kit (Sigma-Aldrich). The purity and quantity of DNA was assessed using a
NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific). For more precise
DNA quantification the Qubit dsDNA BR Assay kit (Thermo Fisher Scientific) in
combination with the Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA) was used.
Digestion of DNA with Dpnl was performed with the FastDigest restriction enzyme
(Thermo Fisher Scientific), following the manufacturer’s protocol. Gibson assembly
for construction of gRNA plasmids was performed with Gibson assembly master mix
2x (New England Biolabs, Ipswich, MA) according to the manufacturer’s instructions
but scaled down to a final volume of 5 pl.

DNA for plasmid assembly was transformed into E.coli XL1-Blue by chemical
transformation as described by Inoue et al. [38]. Plasmids were isolated using the
GenElute Plasmid Miniprep Kit (Sigma-Aldrich, St. Louis, MO) or the GeneJET
Plasmid Miniprep Kit (Thermo Fisher Scientific) and verified by diagnostic PCR or
restriction analysis. S. cerevisiae was transformed with the lithium
acetate/polyethylene glycol method [39]. Single colony isolates were obtained by
three consecutive re-streaks on selective solid medium. Yeast DNA was isolated by
either boiling in 0.02 N NaOH, the protocol described by Looke et al. [40], the
YeaStar genomic DNA kit (Zymo Research, Irvine, CA) or the QIAGEN Blood & Cell
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Culture Kit with 100/G Genomic-tips (Qiagen, Hilden, Germany) depending on the
desired DNA purity.

Adaptive laboratory evolution

CEN.PK113-7D and IMX1821 were evolved for faster growth on aerobic SMD
medium at 30°C and 150 rpm in 100 mL shake flasks with 20 mL medium. The
strains were inoculated from a freezer stock and subsequently transferred every 24
hours, by a 1:100 dilution in fresh medium. For both strains, three separate evolution
lines were maintained for 79 transfers, when all IMX1821 evolution cultures had
reached the approximate growth rate of wild type CEN.PK113-7D. The first 23
transfers of the CEN.PK 113-7D evolution line were reported previously [41]. From
each evolution line, single colonies were isolated. The single cell lines that showed
a growth rate representative of the evolved population were stored at -80°C and
whole-genome sequenced (Supplementary Table S2).

Plasmid Construction

To target the Cas9 protein to a desired locus and induce a double strand break,
gRNA plasmids were constructed according to Mans et al. [42] with minor alterations.
To summarize, plasmids containing two gRNAs were Gibson assembled from a
backbone amplified with primer 6005 from a pROS plasmid, and two insert fragments
amplified with primers 5974 and 5975 and a respective gRNA specific primer. In
Supplementary Table S3A all constructed plasmids are listed. Supplementary Table
S4A-B contains all primers to construct and verify the gRNA plasmids.

Strain construction

All strains constructed in this study originate from IMX589, the uracil auxothrophic
SwYG strain, constructed by Kuijpers et al. [6] (Supplementary Table S2). This strain
is characterized by the deletion of the minor paralogs of glycolysis and the
relocalization of the major paralogs of glycolysis to the SGA1 locus on chromosome
IX. Some of the strains used in this study to test hypotheses were previously
constructed and described [6, 7, 35, 43]. All strains constructed by CRISPR-Cas9
have been made as described by Mans et al. [42] and all strains were verified by
diagnostic PCR (primers in Supplementary Table S4).

To construct a strain in which the transcription of the glycolytic genes was aligned
with replication an in silico design was made (Fig. 3A). The watermarked glycolytic
genes and auxiliary parts were amplified from template DNA with SHR containing
primers to allow for homologous recombination (Supplementary Tables S2B, S3C
and S4). Strain IMX1338 was transformed with 1.5 pg of plasmid p426-SNR52p-
gRNA.CAN1.Y-SUP4t (Supplementary Table S3) and 200 fmol of each fragment (13
glycolytic genes: FBA1, TPI1, PGK1, ADH1, PYK1, TDH3, ENO2, HXK2, PGI1,
PFK1, PFK2, GPM1, PDC1, the HIS3 marker, ARS418 and ARS1211) to integrate
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an altered orientation SinLoG in the CANT locus (Chr. V). The gRNA plasmid was
removed by non-selective growth and the uracil auxotrophic strain was stocked as
IMX2359. To construct IMX2381, the glycolytic cassette in the sga locus on Chr. IX
was deleted from IMX2359 using gRNA plasmid pUDR413 and repaired with a
KIURAS transcriptional unit. The KIURAS3 fragment was amplified from the pMEL10
plasmid with primers containing sga7 flanks (Supplementary Table S3 and S4E).
The gRNA plasmid was removed before stocking.

For reverse engineering of the mutations in ATG41, SUR2 and CNBT found in the
IMX1821 evolution lines, the three genes were first deleted by insertion of a synthetic
gRNA and PAM sequence. To this end, IMX1821 was separately transformed with
pUDR748, pUDR749 or pUDR750, to delete ATG41, CNB1 and SUR2, respectively.
120 bp of corresponding repair fragments made by annealing of complementary
primers containing the synthetic gRNA and PAM sequence were also supplied
(Supplementary Table S4F). gRNA plasmids were removed, and strains were
stocked as IMX2542, IMX2543 and IMX2544 for the deletion of SUR2, ATG41 and
CNB1, respectively. The mutated SUR2 gene was amplified from evolution strains
IMS1022, IMS1026 and IMS1031 with primer pair 17559/17560 (Supplementary
Table S4G). Strain IMX2542 was transformed with plasmid pUDR114 to cut in the
synthetic gRNA and separate repair fragments, resulting after plasmid removal in
strains IMX2605 (SUR2F9%stor) IMX2606 (SUR2M'79K) and IMX2607 (SUR2CG25'R),
Similarly, the ATG41 and CNB1 genes were amplified from the evolution lines
(primers in Supplementary Table S4G) and transformed together with plasmid
pUDR114 in strain IMX2543 and IMX2544, respectively. These transformations
resulted in strains IMX2589 (ATG41%32C), IMX2590 (ATG41"132sr) and IMX2594
(CNB182F). For double deletion and replacement with a synthetic gRNA and PAM of
ATG41 and SUR2, strain IMX1821 was transformed with gRNA plasmid pUDR751
and corresponding 120 bp repair fragments (Supplementary Table S4F). After
plasmid removal the resulting strain was stocked as IMX2570. Transformation of this
strain with pUDR114 to cut the synthetic gRNAs and the amplified repair fragment
(primers in Supplementary Table S4G) of ATG41 and SURZ2 from evolution strain
IMS1022, resulted in strain IMX2591 (ATG41%32C SUR2F9%sop) . Finally the triple
deletion strain IMX2567 was made by transforming IMX2544 (CNB1::(synthethic
gRNA)) with gRNA plasmid pUDR751 targeting ATG41 and SURZ2 and the
corresponding repair fragments with synthetic gRNA and PAM (Supplementary
Table S4F).

The repair of the VPS15 gene in strain IMX589 was performed in a similar manner
to the reverse engineering described above. Strain IMX589 was transformed with
pUDR754 to delete VPS15 and integrate a synthetic gRNA sequence, resulting in
strain IMX2769 after plasmid loss and genotype confirmation by PCR (primers in
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Supplementary Table S4F). Subsequently in this strain the non-mutated allele for
VPS15 was re-introduced by transformation with plasmid pUDR114 and a repair
fragment amplified from CEN.PK113-7D (primers in Supplementary Table S4G). The
verification of the VPS15 locus was done by PCR and Sanger sequencing and the
strain was stocked as IMX2813.

Growth rate determination

Shake flasks

The growth of strains was monitored from 100 mL SMD cultures in 500 mL shake
flasks by following the optical density at 660 nm (ODeso) with a JENWAY 7200
spectrophotometer (Cole-Parmer, Stone, UK). Maximum specific growth rates (pmax)
were determined in at least biological duplicates from a minimal of six time point in
exponential phase. To ensure that the cultures were in exponentially phase for
growth rate measurements, two successive pre-cultures were performed prior to
inoculation in the measuring flasks.

96-well format

Pre-cultures inoculated from glycerol-stocks were performed in 1.5 mL of YPD
medium in 12-wells plate, and grown at 30°C and 800 rpm in a thermoshaker (Grant-
bio PHMP-4, United Kingdom) until stationary phase. Of each strain 20 yL were
transferred to fresh SMD (with uracil) medium in a new 12-well plate and grown until
mid-exponential phase. Each strain was then transferred with six biological
replicates to a 96-well plate (CELLSTAR, Greiner Bio-One). Both the 12-well and 96-
well plates were covered with sterile polyester acrylate sealing tape (Thermo
Scientific). The ODsso from the cultures in the 96-well plates were determined every
20 min using a plate reader (TECAN infinite M200 Pro. Tecan, Mannedorf,
Switzerland). The growth rate was determined from at least 6 points in exponential
phase.

Determination of glycolytic enzyme activities and degree of saturation
calculation

Glycolytic enzyme activities were determined in cell extracts obtained from mid-
exponential shake flask cultures of strain IMX382 as previously described [44].
Spectrophotometric assays were done at 30 °C and 340 nm in 1 mL reactions in 2
mL cuvettes using a Hitachi model 100-60 spectrophotometer. Assays were
performed as previously described [45], for phosphofructokinase the assay was
performed as described elsewhere [46]. Activities are expressed as pmol substrate
converted per mg protein per minute (U/min). Independent biological duplicates were
used with at least two analytic replicates per assay.

Degree of saturation of phosphoglycerate kinase was calculated using the glucose
uptake rates and Pgk activities reported in [6]. The soluble protein content was
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assumed to be 33% and enzyme activities were expressed in mmol per gram dry
weight per hour to obtain the maximal flux capacity. Dividing the observed glucose
uptake rate by this flux capacity gives an indication of the enzyme saturation under
these conditions.

Ploidy staining and cell cycle phase estimation

Circa 107 cells were sampled from mid-exponential shake-flasks cultures on YPD
and centrifuged (5 min 4700 g). The pellet was washed with demineralized water,
centrifuged again and resupended in 800 ul 70% ethanol while vortexing. Another
800 pl 70% ethanol was added and fixed cells were stored at 4 °C until analysis.
Staining of cells with SYTOX® Green Nucleic Acid Stain (Invitrogen S7020) was
performed as described earlier [47]. Samples were analyzed on a BD Accuri C6 flow
cytometer with a 488 nm laser (BD Biosciences, Breda, The Netherlands).
Fluorescence intensity was represented using FlowJo (V. 10.6.1, FlowJo, LLC,
Ashland, OR, USA).

For cell cycle analysis, stained cells were selected from all events based on
fluorescence at 533/30 nm. Subsequently the G1 and Gz populations corresponding
to 1n and 2n were selected with ellipsoid gates based on forward scatter and
fluorescence. All cells not corresponding to Gi or G2 were designated to be in the S
phase.

Sequencing

Whole genome sequencing and alignment

High quality genomic DNA was isolated with the QIAGEN Blood & Cell Culture Kit
with 100/G Genomic-tips (Qiagen) from IMX1821 and evolution strains IMS1022,
IMS1026, IMS1031, IMS1043, IMS1048 and IMS1053. The strains were sequenced
in-house using an lllumina MiSeq Sequencer (lllumina, San Diego, CA) as described
previously [7, 35]. For long-read DNA sequencing of IMX589, genomic DNA was
loaded on a R9 flowcell and sequenced on a MinlON (Oxford Nanopore, sequencing
kit SQK-LSK109). Guppy (Oxford Nanopore, version 3.9.5_GPU) was used for
basecalling. The resulting fastq files were filtered on length (>1 kb) and de novo
assembled with Canu (version 1.8) [48]. Resulting contigs were error-corrected by
first mapping the lllumina paired-end read library of IMX589 with Burrows-Wheeler
Algorithm (BWA mem, version 0.7.15) [49], converting the alignments to binary
alignment format (BAM, samtools version 1.3.1) [50] and further processed with
Pilon [51].

A de novo assembled reference genome was constructed for IMX589 (auxothrophic
SwYG) using MinlON and Miseq data [6]. Using the Burrows-Wheeler Alignment
(BWA) Tool [52] (version 0.7.15), sequencing data of IMX1821, IMS1022, IMS1026
and IMS1031 was aligned to the IMX589 reference genome and sequencing data of
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IMS1043, IMS1048 and IMS1053 was aligned to a CEN.PK113-7D reference [53].
The data was further processed using SAMTools [52] (version 1.3.1) and single
nucleotide polymorphisms (SNPs) were determined using Pilon (with -vcf setting;
version 1.18)) [51]. The BWA.bam output file was visualized using the Integrative
Genomics Viewer (version 2.4.0) [54], and copy numbers were estimated using
Magnolya (version 0.15) [55]. SNPs were compared between CENPK113-7D and
the three CEN.PK113-7D evolutions lines (IMS1043, IMS1048 and IMS1053) and
IMX1821 and the three SwYG evolution lines (IMS1022, IMS1026 and IMS1031).
All whole genome sequencing data are available at NCBI
(https://www.ncbi.nIm.nih.gov/) under bioproject PRINA757374.

Sanger sequencing

Sanger sequencing was performed at Baseclear (Baseclear, Leiden, The
Netherlands) or Macrogen (Macrogen Europe B.V., Amsterdam, The Netherlands)
to check the reverse engineering of SNPs in ATG41, SUR2, CNB1 and VPS15.

RNA sequencing and analysis

RNA sequencing results from the MG strain (IMX372) grown in aerobic SMD
bioreactor cultures were obtained from Solis-Escalante et al. [5]. For the SwYG
strains with the glycolytic cassette in Chr. IX (IMX606) and in Chr. V (IMX605), RNA
was sampled from the biological duplicate aerobic SMD bioreactor cultures run by
Kuijpers et al. [6]. The sampling and processing of the transcriptome samples from
these bioreactors was executed as described by Solis-Escalante et al. [5]. Library
preparation and RNA sequencing were performed by Novogen. Sequencing of
samples IMX605 and IMX606 was done with lllumina paired end 150 bp sequencing
read system (PE150) using a 250 bp insert strand specific library which was
prepared by Novogen.

Sequencing reads of samples IMX606, IMX605 and IMX372 were aligned to the
CEN.PK113-7D genome using STAR [56]. Expression was quantified by
featureCounts (version 1.6.0) [57]. Normalized FPKM counts were obtained by
applying the rpkm function from the edgeR package [58]. Differential expression
analysis was done by applying DESeq2 [59].

Transcriptomics datasets were uploaded to the Gene Omnibus repository
(https://www.ncbi.nIm.nih.gov/geo/) under accession number GSE190122.
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Supplementary data

CEN.PK113-7D

s

IMX372 (MG, prototrophic)-

IMX370 (MG, auxotrophic)- 1
IMX382- ]

IMX382 Reconstruction #1 {

IMX382 Reconstruction #2- {

IMX382 Reconstruction #3 -I

0 20 40 60 80 100 120
Growth rate (% of CEN.PK control)

Figure S1 - Specific growth rates of yeast strains with Minimal Glycolysis background after
integration of the single locus glycolysis.
Reconstruction of strain IMX382 (SinLoG integration in sga? in IMX370) led to a similar growth rate defect.

All growth rates are normalized to the CEN.PK113-7D control strain from the same experiment,
prototrophic strains are shown as filled bars, uracil auxotrophic strains with dashed fill. Statistically
significant differences relative to the auxotrophic MG strain reference strain are indicated (* P<0.05, t-test
2-tailed, homoscedastic).
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D) Gene Function PFKM
normalized
counts

MSI1 Subunit of chromatin assembly factor | (CAF-1); chromatin assembly by CAF-1 affects 53
multiple processes

ADP1 Putative ATP-dependent permease of the ABC transporter family 32

DET1 Acid phosphatase; involved in the non-vesicular transport of sterols in both
directions between the endoplasmic reticulum and plasma membrane; deletion 89
confers sensitivity to nickel

PDX1 E3-binding protein of the mitochondrial pyruvate dehydrogenase complex 105

PEX21 Peroxin required for peroxisomal matrix protein targeting 125

YAP1802 Protein of the AP180 family, involved in clathrin cage assembly 53

SPC97 Component of the microtubule-nucleating Tub4p (gamma-tubulin) complex 18

CTR2 Low-affinity copper transporter of the vacuolar membrane 148

SRP102 Signal recognition particle (SRP) receptor beta subunit; involved in SRP-dependent 125
protein targeting

NNR2 Widely-conserved NADHX dehydratase; converts (S)-NADHX to NADH in ATP- 45
dependent manner

BLI1 Subunit of the BLOC-1 complex involved in endosomal maturation 61

MPE1 Subunit of CPF cleavage and polyadenylation factor and E3 Ub-ligase; involved in 3' 51
end formation of mRNA via cleavage and polyadenylation of pre-mRNA

TRX1 Cytoplasmic thioredoxin isoenzyme; part of the thioredoxin system that protects 1580
cells from oxidative and reductive stress

INP1 Peripheral membrane protein of peroxisomes; involved in peroxisomal inheritance 16

MHF1 Component of the MFH histone-fold complex 115

Figure S3 - Relative transcription of genes neighboring the deletion loci of native glycolytic

genes.

A) Relative expression in strain IMX606 (SinLoG-Chr IX) relative to the MG strain IMX372 of the genes
neighbouring the deleted glycolytic loci is indicated. Genes which are decreased in expression are marked
in orange, genes which are increased in expression are marked in green and genes which are not
expressed or did not change in expression are marked black (Mean PFKM_MG>10 or Mean PFKM
IMX606>10, padj<0.05). Genes with logz2FoldChange>2 are marked in bold. B,C) Expression of genes
neighbouring the SinLoG loci on Chr. IX (IMX606) and Chr. V (IMX605). D) Function and PFKM count of
IMX372 (MG) of genes that are changed in expression. Genes were considered not expressed if
PFKM<10 in all strains [7]; high expression was considered for PFKM>300.
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A
L /\J\ | Haploid control - CEN.PK113-7D
[]| Diploid control - CENPK122
& /\ O Minimal glycolysis - IMX372
A /\ ]| swYG (uracil aux.) - IMX589
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Figure S4 - Ploidy and cell cycle distribution estimation by flow cytometric analysis.

A) Ploidy measurement based on DNA staining and flow cytometry. All analysed single locus glycolysis
strains match the haploid reference. B) Cell cycle distribution based on the DNA content shown in panel
A. The estimated percentage of cells in each cell cycle phase is shown. Error bars represent standard
deviation between duplicate samples. The single locus glycolysis strain IMX589 (Chr IX) shows a slight
increase in cells in G1 compared to the CEN.PK113-7D and IMX372 (minimal glycolysis) control strains.
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upP 60 category Genes UP/ Adjusted P-value Many genes from families with high homology
12 genes in category SNO1
Response to stress SNO3
IMX606 60:0006950 30/152 2.9x10% st
210 Thiamine biosynthesis sNz3  Redundant gene families with
G0:0009228 13/68 2.9x10°® high homology,
Ty transcriptionallyco-regulated
IMX605 e O 9/17 5.1x107 THIL1
50 G0: THI12
THI13
Large overlap with ‘stress’ category
DOWN ii GO category Genes DOWN/  pdjusted P-value
genes in category
Sporulation
IMX606 G0:0030435 15/103 2.5x10°
Meiosis Haploid, not relevant
408 G0:0007126 13/134 3.7x10°®
IMX605 ggf‘gg;::{;mmy 11/90 2x10°6 No clear, consistenitresponse
21 ’

Figure S5 - Global transcription effects from the single locus glycolysis.
Global transcriptional changes in strains IMX605 (SinLoG on Chr V) and IMX606 (SinLoG on Chr IX)

compared to the minimal glycolysis strain IMX372. Since both strains carrying a SinLoG share a similar
growth rate enrichment analysis was performed on significantly up and down regulated genes in both
strains to identify possible causal factors for this growth defect. Up- and down regulated genes with an
adjusted p-value below 0.05 and a fold change greater than 2 were selected and doublons were removed.
Enrichment analysis was performed with FunSpec (http:/funspec.med.utoronto.ca/cgi-bin/funspec), GO
terms with a Bonferroni-corrected p-value < 10 are reported. Although several categories are significantly
enriched, no link to processes related to the integration of the SinLoG were identified.

A) \WS102> \WS1026 51037
ATG41W132¢ ATG41Wi32sTP ATG41Disrupted
SURZF1925TR SURZMIZX SUR26251R
CNB1%F CNB1L82F CNB118%
B) WHi82,
\\1\*254 2> @7\254& W25, SMR252, G256 5
sur2A atg41A cnblA sur2A sur2A
atg41A atg41A
l cnb1A
\MX2605 \WX2589 WX2594 WX259;
w1326; B1L82F ATGHFWIIZC
BUR2EL2STP ATG41 CNB1 T -
\MX260g WX2590
SUR. 2M1 79K ATG41 W13257P
\N\XZGO >
SUR26G251R

Figure S6 - Strain lineage of evolved isolates of the SwYG strain and reverse engineered strains.
A) Mutations in ATG41, SUR2and CNBT1 in evolved strains IMS1022, IMS1026 and IMS1031. B) Reverse

engineering strategy of the SUR2, ATG41 and CNB1 mutations in the SwYG strain IMX1821.
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A B

CEN.PK113-7D4 Control IMS1043

*

Line 14 CEN.PK evo population 1
Line 24 CEN.PK evo population 2 —i
Line 34 CEN.PK evo population 3 {

IMS1043 - CEN.PK evo isolate 1 |
1MS1048 IMS1053

IMS1048 { CEN.PK evo isolate 2 {

IM$1053 CEN.PK evoisolate3 ]

0 50 100
Growth rate (% of CEN.PK control)

Figure S7 - Physiological and genetic characterization of populations and single colony isolates
after evolution of the CEN.PK113-7D reference strain.
A) Specific growth rate CEN.PK113-7D and derived strains after evolution, represented as evolved

population and single colony isolates. Growth rates are shown as percentage of the unevolved reference
strain. No significant increase in growth rate was found except a slight increase for the population of line
1. Bars represent the average growth rate and standard deviation of duplicate shake flask cultures.
Significant differences as compared to unevolved control are indicated (*, P<0.05, T test, homoscedastic).
B) Venn diagram showing genes in which mutations were identified in the evolved strains derived from
CEN.PK113-7D.

CEN.PK113-5D

IMX589- Sgaf::SinkoG |

IMx2813 13987 SinkoG {

VPS15 repair

0 2|0 4b 6‘0 Bb 100 150
Growth rate (% of CEN.PK control)

Figure S8 - Physiological characterization of a VPS15 repaired SwYG strain.
Specific growth rates measured in shake flask of the control strain CEN.PK113-7D, the uracil auxotrophic

SwYG strain IMX589 and strain IMX2813, in which the IMX589 VPS15 allele was restored to the native
CEN.PK sequence.
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Table S1 - Single nucleotide polymorphisms in the auxotrophic SwYG strain (IMX589) compared

to MG strain (IMX372)

Information from Kuijpers et al. [6]

Mutations (SNP) Genome SinloG
All 15 9
In ORF 6" 1*
MisSense 3 (VPS15, OPT1, CWC25) 0

# Information on the 6 in ORF SNPs in the genome

Systematic name Name Type Amino Acid
change
YBRO79W VPS15 Non-synonymous E474K
YJL212C OPT1 Non-synonymous 1463T
YNL245C CWcC25 Non-synonymous P62L
YDL079C MRK1 Synonymous 11901
YLR180W SAM1 Synonymous V217V
YNL262W POL2 Synonymous F1536F
* Information on the single SNP in the SinLoG
Systematic name Name Type Amino Acid
change
YOLO086C ADH1 Synonymous A180A
Tables S2-S5

Supplementary tables S2-S5 can be found in the supplementary materials file at the
data.4TU repository via: https://doi.org/10.4121/16539840
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Abstract

While transplantation of single genes in yeast plays a key role in elucidating gene
functionality in metazoans, technical challenges hamper the humanization of full
pathways and processes. Empowered by advances in synthetic biology, this study
demonstrates the feasibility and implementation of full humanization of glycolysis in
yeast. Single gene and full pathway transplantation revealed the remarkable
conservation of both glycolytic and moonlighting functions and, combined with
evolutionary strategies, brought to light novel, context-dependent responses.
Remarkably, human hexokinase 1 and 2, but not 4, required mutations in their
catalytic or allosteric sites for functionality in yeast, while hexokinase 3 was unable
to complement its yeast ortholog. Comparison with human tissues cultures showed
the preservation of turnover numbers of human glycolytic enzymes in yeast and
human cell cultures. This demonstration of transplantation of an entire, essential
pathway paves the way to the establishment of species, tissue and disease-specific
metazoan models.
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Introduction

Due to its tractability and genetic accessibility, S. cerevisiae has played and still plays
a key role as simplified model organism for higher eukaryotes. Many discoveries in
yeast native processes such as the cell cycle and ribosome biogenesis were pivotal
for understanding their mammalian equivalents [1, 2]. In addition, yeast is used to
study a wide range of diseases such as cancer, diabetes and neurodegenerative
diseases [3]. In a large part of these studies, the heterologous expression of human
genes in yeast enables the detailed investigation of human biology and disease-
specific variations of human genes [4]. As the yeast and human genome share over
2000 groups of orthologs [4], several large initiatives have explored the
complementarity of human genes in yeast and shown a high degree of functional
conservation [4-11]. These studies are however complicated by the genetic
redundancy of eukaryotic genomes [12], which is even more prominent for genes
encoding proteins with metabolic functions [13, 14]. While individual gene
complementation in yeast is an interesting approach to characterize single human
proteins, humanization of entire pathways or processes would greatly increase their
usefulness. Such ‘next level’ yeast models hold the potential to capture the native
functional context of the humanized proteins and to enable the study of more
complex, multigene phenotypes, and epistatic interactions between genes. The
feasibility of such extensive humanization projects depend largely on the
replaceability of yeast genes by their human orthologs. Recent large scale
humanization and bacterialization efforts of the yeast genome suggested that
replaceability was better predicted on pathway- or process-basis than by sequence
conservation [8, 15]. To date, reports of full humanization of pathways or protein
complexes are scarce [5, 16-19]. However, rapid developments in synthetic biology
have tremendously increased the ability to extensively remodel microbial genomes,
and promise to bring more examples of large scale humanization in the future.

The Embden-Meyerhof-Parnas (EMP) pathway of glycolysis, which is near
ubiquitous to eukaryotes, has a central role in carbon metabolism and is involved in
a wide range of diseases in mammals, including cancer with the well-known Warburg
effect [20]. So far, few single human glycolytic enzymes have been transplanted into
yeast, mostly in large-scale complementation studies [6, 8, 9, 22-24]. Whether all
human glycolytic enzymes can complement their yeast orthologs is however
unknown. It is a particularly fascinating question as glycolytic enzymes, both in yeast
and human are characterized by their versatility in moonlighting capabilities [25, 26].
The degree of conservation of these moonlighting functions between these two
distant organisms has hardly been explored to date, with the exception of the human
aldolase B (HsALDOB) and the glucokinase (HsHK4) [23, 24]. To overcome the
difficulty caused by genetic redundancy, a yeast strain in which the set of genes
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encoding glycolytic enzymes has been minimized from 19 to 11 was previously
constructed [27]. This minimal glycolysis (MG) strain is a perfect platform for single
glycolytic gene complementation. Furthermore, a strain in which this minimized set
of yeast glycolytic genes has been fully relocated to a single chromosomal locus
(SwYG strain) enables the swapping of the entire yeast glycolytic pathway by any
designer glycolysis with minimal genetic engineering [28]. In the present study,
glycolysis swapping with the SwYG strain was used to evaluate the functionality of
an entire human muscle glycolytic pathway in yeast to enable the construction of
new model yeast strains. A combination of single gene complementation, full
pathway humanization and adaptive laboratory evolution was used to explore the
functionality of all human glycolytic genes in yeast. This led to the identification of
mutations in human hexokinase 1 and 2 related to allosteric inhibition by glucose-6-
phosphate, which appear to be required for functional expression in yeast. Finally
the validity of yeast strains with humanized glycolysis as a model was evaluated by
comparing the protein turnover number (kcat) of the human glycolytic enzymes
expressed in yeast with enzymes in their native environment from human skeletal
muscle myotube cell cultures.

Results

All human glycolytic genes directly complement their yeast ortholog except
for hexokinases 1-3

With the exception of hexokinases and F1,6bP aldolases, human and yeast
glycolytic enzymes are highly conserved with 43% to 65% identity at protein level,
as compared to the 32% identity at whole proteome level [8] (Fig. 1A). The human
and yeast F1,6bP-aldolases belong to two different classes of enzymes and do not
share homology at all at protein level [29] (Fig. 1A and Table S1). Among the four
human hexokinases (HsHK1 to HsHK4), HsHK4 is closest in size and sequence to
ScHxk2 (ca. 30% protein identity) while HsHK1, HsHK2 and HsHK3 are roughly
twice the size of their yeast orthologs, with each subunit sharing ca. 30% identity
with ScHxk2 ([30], Table 1). Due to the genetic redundancy of metabolic pathways
in eukaryotes [13, 14], and associated difficulty of complementation studies, so far
complementation in S. cerevisiae was only tested for eight human glycolytic genes
[7-9, 22, 24], of which only HsPGAMZ2 was unsuccessful (Table S1, [9]).
Implementation of the MG yeast strain, which carries a single isoenzyme for each
glycolytic step, with the notable exception of the ScPfk1 and ScPfk2 subunits of the
hetero-octameric phosphofructokinase [27], considerably facilitates
complementation studies (Fig. 1A). The ability of 25 human glycolytic genes to
complement their yeast ortholog(s) was systematically explored by individual gene
complementation in the MG strain. For enzymes with multiple splicing variants, the
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canonical version was used (Fig. 1A and Table S1). However, as the two pyruvate
kinase genes HsPKLR and HsPKM have tissue-specific splicing variants (HsPKL
and HsPKR for HsPKLR, and HsPKM1 and HsPKMZ2 for HsPKM), all four variants
were tested (Fig. 1A, Table S1 [31]). The 25 genes were codon-optimized, cloned
downstream strong, constitutive promoters (Table S2) and individually cloned in the
MG strain, after which the yeast ortholog(s) were removed (Fig. S1). Remarkably,
22 out of these 25 genes demonstrated direct complementation of their yeast
orthologs for growth on glucose in their native form (Fig. 1B, Fig. S2). Additionally,
HsHK1 and HsHKZ2 but not HsHK3 also complemented their yeast orthologs, but
only after a period of adaptation of several days. While most strains were only
marginally affected by single humanization of the glycolytic genes, strains harbouring
a human hexokinase 2, the aldolases, phosphoglycerate mutases and the
glyceraldehyde-3P dehydrogenase GAPDH variant S had a strongly reduced growth
rate, the strongest decrease (30%) occurring with HsALDOB (Fig. 1B). No clear
correlation could be found between growth rate and conservation between human
and yeast gene sequences or promoter strength (Fig S3). All human genes were
Sanger-sequenced in the complementation strains, revealing that all besides HsHK1
and HsHKZ2 had the expected sequence (see following section). This study therefore
demonstrated the absence of complementation of the native human HsHK3 and the
remarkable complementation by 22 out of 25 human genes of their yeast orthologs.
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Figure 1 - Glycolytic human and yeast enzymes relevant for this study and single
complementation assays.
A) Major glycolytic isoenzymes in yeast (left) and human enzymes used in this study (right). Underlined

human enzymes were previously shown to complement their yeast ortholog. Bold enzymes
complemented their yeast counterpart in this study. Percentage identity at protein level is shown of the
human enzymes as compared to their yeast orthologs: ®®°, 15! subunit and 2™ of human hexokinases vs
Hxk2, respectively, ¢ human phosphofructokinases vs ScPfk1 and ScPfk2, respectively. Also see Table
S1. B) Specific growth rates of the single gene complementation strains grown in SM glucose shown as
percentage of the MG control strain IMX372, see also Fig S2. HsHK2 and HsHK4 were expressed with
the PDC1 promoter or the HXK2 promotor, leading to different growth rates. Average and standard
deviation of at least three independent replicates. * p-values between complementation and control strain
below 0.01 (Student t-test, two-tailed, homoscedastic). C) Main allosteric regulators of the glycolytic yeast
and human kinases and their regulation constants [32-37].

Human HsHK1 and HsHK2 can only complement the yeast hexokinases upon
mutation

Upon transformation, strains expressing the human HsHK71 or HsHK2 as sole
hexokinase grew well on galactose, a carbon source phosphorylated by
galactokinase that does not require hexokinase activity, while exposure to glucose
led to 1-2 days lag phase. Strains solely cultured on galactose displayed native
HsHK1 and HsHKZ2 sequences, whereas exposure to glucose led to the systematic
occurrence of single mutations in these genes, leading to an amino acid substitution
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or deletion (Fig. 2A-C). HsHK1 and HsHK2 of strains solely exposed to galactose
were active in vitro (IMX1689 and IMX2419 for HsHK1 and HsHK2 respectively),
revealing that impaired growth on glucose was most likely not caused by lack of
functionality of the human hexokinases in yeast (Fig. 2D). Considering that native
and mutated alleles of human hexokinases (strains IMS1137 and IMX1690) had
similar catalytic activities in vitro (Fig. 2D), growth defects upon exposure to glucose
might result from inhibition of native human hexokinases in the yeast context. The
observed mutations could then alleviate this inhibition to enable hexokinase activity
in vivo. Mutations were observed in different regions of the HsHK2 sequence in
different strains, while in three separate HsHK71 mutants the mutations were
reproducibly localized at the glucose-6-phosphate binding site (Fig. 2B and C). The
activity of both human hexokinases is sensitive to substrate concentration [38, 39],
but is also allosterically inhibited by the product of the reaction, glucose-6-phosphate
(G6P) [39, 40]. The elevated intracellular G6P concentrations reported for yeast (0.5-
2 mM) are well above the Ki,ger of HsHK1 and HsHK2 (0.02 mM) and might inhibit
these enzymes when expressed in yeast [33, 41].

A computational ‘hexokinase complementation model’ built to address this
phenomenon (Appendix 1) predicted a functional glycolytic pathway, able to reach a
stable flux for both HsHK1 and HsHK2 with glucose as carbon source (Fig. 2E), but
with a remarkable shift in the control of the glycolytic flux from glucose import (as
predicted with yeast hexokinases) to hexokinase, as demonstrated by the increased
flux control coefficient (FCC) (Fig. 2F). The glycolytic flux was more specifically
predicted to be sensitive to the magnitude of the Kigepr, Kmatp and Vmax of both
hexokinases (Fig 2G). In agreement with this prediction, the tested hexokinase
variants of both HsHK1 and HsHK2 (HsHK1%679A from IMS1137 and HsHK2776F)
were less sensitive to G6P inhibition than the native alleles (Fig. 2H-I). For the
HsHK1G679A mutation, our results are in direct contradiction to a previous study,
where this mutation was found to have no impact on inhibition by the glucose-6P
analog 1,5-anhydroglucitol-6P in purified HsHK1 expressed in E.coli [38], which
could be due to the different host organism. The Kiger of the humanized
computational glycolytic model was modified using our experimental data (see Fig.
2H-1) to mimic the response of the mutated HsHK1¢679% and HsHK2-776F variants,
resulting in a predicted increase of the glycolytic flux of 70% for HsHK1%679A and
38% for HsHK2L776F  as compared to their native variants (Fig. 2E). Conversely, the
sensitivity of the native and L776F variants to ATP, ADP and glucose measured in
vitro were similar (Fig. S4) and trehalose-6-phosphate, a major inhibitor of yeast
hexokinase not present in human cells, only mildly affected human hexokinase
activity in vitro and the predicted in silico glycolytic flux (Fig S4, Appendix 1) [32].
Glucose-6-phosphate inhibition is therefore most likely the main mechanism
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underlying the inability of native HsHK1 and HsHK2 to complement their yeast
ortholog.
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Figure 2 - Characterization of human hexokinase mutants.
A) Mutations in human hexokinases after growth on glucose. B) and C) Localization of the amino acid

substitutions in HsHK2 and HsHK1 variants, respectively. Colour coding as in panel A. Green, glucose
binding site in the catalytic domain and blue, glucose-6P allosteric binding site. HsHK2 crystal structure
from [38] and HsHK1 from [42]. D) Hexokinase in vitro activity assay from S. cerevisiae strains grown on
galactose. ScHxk2 control activity was measured using strain IMX2015. Non-mutated HsHK1 and HsHK2
were assayed using strains IMX1689, IMX2419, and IMX2496 (HsGly-HK2), that were never exposed to
glucose. Activities of the mutated variants were measured in extracts obtained from IMS1137, IMX1690
and IMX1844. In the complementation strains and the control ScHxk strain, hexokinase was expressed
with the strong ScPDC1 promoter while in the fully humanized strains the ScHXK2 promotor was used. *
significant change in activity as compared to unmutated enzymes (p<0.01, n=2, unpaired t-test). E)
Simulated glucose uptake rate (GLT, glucose transporter) for the MG control, native HsHK1 and HsHK2
complementation strains. The effect of the observed change in Ki,G6P on the flux is modelled for each
enzyme. F) Flux Control Coefficients (FCC’s) of the four enzymes with the highest control over the flux,
GLT, hexokinase (HK), phosphofructokinase (PFK) and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). G) Absolute values of the response coefficient |R"| of the three parameters with highest control
over the steady-state glucose uptake flux. H)-) In vitro activity of the native and mutated hexokinase
variants at various concentrations of the competitive inhibitor glucose-6-phosphate, expressed as
percentage of activity without inhibitor. ICso: half maximal inhibitory concentration of G6P (mM).
significant difference of the mutated as compared to the native variant (p<0.01, extra-sum-of-squares F
test, n=2).

Successful humanization of the entire glycolytic pathway in yeast

The successful complementation of individual glycolytic enzymes suggested that
transplantation of a complete human glycolytic pathway might be possible. The
success of humanization at full pathway level would depend on a combination of
expression, kinetic and moonlighting properties of the whole set of enzymes (Fig.
1C) [43, 44], which together may have a severe impact on the growth of the yeast
host. The muscle glycolytic pathway, characterized by fast in vivo rates, was chosen
for transplantation in yeast [45-47]. Based on public databases, the most expressed
isoenzymes in muscle tissue were selected. While HsHK1 and HsHK2 are the most
abundant enzymes in muscle tissue [48, 49], HsHK4 was initially chosen as
hexokinase due to its ability to readily complement ScHxk2 (Fig. 1B). Despite the
systematic mutations found in single complementation strains, HsHK2 was also
transplanted in a second glycolysis version, to test whether mutations were also
required for its functionality in a human glycolytic context. HsHK2 was chosen over
HsHK1 because it is usually annotated as the main muscle isoenzyme, while HsHK1
is usually annotated as the brain hexokinase. Using both HsHK4 and HsHK2 was
also interesting considering their difference in sequence and in kinetic and regulatory
properties, HsHK4 having a substantially lower affinity for glucose and being
insensitive to glucose-6P [30, 50, 51]. Transplantation in a SwYG strain [28] of the
entire set of human glycolytic genes resulted in the HsGly-HK2 strain with HsHK2 as
hexokinase and the HsGly-HK4 strain with HsHK4 (Fig. 3A). Expression of the
human genes was driven by strong, constitutive yeast promoters (Table S2). Note
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that expression of HsHK2 and HsHK4 using the yeast ScHXKZ2 promoter in these
fully humanized strains, led to a slower growth rate than complementation using the
stronger ScPDC1 promoter (Fig. 1B and Fig S2). Pathway transplantation was
successful as both the HsGly-HK2 and HsGly-HK4 strains displayed remarkably fast
growth (ca. 0.15 h'', around 40% of the control SwYG strain with native glycolysis
ScGly (IMX1821)) in minimal medium with glucose as sole carbon source (Fig. 3B).
Exposure to glucose of the HsGly-HK2 strain led to long lag phase, and sequencing
of HsHKZ2 from several culture isolates revealed the systematic presence of single
mutations in the vicinity of the catalytic and glucose-6P binding sites (Fig. 2A, Table
S3). Remarkably a ca. 5-fold decrease in hexokinase Vmax was observed in an isolate
carrying the HsGly-HK2'%62N variant, while no evidence was found for other changes
in kinetic parameters (Fig 2D and J and Fig S5). In another isolate, the HsHK2P209N
mutation affected an amino acid key to the activity of the C-terminal active site [39].
The decrease in Vmax but maintenance of glucose-6P sensitivity of HsHK2'%62N was
in stark contrast with the stable Vmax but decreased glucose-6P sensitivity observed
for HsHK2 variants in single complementation strains (Fig. 2H-J). This suggested
that the humanized glycolytic context might result in a different intracellular
environment (particularly metabolite concentrations) and thereby lead to different
requirements for hexokinase functionality and different evolutionary solutions.

Next to hexokinase, human and yeast pyruvate kinases also differ in allosteric
regulations, HsPKM1 being insensitive to the feed-forward activation by F1,6bP
characteristic of ScPyk1 (Fig. 1C, Fig. S6). Despite the proposed role of this allosteric
regulation for yeast cellular adaption to transitions [44, 52], the ability of the
humanized yeast strains was not visibly impaired during transition between
alternative (galactose) and favourite (glucose) carbon source (Fig. S7).
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Figure 3 - Construction and physiological characterization of strains with fully humanized
glycolysis.
A) Strain construction strategy and glycolytic pathway strains with native, and humanized co-localized
glycolysis. B), C) and D) Physiological characterization of strains shown in panel A in duplicate bioreactors
on SM glucose. B) Specific rates for glucose and oxygen uptake (qgu and qoz), and for ethanol (qeton),
glycerol (qqyc), acetate (gace), CO2 (gcoz) and biomass (umax) production. Average and SEM of biological
duplicates. C) Yields on glucose (CMol/CMol) of ethanol, CO2, biomass, acetate and glycerol are
indicated (Ysethanol, Yscoz, Ysx, Ysacetate, Ysaiycerol respectively). D) Estimation of the degree of saturation of
glycolytic enzymes based on in vitro assays from cell extracts (activities reported in Fig. S8). in vivo fluxes
were approximated from the qgu. The dashed line indicates 100% saturation.
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S. cerevisiae favors a mixed respiro-fermentative metabolism when glucose is
present in excess (see IMX1821 in Fig. 3B and C), a phenomenon known as the
Crabtree effect, analogous to the Warburg effect in mammalian cells [53]. HsGly-
HK2 mostly respired glucose, with only traces of ethanol and glycerol being
produced, while HsGly-HK4 displayed a respiro-fermentative metabolism, more
similar to that of the ScGly control strain, although with far lower substrate uptake
and ethanol production rates (Fig. 3B and C and Table S4). The fact that these
physiological responses were similar to those observed for the respective HsHK2
and HsHK4 single complementation strains suggested that the human hexokinases
strongly contributed to this switch between fermentative and respiratory metabolism,
but they might not be the only players (Fig. 4A). Excepted HsGPI1, the activity of the
human enzymes was two to fifty times lower than the activity of their yeast ortholog
(Fig. S8). With the notable exception of phosphofructokinase, sensitive in vivo to
many effectors, the yeast glycolytic enzymes generally operate at overcapacity ([54-
56] and Fig. 3D). In the humanized yeast strains hexokinase, aldolase and
phosphoglycerate mutase showed higher degrees of saturation compared to the
control strain with the native yeast glycolysis, suggesting that the activity of these
enzymes could exert higher control on the glycolytic flux in the humanized strains
(Fig. 3D). In line with this hypothesis, these three enzymes also led to low growth
rates in single complementation strains (Fig. 1B). Remarkably, the activity of
HsPFKM was 2.6-fold lower in HsGly-HK4 than in HsGly-HK2, while the same
protein abundance was found (Fig. S8). Consequently, while HsPFKM in vivo
operated above its in vitro capacity in HsGly-HK4, similarly to what is typically
observed in S. cerevisiae and in IMX1821, the flux through HsPFKM in HsGly-HK2
was only at ca. 30% of its in vitro capacity (Fig. 3D).

Overall the transplantation of a complete human glycolytic pathway to yeast was
successful despite the structural, kinetic and regulatory differences between yeast
and human enzymes. Global proteomics revealed increases in protein abundance
of mainly metabolic enzymes, corresponding to the altered physiology (Fig. S9). The
fully humanized glycolysis strains grew remarkably well, where the reduced
glycolytic flux and growth rate as compared to yeast strains with a native glycolysis
(umax ca. 60% slower), were in agreement with the lower in vitro enzymatic capacity
of the human glycolytic enzymes.

Complementation of moonlighting functions

Many eukaryotic glycolytic enzymes, next to their glycolytic functions, have other
cellular activities. These moonlighting functions might not be conserved across
species [26] and failure of the human orthologs to complement the yeast
moonlighting activities could strongly affect the humanized yeast strains. Three
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glycolytic enzymes in S. cerevisiae have documented moonlighting functions:
hexokinase, aldolase and enolase.

ScHxk2 is involved in glucose repression and the Crabtree effect by partially
localizing to the nucleus in the presence of excess glucose where it represses the
expression of genes involved in respiration and the utilization of alternative carbon
sources such as the sucrose hydrolysing invertase SUC2 [57, 58]. Accordingly,
invertase activity is not detected in S. cerevisiae cultures with excess glucose, while
it is expressed and active when glucose repression is alleviated (Fig. 4A and B).
Conversely, double deletion of SCHXK1 and ScHXK2 alleviates glucose repression
and enables invertase expression and activity in the presence of excess glucose
condition. Invertase assays suggested that HsHK4 but not HsHK2776F was able to
complement the role in glucose repression of ScHxk2 (Fig. 4A and B). However,
since invertase repression is known to be sensitive to growth rate and the HsHK2-
Gly strains grew slowly, our findings do not completely rule out the possibility that
HsHK2 plays a role in glucose repression, although based on the difference in
sequence, size and structure with yeast hexokinase, this seems unlikely. The role of
HsHK4 in glucose repression, suggested in an earlier report [24], is in line with the
Crabtree effect we observed for the complementation and fully humanized strains
carrying HsHK4 despite their slow growth rate (Fig 3B and C, [59-61]).

Yeast aldolase is involved in assembly of vacuolar proton-translocating ATPases (V-
ATPases), leading to the inability of aldolase deficient strains to grow at alkaline pH
[62]. This function has been reported to be highly conserved between the yeast Fba1
and the human HsALDOB despite the absence of any sequence homology between
the two proteins [23, 62]. The present study shows that the other human aldolases
(HsALDOA and HsALDOC), which share ca. 70% identity with HsALDOB, can
complement the moonlighting functions of ScFbal. All three human aldolase
complementation strains as well as the fully humanized strains HsGly-HK2 and
HsGly-HK4 showed no growth defects at pH 7.5 (Fig. 4C and Fig. S10), indicating
that the vacuolar function was complemented by all three human aldolases.

Furthermore, the yeast enolase plays a role in mitochondrial import of a tRNAYs, a
mechanism important at growth temperature above 37°C, particularly on non-
fermentable carbon sources [63, 64]. This mechanism seems well conserved in
mammals, as yeast tRK1 is imported in vitro and in vivo in human mitochondria, in
an enolase-dependent manner [65-67]. All three human enolase complementation
strains show only minor growth defects at 37°C on both glucose and non-fermentable
carbon sources compared to the MG control strain (Fig. 4D). The fully humanized
strains similarly show no growth defect at 37°C (Fig. S10). This suggests that, in
addition to the vacuolar function of ScEno2, the human enolase enzymes are also
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able to fully take over its role in mitochondrial import of tRK1. Additionally the yeast
enolases ScEno1 and ScEno2, are involved in vacuolar fusion and protein transport
to the vacuole [68]. Whether the human enolases can take over this function in yeast
is unknown. While enolase-deficient yeast strains display a fragmented vacuole
phenotype and growth defects, this phenotype was not observed for the MG strain
expressing ScEno2 only ([27], (Fig. 4E) and was also not observed for
complementation strains expressing any of the three human enolases (Fig. 4E). This
vacuolar moonlighting function seems therefore to be conserved between yeast and
human enolases.

With the exception of HsHK2, no phenotypic defects previously associated with an
absence of glycolytic moonlighting activities could be observed in the humanized
strains, suggesting that, in the tested conditions, the moonlighting functions of all
glycolytic enzymes could be sufficiently complemented by their human orthologs.
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Figure 4 - Complementation of moonlighting functions.

A) Specific growth (umax), glucose consumption ( qgu) and ethanol production (qem) rates, and biomass
yield (Ysx) of single hexokinase complementation strains grown in shake flask in SM glucose. Average
and SEM of two biological replicates. B) Extracellular invertase activity of cultures with SM glucose
(repressing condition) or SM ethanol + 0.075% glucose (inducing condition). Average and SEM of two
biological replicates. C) and D) Specific growth rate of strains with single complementation of the three
human aldolases and the three human enolases and of the MG control strain at different pH or at 30°C
and 37 °C, with glucose or ethanol as carbon source as indicated. Average and standard deviation of
biological triplicates. SM medium was used, but ammonium was replaced by urea to maintain pH in panel
C). E) Staining of membranes with FM4-64 in S. cerevisiae strains expressing the yeast ScEno2 (IMX372
control) or the human HsSENO3, HsENO2 and HsENO3 (IMX1830, IMX1831, IMX1528) as single

complementation or as fully humanized glycolysis (HSENO3, IMX1814). IMX1307 carries one copy of the
human HsENO3 and the yeast SCENO2 gene.
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Engineering and evolutionary approaches to accelerate the slow growth of
humanized glycolysis strains

Several enzymes (HsHK2, HsHK4, HsALDOA and HsPGAM2) showed a
significantly higher degree of saturation in the humanized strains (two to six-fold
higher as compared to ScGly, Fig. 3D). The corresponding complementation strains
also grew slower than the control strain, suggesting that the capacity of these
enzymes might be limiting the glycolytic flux. Indeed simultaneous overexpression
of HsHK2, HsALDOA and HsPGAMZ in HsGly-HK2, and of HsHK4, HsALDOA and
HsPGAM?Z in HsGly-HK4 successfully increased their specific growth rate by 63%
and 48% respectively (Fig. 5A). These optimized, humanized yeast strains still grew
30% to 40% slower than the control strain with native, minimized yeast glycolysis
(Fig. 5A). Growth at 37°C, optimal temperature for human enzymes, instead of 30°C
did not improve the growth rate of the humanized yeast strains (Fig. 5A, also Fig.
$10).

Many other mechanisms could explain the slow growth phenotype of the humanized
strains, such as (allosteric) inhibition of the enzymes in vivo, incompatibility of
substrate and co-factors concentrations with enzyme kinetic requirements, or
deleterious effects of moonlighting activities of the human orthologs, more than could
reasonably be tested by design-build-test-learn approaches. An adaptive laboratory
evolution (ALE) strategy, particularly powerful to elucidate complex phenotypes [69],
was therefore used to improve the fitness of the humanized strains. After
approximately 630 generations in glucose medium, evolved populations of
humanized yeast strains grew ca. twofold faster than their HsGly-HK2 and HsGly-
HK4 ancestors (Fig. S11). Single colony isolates from six independent evolution
lines, three per humanized yeast strain, confirmed the increased growth rate of the
evolved humanized yeast strains (strains IMS0987 to IMS0993, Fig. 5A, Table S7).
These strains evolved towards a higher glycolytic flux and a more fermentative
metabolism, producing ethanol, albeit with a lower yield compared to the ScGly
control (Fig. S12). This increase in fermentation was in line with the increased
specific growth rate and glucose uptake rate [59]. These evolved strains were further
characterized in an attempt to elucidate the molecular basis of the slow growth
phenotype of the humanized yeast strains.

Exploring the causes of the slow growth phenotype of humanized glycolysis
strains

The activity of several human glycolytic enzymes was affected by evolution (Fig.
S13). Across the six evolution lines, the activity of both hexokinases (HsHK2 and
HsHK4) and HsPGAMZ2, for which activity was much lower than their yeast variants,
was increased two to three-fold during evolution (Fig. 5B and C). These enzymes
also led to the strongest decrease in growth rate upon complementation (Fig. 1B and
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Fig. S14). Protein abundance of HsHK4 and HsPGAM2 was accordingly increased,
albeit not with the same magnitude, but the change in in vitro activity of HsHK2 was
not reflected in protein abundance (Fig. 5C, Fig S13). The activity of HsALDOA,
which also led to a large decrease in growth rate upon complementation and for
which the activity was strongly reduced in the fully humanized strains, was not
markedly altered by evolution. The response of HsSPFKM was particularly interesting.
While its activity was already lower in the humanized yeast strains than in the ScGly
strain, HsPFKM was the only enzyme for which the activity was substantially
decreased during evolution, by a factor of 2 to 8 as compared to their non-evolved
humanized ancestors. For HsHK2 and HsPFKM, the changes in in vitro activity were
not reflected in protein abundance. Global proteomics showed few proteins changed
significantly in abundance after evolution (Fig. S15).

With the exception of phosphofructokinase, the genome sequence of the evolved
strains offered little insight into the mechanisms leading directly to the above-
mentioned alterations in in vitro specific activities or abundance of the glycolytic
enzymes. However, interesting mutations were identified. The promoter, coding or
terminator regions of the human glycolytic genes were exempt of mutations in the
evolved strains. Only HsPFKM carried a single mutation in its coding region in all
three evolution lines of HsGly-HK4 (Fig. 5D, Table S5), one located in the N-terminal
catalytic domain of the protein and the two others in the C-term regulatory domain
where several allosteric effectors can bind (F2,6biP, ATP, ADP, citrate, etc. [70, 71]).
The impact of these mutations cannot be inferred directly from the location, but they
are most likely involved in the strong decrease in in vitro activity of PFKM in the
strains evolved from HsGly-HK4. All three evolved strains from the HsGly-HK4 strain
were also mutated in TUPT (general repressor of transcription with a role in glucose
repression), with a conserved non-synonymous mutation resulting in an amino acid
substitution (Fig. 5D, Table S5). Other transcription factors involved in the regulation
of the activity of the yeast glycolytic promoters (Rap1, Abf1, Ger1, Ger2) did not
harbour mutations in any strain. Overall few mutations were conserved between the
evolution lines of the two humanized strains, but mutations in a single gene, STT4,
were found in all six evolution lines (Fig 5D). Remarkably the six identified mutations
were located within 164 amino acids, in the C-terminus of the protein harbouring its
catalytic domain (Table S5). STT4 encodes a phosphatidylinositol-4P (PI4P) kinase
that catalyses the phosphorylation of PI4P into PI4,5P2. As Stt4 is essential in yeast
[72], the mutations present in the evolved strains could not cause a loss of function.
Phosphoinositides are important signalling molecules in eukaryotes, involved in
vacuole morphology and cytoskeleton organisation via actin remodelling [73]. PI4P
kinases are conserved eukaryotic proteins [74], and Stt4 shares similarities with
human PI3 kinases [75]. In mammals, activation of PI3K remodels actin, thereby

91



Chapter 3: Full humanization of the glycolytic pathway in Saccharomyces cerevisiae

releasing aldolase A trapped in the actin cytoskeleton in an inactive state and
increasing cellular aldolase activity [76, 77]. As yeast and human forms of actin are
highly conserved (89% identity at protein level), a similar mechanism could be active
in yeast and enable the evolved, humanized yeast strains to increase aldolase
activity in vivo without increasing its concentration. Reverse engineering of two of
the mutations found in the evolved strains IMS0990 and IMS0992 was performed in
the non-evolved strain backgrounds with native yeast glycolysis and humanized
glycolysis, by mutating the native STT4 gene (Fig. 5A). The increases in specific
growth rate did not match the growth rates of the evolved strains, suggesting other
parallel mechanisms. Interestingly, in the reverse engineered strains STT4
mutations resulted in a fragmented vacuole phenotype (Fig. S16), confirming that
the mutations interfered with Stt4 activity and PI4P signalling. Such a phenotype was
not observed in the evolved strains, however in these strains vacuoles also displayed
abnormal morphologies with collapsed structures, indicating that specific
mechanisms might have evolved in parallel to mitigate the effect of STT4 mutations
on vacuolar morphology (Fig. S16).

These findings suggest that evolution led to optimization of the human glycolytic
pathway function in yeast through several mechanisms. Hexokinase 4 and
phosphoglycerate mutase abundance and activity increased, allowing a higher
glycolytic flux. For hexokinase 2 and phosphofructokinase, posttranslational
mechanisms to modify enzyme activity must be present, counter-intuitively
decreasing HsPFKM activity in vitro. In all evolution lines, mutations in Stt4 occurred,
which could potentially benefit in-vivo aldolase activity through modulation of actin
structures. These adaptations reveal that the enzymes with the largest impact on
growth rate in single complementation models (HsHK2, HsHK4, HsPGAM2 and
HsALDOA), and not those with the lowest activity, are the main targets for evolution.
Changes in enzyme abundance, cellular environment and posttranslational
modifications, and not direct mutations of the glycolytic genes, appear to be the most
effective evolutionary strategy to improve flux of this heterologous pathway.
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Relevance of yeast as model for human glycolysis

The yeast intracellular environment could interfere with folding or posttranslational
modifications of human enzymes and thereby alter their catalytic turnover number
(keat). To explore this possibility, the keat 0f the human glycolytic proteins in yeast and
in their native, human environment in myotube was experimentally determined.
Enzyme activities (Vmax) were measured in cell extracts using in vivo-like assay
conditions. In these assays phosphofructokinase and hexokinase activities were too
low for detection, although both could be detected at the protein level (Fig. S17).
Overall the Vmax of glycolytic enzymes were of the same order of magnitude in
humanized yeast and muscle cells (Fig. 6A). HsGPI1, HsALDOA, HsGAPDH and
HsPGK1 activity was higher in yeast cells than in muscle cells, particularly for
HsGPI1 (seven-fold), while the activity of HSPGAM2 was 5.5 fold lower in yeast
compared to muscle cells (Fig. 6A). The differences in in vitro activity between yeast
and human isoenzymes were mirrored in the peptide abundance for these proteins
(Fig. S17), suggesting that the turnover rates of the human proteins expressed in
human and yeast cells were not substantially different.

For HsGPI, HsALDOA and HsPGK1, the keat values were calculated by dividing the
Vmax values by the respective protein concentrations (Fig. S17C). This revealed no
differences in the turnover rate between yeast and myotubes, irrespective of which
of the standard peptides was used for protein quantification (Fig. 6B). For the
remaining enzymes, calculation of the turnover rate was complicated by the
presence of isoenzymes other than the canonical muscle glycolytic enzymes in
myotube cultures. In addition to the canonical muscle isoenzymes, the isoenzymes
HsPFKL, HsPGAM1, HsENO1 were present at equivalent or higher concentrations
and HsHK1, HsPFKP and HsPKM2 were present in low concentrations (Fig S17).
This difference in isoenzyme abundance between tissue and isolated cell lines has
been reported before for in vitro muscle cultures and, to a lower extent, for muscle
biopsies [78]. Therefore, for enolase, phosphoglycerate mutase and pyruvate
kinase, the apparent kcat was assumed to be the Vmax divided by the sum of all
detected isoforms catalysing the specific reaction. The kcat values of HSENO1 and
HSENQOS are reported to be similar [79], but the HsSPGAM2 and HsPKM1 have a
higher kcat than their respective isozymes [80, 81]. Taking these proportions into
account, we found that apparent keat values for enolase and pyruvate kinase were
similar between humanized yeast and myotubes while the kcat of HSPGAM was lower
in humanized yeast (2.5 fold lower than the value in myotubes) (Fig. 6C). This may
suggest that the yeast intracellular environment has a negative impact on
posttranslational processing of the enzyme or the influence of the HsPGAM2
isozyme in muscle cells. Taken together, these results demonstrate that out of the
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six enzymes for which a turnover rate could be determined, five were not catalytically
altered by the yeast environment, with HsSPGAM2 as potential exception.
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Figure 6 - Enzyme activity and kcat of human glycolytic enzymes in human myotubes and

humanized yeast.

A) Specific activity of human glycolytic enzymes measured in vitro with in-vivo like assaying conditions.
Blue, yeast strain HsGly-HK2, red, muscle myotube cultures. B) and C) kcat values for enzymes present
as single isoform B) or multiple isoforms C) in the myotubes proteome data (Fig. S17). Data represent
the mean values and standard deviation of three and two independent culture replicates for the myotubes
and yeast cultures respectively. ND: not detected.
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Discussion

The human glycolytic genes showed remarkable levels of complementation in yeast,
both individually and as a complete pathway, with conservation of their secondary
functions and turnover numbers similar to human muscle glycolysis. The
combination of strains presented here can thus serve as new models to study
fundamental aspects of human glycolysis in a simplified experimental setting,
including moonlighting functions, the effects of PTMs and allosteric regulators, and
cross-talk between enzymes. The extensive genetic accessibility and tractability of
yeast enables the fast construction and testing of libraries of humanized yeast strains
that carry different glycolytic designs.

The 100 kDa human hexokinases 1 to 3 did not show immediate complementation,
however for HsHK1 and HsHK2, single amino acid substitutions were sufficient to
restore their functionality in the yeast cellular environment. The requirement for
mutations illustrates that these hexokinases have evolved to function in a particular
metabolic niche. The ease of complementation with the human glycolytic genes is
remarkable since glycolytic enzymes are known to be involved in numerous different
moonlighting functions in yeast and human cells. In line with earlier work [24], we
found that HsHK4 but not HsHK2 is able to complement the yeast Hxk2 function in
invertase repression. The ability of HsHK4 to transduce glucose signalling in yeast
is surprising since this enzyme is not reported to have a transcriptional regulation
function in human cells. HsHK4 also lacks the decapeptide required for the
translocation of ScHxk2 to the nucleus and its binding to the Mig1 transcription factor,
although it has previously been shown to localize to the yeast nucleus [58, 82, 83].
The secondary functions of yeast aldolase and enolase in vacuolar ATPase
assembly, vacuolar fusion and transport, and mitochondrial tRNA import were
complemented by all human aldolase and enolase isozymes. This extraordinary
conservation of glycolytic moonlighting functions observed between human and
yeast glycolytic enzymes challenges our understanding of the underlying molecular
mechanisms and reveals evolutionarily conserved functions.

The successful humanization of the entire glycolytic pathway in yeast and the
availability of a library of strains with single complementation offer a unique
opportunity to study potential synergetic effects between glycolytic enzymes and the
impact of a full pathway on individual enzymes. A good example is the different
evolutionary strategies found by fully humanized and single complementation strains
to restore functionality of human hexokinases in a yeast context. All tested single
complementation strains alleviated G6P inhibition on HsHk1 and HsHk2, while a fully
humanized strain reduced HsHk2 activity without altering G6P sensitivity. G6P is a
key metabolite at the branchpoint of several pathways in both yeast and human.
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While the capacity in glycogen synthesis and hexokinase activity, as measured by
their Vmax’s, does not largely differ between yeast and skeletal muscle [37, 84-87],
several yeast to muscle differences could account for the higher cellular G6P levels
found in yeast [33, 41]. Critically, glucose uptake in yeast and muscle cells is very
differently regulated. In the skeletal muscle, glycolytic fluxes are very dynamic and
respond to the physiological status (such as meal status and exercise), a response
largely controlled by glucose transport [88, 89] and ATP demand [90]. Even at their
maximum capacity upon stimulation by insulin, glucose uptake is ca. two orders of
magnitude lower than in yeast cells, and the muscle environment offers a much
higher phosphorylation/uptake ratio than yeast. Other differences influencing the
G6P concentration could be the presence in yeast of the trehalose cycle [91], and
the greater capacity in yeast of glucose 6-phosphate dehydrogenase, first step of
the pentose phosphate pathway, compared to human muscle [84, 92-94]. G6P has
also been implicated in transcriptional regulation via the ChREBP and MondoA-MIX
transcription factor complexes, which in turn modulate glycolytic gene expression in
human cells [95, 96]. Altogether these factors contribute to yeast to skeletal cells
differences in cellular G6P levels, resulting in supra-inhibitory levels for HsHK1 and
HsHK2 in the yeast context. The different evolutionary strategy found in strains with
fully humanized glycolysis might originate from different factors. The isomerization
of G6P into F6P does most likely not account for large differences in G6P levels in
fully humanized and single complementation strains as both human HsPGI and
native ScPgi1 operate near-equilibrium and have similar in vitro activity [97].
Conversely, the substantially lower activity of several human glycolytic enzymes as
compared to their yeast equivalent (e.g. ALDOA and PGAM activities are ca. 10-
fold) and resulting low glycolytic flux might alter the yeast cellular context (i.e.
metabolite concentrations), and thereby the selection pressure exerted on
hexokinase. Measuring intracellular metabolites in the different humanized strains
should shed some light on the impact of partial and full humanization on the yeast
cellular context. Another difference between human and yeast hexokinase 2 is the
VDAC-dependent mitochondrial binding of the human variant, a binding not likely to
be conserved in the humanized strains, unless the human VDAC protein is
heterologously expressed [98, 99]. Humanization of glucose transport or
mitochondrial VDAC proteins in yeast could be extremely useful to elucidate specific
aspects of human hexokinases regulation and function in a human-like context.

A potential crosstalk between HsPFKM and hexokinase was also revealed by
comparing single gene and full pathway transplantation. HsPFKM displayed a 2.5-
fold higher in vitro activity in a strain expressing HsHK2 as sole hexokinase as
compared to a strain expressing HsHK4, while protein abundance was identical. In
the HsGly-HK4 strain the low in vitro activity of HsPFKM activity does not match the
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predicted in vivo activity based on the observed fluxes. This discrepancy between in
vitro and in vivo was even stronger in evolved isolates of HsGly-HK4, in which
HsPFKM was systematically mutated. Conversely, no mutations were found in
HsPFKM in the evolved HsGly-HK2 strains. HsPFKM is regulated at multiple levels
(e.g. post-translational modification, binding to various cytoskeleton components,
etc.) and most likely does not operate optimally in yeast [70, 100]. Notably,
stabilization of HsPFKM oligomerization promoted by calmodulin in human cells
might be impaired in yeast considering the difference between yeast and human
calmodulin (ca. 60% identity at the protein level) [101, 102]. The present results
suggest the existence of a yet unknown, hexokinase-dependent mechanisms
controlling HsPFKM.

Both ALE and overexpression identified hexokinase and HsPGAM2 as critical
enzymes for glycolytic flux and growth rate improvement of the fully humanized
strains. HSPGAM2 lower activity and kcat @as compared to human myotube cells
suggested that the yeast cellular environment is not favourable for this enzyme, a
problem that both humanized strains solved by increasing HsPGAM2 activity. The
suboptimal activity of the hexokinases was similarly solved during evolution.
However, for HsSPGAM2 and HsHK2, as well as HsPFKM, which decreased in
activity during evolution, the changes in in vitro activity in evolved strains could not
be fully explained by the changes in protein abundance and did not result from
mutations in non-coding or coding regions of the corresponding genes. Modulation
of enzyme activity through interactions with the cellular environment or direct
posttranslational covalent modifications are most likely responsible for this
discrepancy between protein level and in vitro enzyme activity. The regulation of
several human glycolytic proteins occurs via interaction with the cytoskeleton, as
mentioned above for HsSPFKM and calmodulin. In  mammalian cells,
phosphoinositide signalling via PI3-kinase regulates aldolase activity by actin
remodelling. The systematic mutation in the evolved humanized strains of STT4,
encoding a Pl4-kinase involved in cellular signalling for many cellular processes,
including actin organization in yeast, suggests that ALDOA activity might also be
modulated in yeast by binding to actin and altered by phosphoinositide-mediated
signalling. Overall optimization of human glycolysis in yeast seems to be largely
exerted by posttranslational mechanisms, and ALE is a powerful strategy to identify
the mechanisms causing suboptimal functionality in yeast.

This first successful humanization of the skeletal muscle glycolysis in yeast offers
new possibilities to explore human glycolysis. Since many complex interactions with
various organelles and signalling pathways that are present in human cells will be
absent in yeast, such model strains can be applied to study the pathway in a ‘clean’
background. Transplantation to the yeast context enables to dissect metabolic from
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signalling-related mechanisms in the control and regulation of glucose metabolism,
mechanisms often debated in the field of diabetes and muscle insulin resistance. As
an example, whether glycolytic enzymes themselves could be inhibited by
intermediates of lipid metabolism in the muscle and consequently impact enzyme
activity and glycolytic fluxes remains an open question to be tested [103, 104].
Beyond muscle tissue, the glycolysis swapping concept can be extended to any
glycolytic configuration. Complete pathway transplantation can in the future be used
to generate translational microbial models to study fundamental aspects of
evolutionary conservation between species and tissues, and to unravel mechanisms
of related diseases.

Limitations of this study

While this work demonstrates that pathway swapping enables fast and facile
transplantation of an entire pathway, a general limitation to the proposed approach
is the characterization of the physiological and cellular impact of the transplantation.
Comprehensively capturing all the effects of such drastic genetic changes is very
time- and resource-consuming, which has guided the decision made in the present
manuscript to focus on a subset of human glycolytic isoenzymes for humanization,
and on in-depth characterization of a few important findings such as the
hexokinases. Of the many intriguing results uncovered by this study, many could not
(yet) lead to mechanistic understanding and require further research. While adaptive
laboratory evolution did bring new insight in the interaction between the human
glycolytic isoenzymes and the yeast environment, many questions remain
unanswered such as the mechanisms that cause the reduction in growth rate in
humanized strains or that enable yeast cells to tune the abundance of human
glycolytic proteins. Finally, an unfortunate technical limitation prevented the
measurement of human hexokinase and phosphofructokinase activity in yeast and
human cells using in-vivo like assay conditions. The reasons underlying this lack of
in vitro activity of these two key enzymes have to be further explored to complete the
comparison of glycolytic human enzymes functionality in yeast and human context.

Materials and Methods

Data and code availability

The whole genome DNA sequencing data generated in this project are accessible at
NCBI under bioproject PRINA717746 and are publicly available as of the date of
publication.

Mass spectrometric raw data have been deposited to the ProteomeXchange
Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE repository
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and are publicly available as of the date of publication with the dataset identifier
PXD025349.

Yeast and E. coli strains details

All yeast strains used and generated in this study are derived from the CEN.PK
background [105] and are listed in table S7. Yeast strains were propagated at 30 °C
except otherwise indicated on YP medium containing 10g L™ Bacto Yeast extract, 20
g L' Bacto Peptone or synthetic medium containing 5 g L' (NH4)2SQO4, 3 g L™
KH2PQOs, 0.5 g L' MgSO4+7-H20, and 1 mL L of a trace elements and vitamin
solution [106]. Media were supplemented with 20 g L' glucose or galactose or 2%
(v/v) ethanol. For the physiological characterization of the individual hexokinase
complementation strains (Fig. 4A) and to test the aldolase moonlighting function (Fig.
4C and S10B), (NH4)2SO4 was replaced with 6.6 g L' K2SO4 and 2.3 g L™ urea to
reduce acidification of the medium. Urea was filter sterilized and added after heat
sterilization of the medium at 121°C. When indicated, 125 mg L histidine was
added. For solid media 2% (w/v) agar was added to the medium prior to heat
sterilization. The pH of SM was adjusted to pH 6 by addition of 2 M KOH. For
selection, YP medium was supplemented with 200 mg L' G418 (KanMX) or 100 mg
L-" nourseothricin (Clonat). For removal of the native yeast glycolysis cassette from
the sga? locus the SM glucose (SMG) medium was supplemented with 2.3 g L™
fluoracetamide to counter select for the AmdS marker present in the cassette [107].
Yeast strains were stored at -80 °C after addition of 30% (v/v) glycerol to an overnight
grown culture.

For plasmid propagation chemically competent Escherichia coli XL1-Blue (Agilent
Technologies, Santa Clara, CA ) cells were used which were grown in lysogeny broth
(LB) supplemented with 100 mg L' ampicillin, 25 mg L' chloramphenicol or 50 mg
L'" kanamycin when required [108, 109]. E. coli strains were stored at -80 °C after
addition of 30% (v/v) glycerol to an overnight grown culture.

Human myotube culture details

Human myoblasts were obtained from orbicularis oculi muscle biopsies, which has
previously been described [110]. Briefly, a muscle biopsy was obtained from a
healthy 60-year-old female donor, undergoing blepharoplasty, from which myoblasts
were isolated as previously described. After 8 passages in culture, a subclone V49
that expressed Pax7, MyoD and Myogenin was used for the assays here described.
Cells were maintained in high glucose Dulbecco’s Modified Eagle’s Medium (DMEM,
Sigma-Aldrich/Merck) in the presence of L-glutamine, 20% fetal bovine serum (FBS,
Life Technologies Gibco/Merck) and 1% penicillin/streptomycin (p/s, Sigma-
Aldrich/Merck). For differentiation, cells were seeded on 10 cm dishes covered with
polydimethylsiloxane (PDMS) gradients at 5,000 cells/cm?. After reaching
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confluence, the medium was changed to DMEM in the presence of 2% FBS, 1% p/s,
1% Insulin-Transferrin-Selenium (Life Technologies Gibco/Merck) and 1%
dexamethasone (Sigma-Aldrich/Merck). The presence of PDMS gradients allows
cells to grow aligned, which in turn improves myotube maturity and functionality
[111]. Cells were harvested after 5 days in differentiation medium. In short, cells were
washed twice with ice-cold Dulbecco’s Phosphate Buffered Saline (DPBS, Gibco)
and scraped in DPBS in the presence of Complete Protease Inhibitor Cocktail
(Merck, 11836145001, 1:25 v/v after resuspension according to manufacturer’s
guidelines). Cell extracts were frozen at -80 °C.

Growth rate determinations and laboratory evolution

For all growth experiments in shake flasks, 100 mL medium in a 500 mL shake flask
was used except for the shake flask growth study with individual complementation
strain for which 20 mL in a 100 mL volume shake flaks was used. Strains were
incubated with constant shaking at 200 rpm and at 30°C unless stated otherwise.
Strains were inoculated from glycerol stocks in YPD and grown overnight. This
culture was used to inoculate the pre-culture (SMG) from which the exponentially
growing cells were transferred to new shake flasks to start a growth study. Growth
rates were determined from ODeso data by linear regression of the log-linear plots of
ODsso versus time over at least six consecutive time-points in a range where the
ODsso doubled twice, choosing the range to maximize the squared Pearson
correlation coefficient (R?).

Growth studies in microtiter plate were performed at 30 °C and 250 rpm using a
Growth Profiler 960 (EnzyScreen BV, Heemstede, The Netherlands). Strains from
glycerol freezer stocks were inoculated and grown overnightin 10 mL YPD or YPGal
medium in a 50 mL volume shake flask. This culture was used to inoculate a
preculture in a 24-wells plate with a 1 mL working volume (EnzyScreen, type
CR1424f) or a shakeflask with 15 mL of the medium of interest, which was grown
until mid/late-exponential growth. From this culture the growth study was started in
a 96-wells microtiter plate (EnzyScreen, type CR1496dl), with final working volumes
of 250 pL and starting ODeso of 0.1-0.2. Microtiter plates were closed with a sandwich
cover (EnzyScreen, type CR1296). Images of cultures were made at 30 min
intervals. Green-values for each well were corrected for position in the plate using
measurements of a culture of ODesso 5.05 of CEN.PK113-7D. Corrected green values
were converted to OD-values based on 15-point calibrations, fitted with the following
equation: OD-equivalent = axGV(t) + bxGV(t)® - d in which GV(t) is the corrected
green-value measured in a well at time point ‘t’. This resulted in curves with a =
0.0843, b =5.35x108, ¢ = 4.40 and d = 0.42 for the data in Fig. 1, 5and S2 and a =
0.077,b = 1.66x107, ¢ = 3.62 and d = 1.61 for the data in Fig. 4 and S10. Growth
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rates were calculated in a time frame where the calculated OD was between 2 and
10 in which OD doubled at least twice.

Adaptive laboratory evolution of IMX1814 and IMX1844 was performed in SMG at
30°C in 100 mL volume shake flasks with a working volume of 20 mL. Initially every
48 hours 200 pL of the culture was transferred to a new shake flask with fresh
medium, after 22 transfers (approximately 170 generations) this was done every
24h. For both strains three evolution lines were run in parallel. At the end of the
experiment single colony isolates were obtained by restreaking three times on YPD
plates (Table S7D).

Molecular techniques, gene synthesis and Golden Gate plasmid construction
PCR amplification for cloning purposes was performed with Phusion High-Fidelity
DNA polymerase (Thermo Fisher Scientific, Waltham, MA) according to the
manufacturers recommendations except that the primer concentration was lowered
to 0.2 uM. PCR products for cloning and Sanger sequencing were purified using the
Zymoclean Gel DNA Recovery kit (Zymo Research, Irvine, CA) or the GeneJET PCR
Purification kit (Thermo Fisher Scientific). Sanger sequencing was performed at
Baseclear BV (Baseclear, Leiden, The Netherlands) and Macrogen (Macrogen
Europe, Amsterdam, The Netherlands). Diagnostic PCR to confirm correct
assembly, integration of the constructs and sequence verification by Sanger
sequencing was done with DreamTaq mastermix (Thermo Fisher Scientific)
according to the manufacturers recommendations. To obtain template DNA, cells of
single colonies were suspended in 0.02 M NaOH, boiled for 5 min and spun down to
use the supernatant. All primers used in this study are listed in Table S8. Primers for
cloning purposes were ordered PAGE purified, the others desalted. To obtain gRNA
and repair fragments the designed forward and reverse primers were incubated at
95°C for 5 min to obtain a double stranded piece of DNA. PCR products were
separated in gels containing 1% agarose (Sigma) in Tris-acetate buffer (TAE).
Genomic DNA from CEN.PK113-7D was extracted using the YeaStar™ Genomic
DNA kit (Zymo Research Corporation, Irvine, CA, USA). Cloning of promoters, genes
and terminators was done using Golden Gate assembly. Per reaction volume of 10
pl, 1 ul T4 buffer (Thermo Fisher Scientific), 0.5 ul T7 DNA ligase (NEB New England
Biolabs, Ipswich, MA) and 0.5 pl Bsal (Eco311) (Thermo Fisher Scientific) or BsmBI
(NEB) was used and DNA parts were added in equimolar amounts of 20 fmol as
previously described [112]. First a plasmid backbone was constructed from parts of
the yeast toolkit [112] using a kanamycin marker, URA3 marker, bacterial origin of
replication, 3’and 5’ ura3integration flanks and a GFP marker resulting in pGGKd002
(Table S9C). In a second assembly, the GFP gene in this plasmid was replaced by
a transcriptional unit containing a S. cerevisiae promoter and terminator and a
human glycolytic gene. The sequences of the human glycolytic genes were obtained
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from the Uniprot database, codon optimized for S. cerevisiae and ordered from
GeneArt Gene Synthesis (Thermo Fisher Scientific). Genes were synthetized
flanked with Bsal restriction sites to use them directly in Golden Gate assembly
(Table S9A). The PKL gene which is a shorter splicing variant of PKR was obtained
by amplifying it from the PKR plasmid pGGKp024 using primers containing Bsal
restriction site flanks (Table S8G). S. cerevisiae promoters and terminators were
PCR amplified from genomic DNA using primers flanked with Bsal and BsmBI
restriction sites (Table S8A) [113]. The resulting PCR product was directly used for
Golden Gate assembly. For long term storage of the fragments, the promoters and
terminators were cloned into the pUD565 entry vector using BsmBI Golden Gate
cloning resulting in the plasmids pGGKp025-048 listed in Table S9B. For the HXK2
and TEFZ2 promoters and HXK2 and ENOZ terminators already existing plasmids
were used (Table S9B). For the construction of pUDE750 which was used as PCR
template for the amplification of the HsHK4 fragment used in IMX1814, first a dropout
vector (pGGKd003) was constructed from the yeast toolkit parts pYTK002, 47, 67,
74, 82 and 84 (Table S9C). In this backbone, ScHXK2p, HK4 and ScHXK2t were
assembled as described above (Table S9E). Plasmid isolation was done with the
GenElute™ Plasmid Miniprep Kit (Sigma-Aldrich, St. Louis, MO). Yeast
transformations were performed according to the lithium acetate method [114].

Construction of individual gene complementation strains

To enable CRISPR/Cas9 mediated gene editing, Cas9 and the NatNT1 marker were
integrated in the SGAT locus of the minimal glycolysis strain IMX370 by homologous
recombination, resulting in strain IMX1076 [27]. Cas9 was PCR amplified from p414-
TEF1p-Cas9-CYC1tand NatNT1 from pUG-natNT1 (Tables S8G and S9E) and 750
ng of both fragments were, after gel purification, used for transformation.

For the individual gene complementation study, 400 ng of the constructed plasmids
containing the human gene transcriptional units (Table S9D) were linearized by
digestion with Notl (FastDigest, Thermo Fisher Scientific) according to the
manufacturer’s protocol for 30 min and subsequently the digestion mix was directly
transformed to IMX1076. The linearized plasmids were integrated by homologous
recombination in the disrupted wra3-52 locus of strain IMX1076 and the
transformants were plated on SMG. After confirmation of correct integration by PCR
(Table S8B), in a second transformation the orthologous yeast gene (or genes, in
case of PFK1 and PFK2) was removed using CRISPR/Cas9 according to the
protocol of Mans et al. [115]. Since only the yeast gene and not the human ortholog
should be targeted, the gRNAs were designed manually (Table S8D). For deletion
of FBA1, GPM1, and PFK1 and PFK2, the plasmids containing the gRNA were
preassembled as previously described [115] using Gibson assembly and a PCR
amplified pPROS13 backbone containing the KanMX marker (Tables S8D and S9F).
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For HXKZ2 deletion, the double stranded gRNA and a PCR amplified pMEL13
backbone were assembled using Gibson assembly (Table S8D). The constructed
plasmids were verified by PCR. The rest of the gRNA plasmids for yeast gene
deletion were assembled in vivo in yeast and were not stored as individual plasmid
afterwards. For the in vivo assembly approach the strains were co-transformed with
100 ng of the PCR amplified backbone of pMEL13 (Table S8D and S9F), 300 ng of
the double stranded gRNA of interest (Table S8D) and 1 ug repair fragment to repair
the double stranded break (Table S8E). For pre-assembled plasmids, strains were
co-transformed with 0.6-1 pg of plasmid (Table S9F) and 1 ug repair fragment (Table
S8E). Transformants were plated on YPD + G418 and for the HsHK1-HK3 strains
on YPGal + G418. Successful gene deletion was confirmed with diagnostic PCR
(Table S8B, Fig. S18). gRNA plasmids were afterwards removed by several
restreaks on non-selective medium. To test if the complementation was successful,
the strains were tested for growth in SMG. For HsHK2, three complementation
strains were made. IMX1690 (pScPDC1-HsHK2) and IMX1873 (pScHXK2-HsHK?2)
which were grown on glucose medium and contain a mutation in HsHK2 and
IMX2419 (pScPDC1-HsHK2) which was never exposed to glucose and does not
contain mutations. Similarly for HsHK1, complementation strain IMX1689 was not
grown on glucose, after growth on glucose mutations occurred and strains IMS1137,
IMS1140 and IMS1143 were stocked. HsHK4 was also expressed both with the
ScHXK2 and ScPDC1 promoter, resulting in IMX1874 and IMX1334 respectively
(Table S7A,B). An overview of the workflow is provided in Fig. S1. To test for the
occurrence of mutations, the human gene transcriptional units were PCR amplified
using the primers listed in Table S8 and sent for Sanger sequencing.

Full human glycolysis strain construction

For the construction of the strains containing a full human glycolysis, the
transcriptional units of the HsHK2, HsHK4, HsGPI, HsPFKM, HSALDOA, HsTPI1,
HsGAPDH, HsPGAMZ2, HsENO3, and HsPKM1 gene were PCR amplified from the
same plasmids as were used for the individual gene complementation using primers
with flanks containing synthetic homologous recombination (SHR) sequences (Table
S8C and S9D). For the HsHK2 and HsHK4 gene for which pUDE750 and pUDI207
were used as template, which contain the ScHXK2 promoter and terminator. An
overview of the promoters used for the human gene expression is provided in Table
S2. The yeast PDC1 and ADH1 genes were amplified with their corresponding
promoter and terminator regions from genomic DNA from CEN.PK113-7D (Table
S7E). The fragments were gel purified and the fragments were assembled in the
CANT1 locus of strain IMX589 by in vivo assembly. 160 fmol per fragment and 1 pg
of the pMEL13 plasmid targeting CAN71 was used. Transformation mix was plated
on YPD + G418 and correct assembly was checked by PCR and resulted in strain
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IMX1658. In a second transformation, the cassette in the SGAT locus containing the
native S. cerevisiae glycolytic genes and the AmdS marker was removed. To this
end IMX1658 was transformed with 1 pg of the gRNA plasmid pUDE342 (Table S9F)
and 2 ug repair fragment (counter select oligo) (Table S8E) and plated on SMG
medium with fluoracetamide to counter select for the AmdS marker. From the
resulting strain the pUDE342 plasmid was removed and it was stored as IMX1668.
To replace the HsHK4 gene with HsHK2, the HsHKZ2 gene was PCR amplified from
pGGKp002 using primers flanked with sequences homologous to the ScHXK2
promoter and terminator to allow for recombination (Table S8G). IMX1668 was co-
transformed with this fragment and pUDR387 containing the gRNA targeting the
HsHK4 gene and the cells were plated on YPD + G418 (Table S9F). After
confirmation of correct integration by PCR and plasmid removal, the strain was
stored as IMX1785. The pUDR387 gRNA plasmid was constructed with Gibson
Assembly from a pMEL13 backbone and double stranded HsHK4 gRNA fragment
(Table S8D). To make the constructed yeast strains prototrophic, the ScURA3
marker was PCR amplified from CEN.PK113-7D genomic DNA using primers with
flanks homologous to the TDH1 region (Table S8G) and integrated in the tdh7 locus
of IMX1785 and IMX1668, by transforming the strains with 500 ng of the fragment
and plating on SMG. This resulted in IMX1844 and IMX1814 respectively. These
strains were verified by whole genome sequencing (Table S3) and the ploidy was
verified (Fig. S19). IMX2418 (HsGly HKZ2 strain without mutation in HsHK2) was
constructed by transforming IMX1814 with pUDR387 and the HsHKZ fragment
amplified as described above. The cells were plated on YPGal + G418 and later
restreaked on YPGal plates to remove the plasmid. For the overexpression of
HsALDOA, HsPGAMZ2 and HsHK2/HsHK4 resulting in IMX2005 and IMX2006, the
expression cassettes were PCR amplified from pUDI141, pUDI150, pUDI134 and
pUDI136 respectively using primer sets 12446/12650, 12467/14542 and
14540/14541 (Table S8C, S9D). IMX1844 and IMX1814 were transformed with 160
fmol per fragment and 1 pg of the plasmid pUDR376 containing a gRNA targeting
the X2 locus [116] and plated on SMG-acetamide plates. To obtain the reference
strain IMX1821 which contains a yeast glycolysis cassette integrated in CAN1, the
pUDE342 plasmid was removed from the previously described strain IMX605 [28]
and the URA3 fragment was integrated in tdh1 in the manner as described above.
An overview of strain construction is provided in Fig. S20.

STT4 reverse engineering

The single nucleotide polymorphisms (SNPs) which were found in the STT4 gene of
evolved strains IMS0990 and IMS0992 resulting in amino acid changes G1766R and
F1775I respectively, were introduced in the STT4 genes of the non-evolved strains
IMX1814, IMX1844 and IMX1822 using CRISPR/Cas9 editing [115] (Table S7D).

105



Chapter 3: Full humanization of the glycolytic pathway in Saccharomyces cerevisiae

Two gRNA plasmids pUDR666 and pUDR667 were constructed using Gibson
Assembly of a backbone amplified from pMEL13 (Table S8D, S9F) and a gRNA
fragment consisting of oligo 16748+16749 and 16755+16756 respectively (Table
S8D). For introduction of the G1766R mutation, strains were transformed with 500
ng of pUDR666 and 1 g of repair fragment (oligo 16750+16751) and for introduction
of F17751 with 500 ng of pUDR667 and 1 ug of repair fragment (oligo 16757+16758)
(Table S8E, S9F). Strains were plated on YPD + G418 and introduction of the
mutation was verified by Sanger sequencing. The control strain IMX1822 containing
the native yeast minimal glycolysis in the SGAT locus originates from strain IMX589
[28]. From this strain the AmdS marker was removed by transforming the strain with
1 pg repair fragment (oligo 11590+11591) and 300 ng of a gRNA fragment (oligo
11588+11589, Table S8D) targeting AmdS and 100 ng of backbone amplified from
pMEL10 resulting in a in vivo assembled gRNA plasmid. After removal of the plasmid
by restreaking on non-selective medium, this strain, IMX1769, was made
prototrophic by integrating SCURAS3in tdh1 (Table S8G, S7E), resulting in IMX1822.

Visualization of hexokinase mutants and mathematical modelling

Sequencing of the HsHK1 and HsHKZ2 carrying strains showed the presence of
mutations in all strains after growth on glucose. All found mutations were mapped
unto the protein sequence and visualized on the structural model with PDB code
1HKB [42] for HsHK1 and 2NZT [38] for HsHK2 using the PyMOL Molecular
Graphics System, version 1.8.6 (Schrédinger LLC).

Native human hexokinase complementation strains were simulated with the use of
a previously published computational model of yeast glycolysis [44]. The SBML
version of the model was downloaded from jjj.bio.vu.nl/models/vanheerdent and
imported into COPASI (software version 4.23) [117]. All concentrations in the model
are expressed as mM and time in minutes. Equilibrium constants (Keq's) were
obtained from Equilibrator (V 2.2) [118] at pH 6.8 and ionic strength 360 mM [119].
The Vmax’'s from the MG strain from Kuijpers et al., 2016 [28] were initially
incorporated to create a control strain. The forward Vmax's from GAPDH and PGl
were calculated from the measured reverse Vmax’'s and model Keg's and Km's
according to the Haldane relationship. For the complementation strains, the kinetic
equation of hexokinase was first adapted to include competitive terms from G6P and
ADP inhibition and trehalose 6-phosphate inhibition of the human enzymes was
disregarded based on our kinetic results. Mammal kinetic parameters were obtained
from [48]. HsHK1 and HsHK2 glycolysis models were subsequently obtained by
incorporating the hexokinase Vmax measured from strains IMX1689 and IMX2419,
respectively. Steady-state fluxes were calculated with the integration of ordinary
differential equations. Flux control coefficients (FCC) and response coefficients (R)
were calculated in COPASI under Metabolic Control Analysis and Sensitivities
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according to equations 1 and 2 below, respectively. Jss represents a steady-state
flux, for which the glucose uptake flux was used. Vmaxi represents the Vmax while P;
stands for a kinetic parameter of an enzyme i’ in the pathway. Summation theorem
was verified for FCC calculations [120]. A complete overview of model construction
and assumptions can be found in Appendix 1.

. d1lnJg
FCC' = ——————
aanmaxi (1)
. 0ln]Jgs
R!' =
dInP @)

Construction of Ahxk1Ahxk2 strain IMX165 and control strain IMX2015

The Ahxk1Ahxk2 strain IMX165 which was used as control in the invertase assay
was constructed in three steps. The HXK17 and HXK2 deletion cassettes were PCR
amplified from pUG73 and pUG6 respectively using the primers listed in Table S8F.
First, HXK1 was removed from CEN.PK102-12A by transformation with the HXK1
deletion cassette containing the Kluyveromyces lactis LEU2 marker flanked with
loxP sites and HXK1 recombination flanks resulting in strain IMX075. To remove the
LEUZ2 marker from this strain, it was transformed with the plasmid pSH47 containing
the galactose inducible Cre recombinase [121]. Transformants were plated on SMG
with histidine and were transferred to YPGal for Cre recombinase induction to
remove LEUZ2, resulting in strain IMS0336. Subsequently, this strain was
transformed with the HXKZ2 deletion cassette containing the KanMX marker flanked
with LoxP sites and HXK2 recombination flanks, resulting in IMX165. IMX2015 was
constructed as control strain for the characterization of the human hexokinase
complementation strains. In this strain ScHXKZ2 is expressed with the pPDCT
promoter instead of the native HXK2 promoter. pPDC1 was PCR amplified from
genomic DNA from CEN.PK113-7D with primer 14670 and 14671 containing HXK2
recombination flanks. 500 ng of this fragment was transformed to IMX1076 together
with 800 ng of pUDE327 containing a gRNA targeting the HXK2 promoter (table
S9F).

lllumina whole genome sequencing

Genomic DNA for sequencing was isolated with the the Qiagen 100/G kit according
to the manufacturer’s description (Qiagen, Hilden, Germany) and library preparation
and sequencing was done as described previously using lllumina Miseq sequencing
(Numina, San Diego, CA) [113]. Data was aligned to a CEN.PK113-7D reference
[122] and data was further processed using SAMTools [123], and SNPs were
determined using Pilon [124]. The output was visualized using the Integrative
Genomics Viewer and chromosome copy numbers were determined using Magnolya
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[125]. A list of mutations is provided in Table S3. For the mutation found in the SBE2
gene which is involved in bud growth, it is unlikely to have an effect since it has a
functionally redundant paralog SBE22 [126]. No abnormalities were observed under
the microscope. The sequencing data generated in this project are accessible at
NCBI under bioproject PRINA717746.

Quantitative aerobic batch cultivations

Quantitative characterization of strains IMX1821, IMX1814 and IMX1844 was done
in 2 L bioreactors with a working volume of 1.4 L (Applikon, Schiedam, The
Netherlands). The cultivation was done in synthetic medium supplemented with 20
g L' glucose, 1.4 mL of a vitamin solution [106] and 1.4 mL of 20% (v/v) Antifoam
emulsion C (Sigma, St. Louise, USA). During the fermentation 0.5 mL extra
antifoam was added when necessary. The salt and antifoam solution were
autoclaved separately at 121°C and the glucose solution at 110°C for 20 min. During
the fermentation the temperature was kept constant at 30°C and the pH at 5 by
automatic addition of 2 M KOH. The stirring speed was set at 800 rpm. The medium
was flushed with 700 mL min"' of air (Linde, Gas Benelux, The Netherlands). For
preparation of the inoculum, freezer stocks were inoculated in 100 mL YPD and
grown overnight. From this culture the pre-culture was inoculated in 100 mL SMG
which was incubated till mid-exponential growth phase. This culture was used to
inoculate the inoculum flasks which were incubated till OD 4.5. The cells were
centrifuged for 10 min at 3000g and the pellet was suspended in 100 mL
demineralized water and added to the fermenter to start the fermentation with an OD
of 0.25-0.4.

Biomass dry weight determination was done as previously described [106] by
filtering 10 mL of culture on a filter with pore-size 0.45 mm (Whatman/GE Healthcare
Life Sciences, Little Chalfont, United Kingdom) in technical duplicate. For
extracellular metabolite analysis 1 mL of culture was centrifuged for 3 min at 20000¢g
and the supernatant was analysed using high performance liquid chromatography
(HPLC) using an Aminex HPX-87H ion-exchange column operated at 60°C with 5
mM H2SOs as the mobile phase with a flow rate of 0.6 mL min"' (Agilent, Santa Clara).
Off-gas was cooled in a condenser and dried with a Perma Pure Dryer (Perma Pure,
Lakewood, NJ), Oz and CO2 concentrations were measured using a NGA 2000
Rosemount gas analyzer (Emerson, St. Louis, MO). The ODsso was measured with
a Jenway 7200 spectrophotometer (Jenway, Staffordshire, UK) at 660 nm. Per strain
at least two independent fermentations were performed. The carbon balances for all
reactors closed within 5%.

Growth rates (Umax) were determined from ODsso data by linear regression of the log-
linear plots of ODeeo versus time over at least six consecutive time-points in a range
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where the ODeso doubled twice, choosing the range to maximize the squared
Pearson correlation coefficient (R?). Dry weights for all time points were estimated
through a linear correlation of ODeso and dry weight based on the dry-weights from
the same experiment. Molar yields for the products biomass, CO2, ethanol, glycerol
and acetate on glucose were determined as the slope of the correlation of the
product concentration against glucose concentration during the exponential phase
(the same time period used for growth rate determination). The specific glucose
uptake rate (qgu) was determined by dividing the growth rate through the biomass
yield on glucose. Specific product production rates and the oxygen consumption rate
was determined by multiplying the molar yields with the specific glucose uptake rate.

Sample preparation and enzymatic assays for comparison of yeast and
humanized yeast samples

Yeast samples were prepared as previously described [127], from exponentially
growing cultures (62 mg dry weight per sample) from bioreactor main activity
determinations and for testing of allosteric effectors and for comparison of the
evolved strains from shake flask. Sonication was used for cell-free extract
preparation except for the hexokinase measurements (Fig. 2, S4 and S5) where
fast-prep was used. All determinations were performed at 30°C and 340 nm
(eNAD(P)H at 340 nm/6.33 mM"). In most cases glycolytic Vmax enzyme activities
were determined in 1 mL reaction volume (in 2 mL cuvettes), using a Hitachi model
100-60 spectrophotometer, using previously described assays [56], except for
phosphofructokinase activity which was determined according to Cruz et al.[128].
When required extracts were diluted in water.

Briefly for each enzyme assays contained:

Hexokinase (HXK; EC2.7.1.1) — 50 mM Imidazole-HCI (pH 7.6), 1 mM NADP*, 10
mM MgCl2, 10 mM Glucose, 1.8 U/mL glucose-6-phosphate dehydrogenase
(EC1.1.1.49), and 1 mM ATP as start reagent.

Phosphoglucose isomerase (GPI; EC5.3.1.9) — 50 mM Tris-HCI (pH 8.0), 5 mM
MgClz, 0.4 mM NADP*, 1.8 U/mL glucose-6-phosphate dehydrogenase
(EC1.1.1.49), and 2 mM fructose 6-phosphate as start reagent.

Phosphofructokinase (PFK; EC2.7.1.11) — 50 mM Imidiazole-HCI (pH 7.0), 1 mM
AMP, 5 mM MgClz, 0.15 mM NADH, 0.45 U/mL aldolase (EC4.1.2.13), 0.6 U/mL
glycerol-3P-dehydrogenase (EC1.1.1.8), 1.8 U/mL triosephosphate isomerase
(EC5.3.1.1), 0.5 mM Fructose-6-phosphate, and 1 mM ATP as start reagent.

Aldolase (ALDO; EC4.1.2.13) — 50 mM Tris-HCI (pH 7.5), 100 mM KCI, 0.15 mM
NADH, 0.6 U/mL glycerol-3P-dehydrogenase (EC1.1.1.8), 1.8 U/mL
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triosephosphate isomerase (EC5.3.1.1), and 2 mM fructose 1,6-bisphosphate as
start reagent.

Triosephosphate isomerase (TPI, EC5.3.1.1) — 200 mM Triethanolamine (pH 8.2),
0.15 mM NADH, 5 U/mL Glycerol 3P-dehydrogenase (EC1.1.1.8), 17.4 mM
Glyceraldehyde-3-phosphate as start reagent.

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH; EC1.2.1.12) — 100 mM
Triethanolamine-HCI (pH 7.6), 1 mM ATP, 1 mM EDTA, 1.5 mM MgSQOs, 0.15 mM
NADH, 16.5 U/mL 3-phosphoglycerate kinase (EC2.7.2.3), and 5 mM 3-
phosphoglyceric acid as start reagent.

3-phosphoglycerate kinase (PGK; EC2.7.2.3) — 100 mM Triethanolamine-HCI (pH
7.6), 1 mM ATP, 1 mM EDTA, 1.5 mM MgSQO4, 0.15 mM NADH, 8 U/mL
glyceraldehyde-3-phosphate dehydrogenase (EC1.2.1.12), and 5 mM 3-
phosphoglyceric acid as start reagent.

Phosphoglycerate mutase (PGAM; EC5.4.2.1) — 100 mM Triethanolamine-HCI
(pH 7.6), 1.5 mM MgSQOs, 0.15 mM NADH, 10 mM ADP, 1.25 mM 2,3-diphospho-
glyceric acid, 6.3 U/mL enolase (EC4.2.1.11), 13 U/mL pyruvate kinase
(EC2.7.1.40), 11.3 U/mL L-lactate dehydrogenase (EC1.1.1.27), and 5 mM 3-
phosphoglyceric acid as start reagent.

Enolase (ENO; EC4.2.1.11) — 100 mM Triethanolamine-HCI (pH 7.6), 1.5 mM
MgSOs, 0.15 mM NADH, 10 mM ADP, 9 U/ml pyruvate kinase (EC2.7.1.40), 11.3
U/mL L-lactate dehydrogenase (EC1.1.1.27), and 1 mM 2-phosphoglyceric acid as
start reagent.

Pyruvate kinase (PK; EC2.7.1.40) — 100 mM Cacodylic Acid (pH 6.2), 100 mM KClI,
10 mM ADP, 1 mM fructose 1,6-bisphosphate, 25 mM MgClz, 0.15 mM NADH, 8
U/mL L-lactate dehydrogenase (EC1.1.1.27) and 2 mM phosphoenolpyruvate as
start reagent.

To increase throughput, the specific activities of the evolved strains and the glucose,
ATP and ADP dependency of the hexokinase complementation strains (Fig S4 C-E)
were assayed using a TECAN infinite M200 Pro. (Tecan, Mannedorf, Switzerland)
microtiter plate reader. Samples were prepared manually in microtiter plates
(transparent flat-bottom Costar plates; 96 wells) using a reaction volume of 300 pl
per well. The assays were the same as for the cuvette-based assays. For
determination of glucose-6-phosphate inhibition of hexokinase, cell extracts were
prepared in Tris-HCI buffer (50 mM, pH 7.5) to limit phosphate concentrations, which
could influence glucose-6-phosphate inhibition. For these measurements an
alternative enzyme assay coupled by pyruvate kinase and lactate dehydrogenase
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was used based on [129], buffer and metabolite concentrations were kept the same
as the yeast hexokinase assay.

Alternative assay hexokinase (HXK; EC2.7.1.1) — 50 mM Imidazole-HCI (pH 7.6),
10 mM MgClz, 0.15 mM NADH, 0.5 mM Phosphoenolpyruvate, 1 mM ATP, 2 U/mL
Pyruvate Kinase (EC2.7.1.40), 4 U/ml L-lactate dehydrogenase (EC1.1.1.27) and 10
mM Glucose as start reagent, supplemented with various glucose-6-phosphate
concentrations.

The reported data are based on at least two independent biological replicate
samples, with at least two analytic replicates per sample per assay, including two
different cell free extract concentrations. The protein concentration was determined
using the Lowry method with bovine serum albumin as a standard [130]. Enzyme
activities are expressed as umol substrate converted (mg protein)™' min-'.

To calculate the degree of saturation of glycolytic enzymes, the specific activity in
pumol.mgprotein’.h™' was converted into mmol.gow'.h"' considering that soluble
proteins represent 30% of cell dry weight. This value represents the maximal enzyme
flux capacity. The in vivo flux in the glycolytic reactions were approximated from the
glucose specific uptake rate (qqu). Reactions in the top of glycolysis (hexokinase to
triosephosphate isomerase) were assumed to equal the gqgu, while reactions in the
bottom of glycolysis (glyceraldhyde-3P dehydrogenase to pyruvate kinase) were
calculated as the qqu times two. The degree of saturation was calculated as follows:

approximated in vivo flux

X 100

degree of saturation = . -
maximal flux capacity

Invertase enzyme assay

The invertase assay was performed on whole cells previously described [131].
Exponentially growing cells in SMG were washed with sterile dH20, transferred to
shake flasks (at OD 3) with 100 mL fresh SMG or SME+0.075% glucose and
incubated for 2h at 30°C and shaking at 200 rpm. Afterwards the dry weight of the
cultures was determined and the cells were washed in 50mM sodium acetate buffer
wit 50mM NaF to block the metabolism and were then suspended till a concentration
of 2.5-7.5 mg dry weight per mL. 4 mL of this cell suspension were added to a
dedicated vessel thermostated at 30°C, and kept under constant aeration by flushing
with air (Linde, Gas Benelux, The Netherlands) and stirring with a magnetic stirrer.
The reaction was started by addition of 1 mL 1M sucrose and 1 mL reaction mix was
taken at 0, 1, 2, 3 and 5 minutes, directly filtered using 13 mm diameter 0.22 pm
pore size nylon syringe filters to remove cells and put on ice. Afterwards the glucose
concentration resulting from sucrose hydrolysis by invertase was determined using
a D-Glucose assay kit (Megazyme, Bray, Ireland). The glucose production rate was
calculated in pMol-min-'-g dry weight™.
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Staining of vacuoles

Yeast strains were stained with the red fluorescent dye FM 4-64 (excitation/emission,
515/640 nm) (Thermo Fisher Scientific). Exponentially growing cells were incubated
at an OD of 0.5-1 in YPD with 2 yM FM4-64 in the dark for 30 minutes at 30°C.
Afterwards cells were spun down, washed and incubated for 2-3 hin 5 mL YPD. For
analysis, cells were spun down and suspended in SMG medium. Yeast cells and
vacuoles were visualized with an Imager-Z1 microscope equipped with an AxioCam
MR camera, an EC Plan-Neofluar 100x/1.3 oil Ph3 M27 objective, and the filter set
BP 535/25, FT 580, and LP 590 (Carl-Zeiss, Oberkochen, Germany). Images were
analysed in ImagedJ (NIH).

Ploidy determination by flow cytometry

Samples of culture broth (equivalent to circa 107 cells) were taken from mid-
exponential shake-flask cultures on YPD and centrifuged (5 min, 4700g). The pellet
was washed once with demineralized water, and centrifuged again (5 min, 47009g)
and suspended in 800 pL 70% ethanol while vortexing. After addition of another 800
pL 70% ethanol, fixed cells were stored at 4°C_until further staining and analysis.
Staining of cells with SYTOX® Green Nucleic Acid Stain (Invitrogen S7020) was
performed as described [132]. Samples were analysed on a BD Accuri C6 flow
cytometer equipped with a 488 nm laser (BD Biosciences, Breda, The Netherlands).
The fluorescence intensity (DNA content) was represented using FlowJo (v. 10.6.1,
FlowdJo, LLC, Ashland, OR, USA), (Fig. S19).

Transition experiment

For testing transitioning between carbon sources, strains were grown overnight in
SMGal medium till mid-exponential phase. These cultures were used to plate single
cells on SMG and SMGal plates (96 cells per plate) using a BD FACSAriall (Franklin
Lakes, NJ). After 5 days the percentage of cells which was growing was determined.

Whole cell lysate proteomics of humanized yeast strains

Sampling, cell lysis, protein extraction, in-solution proteolytic digestion and TMT
labelling

For proteomics analysis, yeast strains grown to exponential phase in SMG shake
flasks were inoculated to fresh shake flasks in biological triplicates. During mid-
exponential phase samples of 8 ml were taken, centrifuged for 10 min. at 5000 g at
4°C and the pellet was stored at -80°C. Approx. 50mg of cell pellets (wet weight)
were lysed using beads beating in 1% SDS, 100mM TEAB, including protease
inhibitor and phosphate inhibitor. The lysed cells were centrifuged and the
supernatant was transferred to a new tube. The proteins were reduced with
dithiothreitol and alkylated using iodoacetamide (IAA), where the protein content was
precipitated and washed using ice cold acetone. The protein pellets were dissolved
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in 100mM ammonium bicarbonate buffer, and subjected to overnight digestion using
proteomics grade Trypsin at 37°C and under gentle shaking using an Eppendorf
incubator. The peptides were desalted using solid-phase extraction on a Waters
Oasis HLB 96-well pElution plate according to the manufacturers protocol,
SpeedVac dried and stored at -20°C until analysed. One aliquot of each sample was
dissolved in 3% acetonitrile in H20, containing 0.1% formic acid and subjected to
nLC-Orbitrap-MS analysis for digestion quality control purpose. One aliquot of each
sample was further dissolved in 100mM TEAB for further labelling using a TMT
10plex labelling kit (Thermo scientific, catalog number: 90110). The peptide content
of the samples were estimated using a NanoDrop photospectrometer, and the
samples were diluted to achieve an approx. equal concentration. The TMT labelling
agents were dissolved by adding 40uL anhydrous acetonitrile, and 5uL of each label
was added to the individual samples. The samples were incubated at 25°C under
gentle shaking, for 75 minutes. Then the reaction was stopped by adding diluted
hydroxylamine solution, and incubated at 25°C under gentle shaking. Equal amounts
of sample were combined in a LoBind Eppendorf tube. After dilution with aqueous
buffer, solid phase extraction was once more performed according to the
manufacturers protocol. The samples were SpeedVac dried, and stored at -20°C
until analysed. Before analysis, the samples were solubilised in 3% acetonitrile and
0.01% TFA and subjected to nLC-Orbitrap-MS analysis.

Whole cell lysate shotgun proteomics

An aliquot corresponding to approx. 500ng of every TMT 10plex peptide mixture
(SET1, SET2 and SET3, where 3 strains were mixed and compared within one SET,
and each strain within one SET was present as triplicate) was analysed by duplicate
analysis employing one-dimensional shotgun proteomics. The sets were chosen to
be able to directly compare the evolved strains with their parental strain and to
compare the humanized strains with the ScGly strain, SET1 contained strains
IMX1814, IMS0990 and IMS0991, SET2 IMX1844, IMS0987 and IMS0989, and
SET3 IMX1814, IMX1844 and IMX1821. Briefly, TMT labelled peptides were
analysed using a nano-liquid-chromatography system consisting of an EASY nano
LC 1200, equipped with an Acclaim PepMap RSLC RP C18 separation column (50
pm x 150 mm, 2um and 100 A), online coupled to a QE plus Orbitrap mass
spectrometer (Thermo Scientific, Germany). The flow rate was maintained at
350nL/min over a linear gradient from 5% to 25% solvent B over 178 minutes, and
finally to 55% B over 60 minutes. Solvent A consisted of H20 containing 0.1% formic
acid, and solvent B consisted of 80% acetonitrile in H20O, plus 0.1% formic acid. The
Orbitrap was operated in data-dependent acquisition mode acquiring peptide signals
form 385-1450 m/z at 70K resolution, 75ms max IT, and an AGC target of 3e6, where
the top 10 signals were isolated at a window of 1.6m/z and fragmented at a NCE of
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32. The peptide fragments were measured at 35K resolution, using an AGC target
of 1e5 and allowing a max IT of 100ms.

MS raw data processing and determination of protein expression levels

For protein identification, raw data were processed using PEAKS Studio 10.0
(Bioinformatics Solutions Inc.) allowing 20ppm parent and 0.01Da fragment mass
error tolerance, TMT10plex and Carbamidomethylation as fixed, and methionine
oxidation and N/Q deamidation as variable modifications. Data were matched
against an in-house established yeast protein sequence database, including the
GPM crap contaminant database (https:/www.thegpm.org/crap/) and a decoy fusion
for determining false discovery rates. Peptide spectrum matches were filtered
against 1% false discovery rate (FDR) and protein identifications were accepted as
being significant when having 2 unique peptides matches minimum. Quantitative
analysis of the global proteome changes between the individual yeast strains was
performed using the PEAKS-Q software package (Bioinformatics Solutions Inc.),
considering a quantification mass tolerance of 10ppm, a FDR threshold of 1%, using
auto normalisation and ANOVA as the significance method. Significance (-10log(p))
vs fold change volcano plots were created using the scatter function in Matlab2019b
(Fig. S9 and S15). TIC normalized signal intensity was calculated by dividing the
signal intensity by the total intensity of each sample (Fig. S8 and S13). Mass
spectrometric raw data have been deposited to the ProteomeXchange Consortium
(http://proteomecentral.proteomexchange.org) via the PRIDE repository with the
dataset identifier PXD025349.

Comparison human and humanized yeast glycolytic enzymes

Cell-free extract preparation and Vmax enzyme assays
Human cells stored at -80°C were thawed, centrifuged at 20000 g for 10 minutes at
4 °C and the pellet was discarded to obtain cell-free extracts.

Yeast samples (IMX1844) were harvested as previously described [127] from
exponentially growing cultures (62 mg dry weight per sample) from bioreactor. Cell-
free extract preparation for yeast cells was done using YeastBuster™ Protein
Extraction Reagent supplemented with 1% of 100x THP solution according to the
description (Novagen, San Diego, CA, USA). To a pellet with a wet weight of 0.3 g,
3.5 mL YeastBuster and 35 pl THP solution was added. The pellet was suspended
and incubated for 20 min at room temperature. Afterwards the cell debris was
removed by centrifugation at 20000 g for 15 min at 4 °C and the supernatant was
used for the assays.

Prior to experimentation, YeastBuster™ Protein Extraction Reagent with 1% THP
(Novagen) was added to the human cell samples and DPBS supplemented with
protease inhibitor was added to the yeast samples (both as 50% of final volume).
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This strategy was taken in order to equalize the buffer composition of yeast and
human culture samples to perform enzyme kinetics assays and proteomics.

Vmax assays for comparison of yeast and human cell extracts were carried out with
freshly prepared extracts via NAD(P)H-linked assays at 37 °C in a Synergy H4 plate
reader (BioTek™). The reported Vmax values represent total capacity of all
isoenzymes in the cell at saturating concentrations of all substrates and expressed
per extracted cell protein. Four different dilutions of extract were used to check for
linearity. Unless otherwise stated, at least 2 dilutions were proportional to each other
and these were used for further calculation. All enzymes were expressed as pmoles
of substrate converted per minute per mg of extracted protein. Protein determination
was carried out with the Bicinchoninic Acid kit (BCA™ Protein Assay kit, Pierce) with
BSA (2 mg/ml stock solution of bovine serum albumin, Pierce) as standard.

Based on the cytosolic concentrations described in literature, we have designed an
assay medium that was as close as possible to the in vivo situation, whilst at the
same time experimentally feasible. The standardized in vivo-like assay medium
contained 150 mM potassium[133-136], 5 mM phosphate [133, 137], 15 mM sodium
[133, 138], 155 mM chloride [139, 140], 0.5 mM calcium, 0.5 mM free magnesium
[133, 141, 142] and 0.5-10.5 mM sulfate. For the addition of magnesium, it was
taken into account that ATP and ADP bind magnesium with a high affinity. The
amount of magnesium added equalled the concentration of either ATP or ADP plus
0.5 mM, such that the free magnesium concentration was 0.5 mM. Since the sulfate
salt of magnesium was used the sulfate concentration in the final assay medium
varied in a range between 0.5 and 10.5 mM. The assay medium was buffered at a
pH of 7.0 [143-148] by using a final concentration of 100 mM Tris-HCI (pH 7.0). To
end up with the above concentrations, an assay mixture containing 100 mM Tris-HCI
(pH 7.0), 15 mM NaCl, 0.5 mM CaClz, 140 mM KCl, and 0.5-10.5 mM MgSOa4 was
prepared.

In addition to the assay medium, the concentrations of the coupling enzymes,
allosteric activators and substrates for each enzyme were as follows:

Hexokinase (HK; EC2.7.1.1) — 1.2 mM NADP+*, 10 mM Glucose, 1.8 U/mL glucose-
6-phosphate dehydrogenase (EC1.1.1.49), and 10 mM ATP as start reagent.

Phosphoglucose isomerase (GPI; EC5.3.1.9) — 0.4 mM NADP+, 1.8 U/mL
glucose-6-phosphate dehydrogenase (EC1.1.1.49), and 2 mM fructose 6-phosphate
as start reagent.

Phosphofructokinase (PFK; EC2.7.1.11) — 0.15 mM NADH, 1 mM ATP, 0.5 U/mL
aldolase (EC4.1.2.13), 0.6 U/mL glycerol-3P-dehydrogenase (EC1.1.1.8), 1.8 U/mL
triosephosphate isomerase (EC5.3.1.1), 65 puM fructose 2,6-bisphosphate as
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activator (synthesized as previously described [149]), and 10 mM fructose 6-
phosphate as start reagent.

Aldolase (ALDO; EC4.1.2.13) — 0.15 mM NADH, 0.6 U/mL glycerol-3P-
dehydrogenase (EC1.1.1.8), 1.8 U/mL triosephosphate isomerase (EC5.3.1.1), and
2 mM fructose 1,6-bisphosphate as start reagent.

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH; EC1.2.1.12) — 0.15 mM
NADH, 1 mM ATP, 24 U/mL 3-phosphoglycerate kinase (EC2.7.2.3), and 5 mM 3-
phosphoglyceric acid as start reagent.

3-phosphoglycerate kinase (PGK; EC2.7.2.3) — 0.15 mM NADH, 1 mM ATP, 8
U/mL glyceraldehyde-3-phosphate dehydrogenase (EC1.2.1.12), and 5 mM 3-
phosphoglyceric acid as start reagent.

Phosphoglycerate mutase (PGAM; EC5.4.2.1) — 0.15 mM NADH, 1 mM ADP, 2.5
mM 2,3-diphospho-glyceric acid, 5 U/mL enolase (EC4.2.1.11), 50 U/mL pyruvate
kinase (EC2.7.1.40), 60 U/mL L-lactate dehydrogenase (EC1.1.1.27), and 5 mM 3-
phosphoglyceric acid as start reagent.

Enolase (ENO; EC4.2.1.11) - 0.15 mM NADH, 1 mM ADP, 50 U/ml pyruvate kinase
(EC2.7.1.40), 15 U/mL L-lactate dehydrogenase (EC1.1.1.27), and 1 mM 2-
phosphoglyceric acid as start reagent.

Pyruvate kinase (PK; 2.7.1.40) — 0.15 mM NADH, 1 mM ADP, 1 mM fructose 1,6-
bisphosphate, 60 U/mL L-lactate dehydrogenase (EC1.1.1.27) and 2 mM
phosphoenolpyruvate as start reagent.

Determination of absolute enzyme concentrations [E]

Absolute concentrations of glycolytic targets was performed by targeted proteomics
[150]. Isotopically labelled peptides with '3C lysines and arginines were designed for
human glucose metabolism and a list of peptides of interest detected in our samples
can be found in Table S6.

Turnover number (kcat) calculations

Turnover numbers were estimated based on the equation V., = kea: - [E], the
maximal enzyme activity was divided by the concentration of each individual peptide
detected by proteomics when no other isoform was detected. In the human skeletal
muscle samples, more than one isoform was detected for certain proteins. In these
cases (phosphoglycerate mutase, enolase and pyruvate kinase) the sum of the
concentrations of all isoforms was used to estimate the turnover number. In Fig. S17
keat values were calculated for the specific isoforms based on the ratio between
turnover numbers found in the literature for the human isoforms. Protein
concentrations [E] were measured as pmol - mg protein”” and Vmax's as umol - min”
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- mg protein’. In order to obtain kcat values in min’', the following equation was used
for each enzymatic reaction in the dataset:

Vmax

. 106
£] 10

kear =

Quantification and statistical analysis

Statistical analysis was performed in Graphpad Prism and Microsoft Excel. Km and
ICso0 estimations were performed in Graphpad Prism. Statistical details (number of
replicates and used tests) of experiments can be found in the figure legends.
Significance was usually defined by p-values < 0.05.
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Figure S1 - Complementation strategy
Codon-optimized human glycolytic genes were stitched to yeast promoters and terminators using Golden

Gate assembly (step 1). The resulting plasmids were linearized by restriction with Notl and integrated in
the ura3-52locus of the minimal glycolysis strain IMX1076 which was plated on SMG (Step 2). In a second
transformation round, the yeast ortholog was selectively removed using CRISPR/Cas9-mediated DNA
editing. Transformed cells were plated on YPD + G418, except for the HsHK1-3 strains which were plated
on YPGal + G418 (step 3). Gene integration and deletion was checked for all strains by PCR and Sanger
sequencing. All strains were tested for growth on chemically defined medium with glucose as sole carbon
source (SMG).
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Figure S2 - Growth rate of complementation strains on SMG
Specific growth rates of complementation strains and minimal glycolysis (MG) control strain determined

in shake flask (grey) and growth profiler (light blue) using chemically defined medium with glucose as sole
carbon source (SMG). # Indicates strains with mutations after growth on glucose, pPDC1-HsHKT:
IMS1137, pPDC1-HsHK2: IMX1689, pHXK2-HsHK2: IMX1873. Error bars represent SEM of duplicates
(shake flask experiments) or triplicates (growth profiler). * indicates significant difference from control
strain MG (IMX372) (P < 0.01, Student t-test, two-tailed, homoscedastic).
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Figure S3 - Comparison of promoter strength, protein identity and growth rate in the
complementation strains

The growth rate of the complementation strains measured in the growth profiler was plotted against: A)
the strength of the promoter used to express the human gene. Promoter strengths were obtained from
Boonekamp et al. 2018 [1]. B) Percentage protein identity between the human gene and the
corresponding yeast ortholog.
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Figure S4 - Human hexokinase 2 complementation strain characterization
In vitro biochemical characterization was performed for the non-mutated HsHK2 and HsHK2-"7%F variant

(strains IMX2419 and IMX1690 respectively). Strains were grown in shake flask on SM-Galactose medium
to prevent any selection for mutations. A) As the standard hexokinase assay was based on G6P detection
(original assay), a different assay based on ADP detection (ADP-linked assay) was implemented to
quantify hexokinase sensitivity to G6P. The ADP-linked assay systematically detected a lower hexokinase
activity, possibly due to G6P accumulation during the assay. Hexokinase activity expressed as % of the
activity measured with the original assay for the same strain. For all other measurements (panel B-F) the
original G6PDH-linked assay was used. Error bars represent SEM of duplicates. B) Inhibition by
trehalose-6-phosphate of the yeast ScHxk2 (strain IMX2015) and the native and mutated variants of
HsHK2 enzymes. 1 mM trehalose-6P resulted in 90% inhibition of the yeast ScHxk2, while it only
marginally affected the human HsHK2. As concentrations of Trehalose-6P above 1 mM are not often
encountered in yeast cells, [2-4], trehalose-6P inhibition was probably not responsible for the lack of
activity of the native HsHK2 in yeast cells. Inhibition of HsHK2 and HsHK2“7¢F was not significantly
different (t-test, two-tailed, homoscedastic, p>0.05). Error bars represent SEM of biological duplicates, for
T6P measurements individual technical replicates were measured. C-E) Response to varying
concentrations of glucose, ATP and ADP of the two HsHK2 variants. These measurements were
performed in a 96-wells reader in biological duplicate with technical triplicates (different extract
concentrations). F) Calculated kinetic parameters of HsHK2 and HsHK275F based on the data shown in
previous panels. G) Hexokinase activity at various concentrations of ATP and G6P concentrations in the
ADP-linked assay. Increasing ATP concentrations led to an increase in measured activity in the ADP-
linked assay consistent with an effect of the production of competitive inhibitor G6P which is not removed
in this assay, SEM of duplicates is shown.
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Figure S5 - Human hexokinase 2 characterization in the fully humanized strains
In vitro characterization of hexokinase in cell free extracts from the fully humanized HsGly-HK2 strain

IMX1844 (HsHK2'%¢2N) and fully humanized control strain IMX2496 (HsGly-HK2 without mutation in HK2).
In both strains, HsHK2 is expressed from the ScHXK2 promotor, which is repressed in galactose cultures,
hence both glucose and galactose grown cultures were compared for strain IMX1844. A) comparison of
hexokinase activity measured in the IMX2496 and IMX1844 strains shows a strong decrease in activity in
the mutant strain, SEM of duplicates is shown. B) The sensitivity of the mutated hexokinase to glucose-
6-phosphate is independent of the carbon source used to grow the fully humanized strain. C) Calculated
kinetic parameters of hexokinase HsHK2'%¢2N in strain IMX1844 from the data shown in panels D-F. For
these measurements strain IMX1844 was grown on SM glucose (non-repressive condition). All values
are in the same order of magnitude as the values measured for the HsHK2 complementation strains
shown in Fig. S4 and hence do not explain the lower measured activity. D-F) Hexokinase activity of
glucose-grown IMX1844 (HsGly-HK2) at various concentrations of glucose, ATP and ADP, error bars
represent SEM of duplicates.
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Figure S6 - Sensitivity of human and yeast pyruvate kinase to fructose-1,6bisP
Yeast (left) and human (right) specific pyruvate kinase activity in vitro assayed with fructose-1,6bisP

(closed symbols) and without fructose-1,6bisP (open symbols) in IMX1821 (Scgly) and IMX1814 (Hsgly)
with different concentrations of the substrate phosphoenolpyruvate (PEP). Symbols and error bars
represent the average and SEM of three biological replicates.
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Figure S7 - Robustness to transitioning between carbon sources

The control ScGly and humanized glycolysis strains were cultivated in liquid synthetic medium with
galactose as sole carbon source (SMGal), from these cultures, single cells were plated on plates with
fresh SM medium with glucose (SMG) or galactose as sole carbon source. Per condition 96 single cells
were plated. Five days after plating, the colonies growing on SMGal and SMG were counted. These data
originate from a single experiment. ND; not determined. Strains with humanized glycolysis displayed no
impairment in transitioning between respiratory and fermentative carbon sources.
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Figure S8 - Specific activity and relative levels of glycolytic enzymes in fully humanized yeast
strains
A) Specific enzyme activities measured in vitro with cell free extracts from batch cultures in bioreactors.

Error bars represent the SEM from two biological replicates. * indicate values that are significantly different
from the control strain IMX1821 with S. cerevisiae glycolysis, # indicate significant difference between the
two humanized strains (Student t-test, two-tailed, homoscedastic, P<0.05). B) Relative enzyme
abundance of the human glycolytic enzymes (normalized to the total signal intensity) in the HsGly-HK2
(IMX1844) and HsGly-HK4 (IMX1814) strains. Means with SEM are shown for biological triplicates from
one of the duplicate injections. # indicates significant differences between IMX1814 and IMX1844 (p-value
<0.05 student t-test, two tailed, homoscedastic).
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Figure S9 - Global proteome response to humanization of the glycolytic pathway
A-B) Volcano plots showing fold change and significance of the complete set of identified proteins of the

humanized strains relative to the ScGly strain IMX1821, data based on biological triplicates, one of the
duplicate injections is shown. Proteins that changed more than 2-fold with a significance above 20
(corresponding to a p value below 0.01) are highlighted red. C-D) Proteins that changed >2-fold are listed
with common name, fold change, p-value and normalized abundance in reference strain (ScGly,
IMX1821).
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Figure S10 - Moonlighting functions in fully humanized strains.
Growth rates of the fully humanized strains IMX1844 and IMX1814 were determined in conditions where

moonlighting functions of enolase and aldolase are known to play a role. Specific growth rates were
determined in 96-well plates using the growth profiler, data represents average and standard deviation of
independent culture triplicates. A) Growth rates at 30 and 37 °C. Strain IMX1814 and IMX1844 (HsGly-
HK4 and HsGly-HK2) did not show growth in synthetic medium with only ethanol as carbon source. B)
Growth rates at different media pH, acidification was prevented by use of urea instead of ammonium as
nitrogen source. In both high temperature and high pH conditions no decrease in growth rate specific to
the HsGly strains was observed.
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Figure S11 - Specific growth rate during evolution of IMX1844 and IMX1814
The specific growth rates were measured in shake-flask with SMG. Independent duplicates were only

done for 0 and 630 generations. Measurements at 400 and 630 generations are from single colony
isolates, while at 175 generations they were done with the whole evolved population.
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Figure S12 - Physiology of evolved, humanized glycolysis strains in shake flask
Strains were grown in SMG at 30 °C in shake flask cultures. Data represent the average and SEM of two
independent culture replicates.
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Figure S13 - Relative levels and activity of the glycolytic enzymes in evolved humanized yeast
strains
Left side shows relative abundances of the human glycolytic enzymes in the evolved strains relative to

unevolved strains IMX1814 and IMX1844. Means with SEM are shown for biological triplicates from one
of the duplicate injections. * indicates significant difference with IMX1814/IMX1844 (p-value <0.05 student
t-test, two tailed, homoscedastic). Right side shows relative enzyme activies compared to
IMX1814/IMX1844. Glycolytic enzymes were assayed from shake flask cultures on SMG at 30°C.
Activities were assayed in 96-well plates. The data represent the average and mean deviation of biological
culture duplicates. The asterisks indicate statistical significance (Student t-test, two-tailed,
homoscedastic, P<0.05).
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Figure S14 - Correlation between the change in enzyme activity after evolution of the fully
humanized strains and growth rate of single complementation strains
The change in enzyme activity after evolution is plotted against the growth rate of the corresponding

complementation strains. Since a low growth rate in the single complementation strains suggests a
suboptimal expression and activity, this is expected to correlate with increased activity after evolution.
This is the case for several enzymes, especially PGAMZ2 and the hexokinases. A linear decreasing
trendline is shown (R? = 0.44). For the hexokinases the values of the complementation strains with
ScHXK2 promoters were used since the same promotor was used in the fully humanized strains
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Figure S15 - Global proteome response to evolution of humanized strains
A) - D) Volcano plots showing fold change and significance of the complete set of identified proteins of

the evolved strains relative to their parental strain. Proteins that changed more than 2-fold with a
significance above 20 (corresponding to a p value of 0.01) are indicated. E-F) Proteins changed > 2-fold
in abundance after evolution are indicated with common name, fold change, p-value and normalized
abundance in parental strain
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Figure S16 - Vacuole morphology in evolved humanized yeast strain
Cells were stained with the red fluorescent dye FM4-64 and visualized with an Imager-Z1 microscope

(Carl-Zeiss). Strain IMS0990 and IMS0992 are HsGly evolved strains and IMX2371 and IMX2372 are the
non-evolved, genetically engineered variants in which the STT4 gene was mutated.
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Figure S17 - Peptide abundance
A) Peptide abundance in fmol-pg prot™ for the human glycolytic enzymes in yeast (HsGly-HK2 strain

IMX1844, blue) and myotube (red) cell extracts. Peptides identified in the targeted proteomics analysis
are represented on the x-axis. When more than one peptide was quantified per protein, they are indicated
by -1 or -2 after the protein name (see Table S6 for the peptide sequences). For the myotubes, three
independent cultures were averaged, for yeast, two independent cultures were averaged. No absolute
quantification could be made for TPl and GAPDH due to the lack of standard peptides. B) Estimated kcat's
for HsSPKM1 and HsPGAM2 with different assumptions, kcat ratios for isozymes derived from the literature.
Data show means + SD. C) Equation used to estimate keat, [Ei] represents the concentration of each
isoform, number of subunits per enzyme complex not included.
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Yeast gene Deletion (bp)  No deletion (bp)

ENO2 520 1839
PYK1 860 2373
TDH3 1530 2534
PGI1 710 3453
PGK1 755 2362
GPM1 512 1481
FBA1 865 2714
HXK2 460 2653
TPI1 1090 1840
PFK1 415 4418
PFK2 375 4302

Figure S18 - Diagnostic PCR of single complementation strains
PCR confirmation of yeast gene deletions resulting in the individual human gene complementation strains

which are indicated per well. The forward and reverse primer were chosen upstream and downstream of
the region of gene deletion. The control shows the PCR product resulting from a strain (IMX1076) in which
the gene is not deleted. In case of the ENOZ2 deletion the primers were binding in the promoter and
terminator which resulted in amplification of the human gene as well.
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Figure S19 - Ploidy analysis of the strains used in this study

Ploidy measurement based on DNA content determination by flow cytometry. The two top plots represent
the haploid and diploid controls. All humanized strains are haploids as expected.
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Figure S20 - Overview of single locus glycolysis strain construction.
Construction of IMX605 and IMX589 is described in Kuijpers et al. 2016.
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Table S1 - Comparison of the human glycolytic proteins to their yeast orthologs.

Human Size (aa) | Closest Size (aa) | % Complem | Shown
enzyme yeast Identity entation previous
enzyme at protein ly?
level
HK1 917 Hxk2 486 30% to | Yes, with | No
subunit 1, | mutation
35% to
subunit 2
HK2 917 Hxk2 486 33% to | Yes, with | No
both mutation
subunits
HK3 923 Hxk2 486 28% to | No No
subunit 1
33% to
subunit 2
HK4 465 Hxk2 486 31% Yes Yes, [5]
GPI1 558 Pgit 554 58% Yes No
PFKM 780 Pfk1, Pfk2 | 987/959 43% to | Yes Yes, [6]
PFK1,
43% to
PFK2
PFKP 784 Pfk1, Pfk2 | 987/959 43% to | Yes No
PFK1,
43% to
PFK2
PFKL 780 PFK1, 987/959 43% to | Yes No
PFK2 PFK1,
45% to
PFK2
ALDOA 364 Fba1l 359 - Yes No
ALDOB 364 Fbat 359 - Yes Yes, [7]
ALDOC 364 Fbai 359 - Yes No
TPI 286 Tpit 248 53% Yes Yes
GAPDH 885 Tdh3 882 65% Yes No
GAPDHS | 408 Tdh3 332 65% Yes No
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PGK1 417 Pgki 416 66% Yes Yes, [8]
PGK2 417 Pgk1 416 66% Yes Yes, [8]
PGAM1 253 Gpm1 247 51% Yes Yes, [8]
PGAM2 253 Gpm1 247 52% Yes Tested,
but
negative,
(8]
ENO1 434 Eno2 437 63% Yes No
ENO2 434 Eno2 437 62% Yes No
ENO3 434 Eno2 437 63% Yes No
PKM1* 531 Pyk1 500 52% Yes Yes, [8]
PKM2* 531 Pyk1 500 52% Yes No
PKR# 574 Pyk1 500 50% Yes Yes, [8]
PKL# 553 Pyk1 500 50% Yes Yes, [8]

*# Splicing variants
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Table S2 - Genetic composition of the glycolytic transcriptional units used for the single
complementation strains and strains with fully humanized glycolysis.

Human Yeast Yeast Yeast Yeast Yeast
gene prom term gene prom term
HsHK1 PDC1 PDC1 ScHXK2 HXK2 HXK2

HsHK2* PDC1 PDC1
HsHK2* HXK2 HXK2
HsHK3 PDC1 PDC1
HsHK4# PDC1 PDC1
HsHK4* HXK2 HXK2

HsGPI TEF2 TEF2 ScPGI1 PGI1 PGI1
HsPFKM TEF1 TEF1 ScPFK1 ScPFK1 ScPFK1
HsPFKP TEF1 TEF1 ScPFK2 ScPFK2 ScPFK2
HsPFKL TEF1 TEF1

HSALDOA | FBA1 FBAT1 ScFBA1 FBAT1 FBA1
HsALDOB | FBA1 FBA1

HsSALDOC | FBAT1 FBA1

HsTPI TPI1 TPI1 ScTPI1 TPI1 TPI1
HsGAPDH | TDH3 TDH3 ScTDH3 TDH3 TDH3
HsGAPDH | TDH3 TDH3

S

HsPGK1 PGK1 PGK1 ScPGK1 PGK1 PGK1
HsPGK2 PGK1 PGK1

HsPGAM1 | GPM1 GPM1 ScGPM1 GPM1 GPM1
HsPGAMZ2 | GPM1 GPM1

HsENO1 ENO2 ENO2 ScENO2 | ENO2 ENO2

HsENO2 ENO2 ENO2
HsENO3 ENO2 ENO2

HsPKM1 PYK1 PYK1 ScPYK1 PYK1 PYK1
HsPKM2 PYK1 PYK1
HsPKR PYK1 PYK1
HsPKL PYK1 PYK1

# For hexokinase expression in full human glycolysis strains HXK2 promoter and terminator was used
and corresponding complementation strains with the same promotor and terminator were constructed.
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Table S3 - Whole genome sequence analysis of the strains with fully humanized glycolysis.

Systematic
name Name Type Amino acid change
Mutations in IMX1666 (human glycolysis var. HK4) compared to IMX589 (SwYG)
YDR351W SBE2 NSY Ser-412-Thr
uncharacterized
YFL064C protein NSY Asn-66-Asp
uncharacterized
YHR219W protein NSY Val-383-Leu
YJL223C PAU1 SYN Ala-13-Ala
HsPFKM SYN Val-529-Val
4 bp Last 2 bp missing and 2 bp from SHR
- tPDC1/SHR BC gap BC
Mutations in IMX1844 (human glycolysis var. HK2) relative to IMX1666
uncharacterized
YJL225C protein NSY Arg-267-Ser
- HsHK2 NSY lle-562-Asn
Mutations in IMX2005 relative to IMX1844
YELO74W Putative protein NSY His-66-Pro

No mutations in IMX2006 relative to IMX1666
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Table S4 - Physiology of humanized glycolysis strains in bioreactors.
Yields and biomass specific conversion rates of IMX1844 (HsGly-HK2), IMX1814 (HsGly-HK4) and the

control strain IMX1821 (ScGly). Strains were grown in bioreactor at 30°C under aerobic conditions in
SMG. Maximum specific growth rate (umax), biomass specific rates of glucose and oxygen consumption
(qgu @and qoz, respectively), biomass specific rates of production of ethanol (geton), glycerol (qqy), acetate
(gace) and carbon dioxide (qcoz) and RQ: respiration quotient (gcoz/qoz). Yields on glucose for biomass
(Ysx), ethanol (Ysetoh), glycerol (Ysgy), and acetate (Ysace). Values show the average and standard error of
the mean from at least two independent bioreactors per strain. DW: biomass dry weight. BDL: below

detection level.

ScGly HsGly-HK2 HsGly-HK4
IMX1821 IMX1844 IMX1814
Biomass specific rates
Mmax (") 0.32 £ 0.01 0.15+0.00 0.15+£0.00
-Qgiu (Mmol.gow'.h) 16.1£0.8 2.2+0.03 3.0+£0.44
Qetoh (MmMol.gow*.h"") 22.3+0.8 0.03 £0.00 0.25 £0.07
dgiy (Mmol.gow .h") 1.6 £0.1 0.11+£0.00 0.77+0.15
Qace (MmMol.gow™.h7") 0.59 + 0.06 BDL 0.58 £ 0.05
Respiration
gcoz (mmol.gow'.h) 299+1.6 6.8 +0.21 6.2+0.27
oz (mmol.gow'.h") 7.9+0.4 6.7 +0.31 5.4 +0.25
RQ 3.8+£0.01 1.0 £ 0.01 0.87 £ 0.00
Yields
Ysx (gow/gglu) 0.11 £0.01 0.37 £ 0.01 0.28 £0.04
Ysetoh (MOlsthano/MOlgiu) 1.4+0.0 0.01 £0.00 0.08 £ 0.01
Y sgly (MOlgiycero/MOlgiu) 0.10 £ 0.00 0.05 £ 0.00 0.25 + 0.01
Ysace (MOlacetate/MOlgiu) 0.04 +0.00 BDL 0.19 £ 0.01
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Table S5 - Mutations in the coding regions of evolved strains.
Text in grey italics indicates synonymous mutation. Dark grey background indicates the mutations

common to all six evolved strains and light grey background the mutations common to all evolution lines
from a single humanized strain.

IMS0990 IMS0991 IMS0992
His-489- . His-489-
_ TUP1 Gto A Tyr GtoA His-489-Tyr | Gto A Tyr
N Cily Arg-1707- Phe-
T |sTT4 CtoT 1766 [CtoG 3 AtoT 250
> Arg ro -lle
(O]
£ | PFkM AG "8 1Gc Age2sSer [GloT 197
<+
% o | NUT1 TtoG  Tyr-432-stop
X3 Arg-120-
< © | RSM22 GtoA
—] g) yS
e - -
S 8| YMRosoc | Coa TP GroC  Asp430-His
wn
i= Leu-
s YCRO3BW [GtoA S50
Ala-74-
©
B | ReTW | AT P
e | vkL12aw GtoA Thr-346-Thr
NMai1i | GtoA G40 fGioA GludoGu |Goa G40
Glu Glu
IMS0987 IMS0989 IMS0993
Asp- Ser-
STT4 CtoA 1650- |AtoG lle-1771-Thr |GtoC  1611-
R Tyr Cys
¢ Phe-
¥ PIN4 AtoT 130-Leu GtoT GIn-482-stop
> 561
G | SNF TG oo?®
: ye
S | sks Goa godl¥
3P ng 167
=5 is-167-
= §, TAO3 GtoT  pen
P Gly- Gly-1768-
£ 8| crt GtoT 1612 |GloA o
@ Val
= Tyr-650-
S | Ecwm3s Tt0G
B Asp
8 | yoLorsc GtoC Pro-246-Ala
= STOP:
S | ymE GtoT  S.20
YOR114W | Cto A E;E'MG'
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Tables S6 — S9 and Appendix 1.
Supplementary tables S6-S9 as well as appendix 1 on mathematical modelling can
be found online at:

https://www.biorxiv.org/content/10.1101/2021.09.28.462164v1.supplementary-
material
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Abstract

The Embden-Meyerof-Parnas pathway of glycolysis is a widely distributed and
intensively investigated metabolic route. While allosteric regulation is thought to be
essential for glycolytic flux dynamics in many organisms including yeast, to date
single enzyme complementation studies with non-allosteric glycolytic enzymes have
failed to experimentally demonstrate this essentiality and quantify the overall
contribution of allosteric regulation in tuning the glycolytic flux. This study brings new
insight in the synergetic metabolic role of allosteric regulation by implementing
pathway swapping, a strategy enabling to remodel, in two simple genetic
interventions, the entire glycolytic pathway of Saccharomyces cerevisiae. S.
cerevisiae equipped with the full set of non-allosteric glycolytic enzymes from the
oleaginous yeast Y. lipolytica lost the ability to grow on media containing 2% glucose
and displayed dynamic responses suggesting metabolic imbalance between upper
and lower glycolysis. Single and combined gene complementation demonstrated
that this phenotype was caused by the simultaneous deregulation of the three key
kinases: hexokinase, phosphofructokinase and pyruvate kinase. ‘Deregulated
glycolysis’ S. cerevisiae strains could naturally restore glycolytic stability and growth
on glucose by evolving mutations in the Y. lipolytica glucokinase, causing a strong
decrease in glucokinase activity and glycolytic flux. This solution could be
recapitulated in non-evolved deregulated glycolysis S. cerevisiae strains by
experimentally tuning glucose import. Supported by kinetic modelling, the present
work demonstrates the major synergetic role played by allosteric regulations in
preventing metabolic imbalance in glycolysis and highlights the power of synthetic
biology in addressing long-standing questions in systems biology.
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Introduction

Glycolysis, the main route for sugar utilization across all kingdoms of life, is an
important biochemical pathway in industrial biotechnology [1] and is involved in
several mammalian diseases, such as cancer (via the Warburg effect) and diabetes.
Eukaryotes and several prokaryotes favour the Embden-Meyerhof-Parnas (EMP)
pathway of glycolysis (Fig. 1A), a set of ten biochemical reactions largely elucidated
in the model and industrial yeast Saccharomyces cerevisiae. Catalysing the
conversion of hexoses to pyruvate, glycolysis plays a key role in energy conservation
and the supply of precursors for biomass formation. To meet cellular demands and
adjust to varying carbon and energy supplies, cells constantly need to tune the
glycolytic flux in response to their environment dynamics. While the glycolytic
biochemical conversions are highly conserved between different organisms,
evolution in dynamic environments has equipped cells with a myriad of multi-layered
regulatory mechanisms to control the flux, ranging from gene expression regulation
to modulation of in vivo activity of the glycolytic enzymes by post-translational protein
modifications and binding of metabolites (also known as metabolic regulation) [2, 3].
Metabolic regulation of glycolytic enzymes is exerted via simple mass action
(concentrations of substrates and products) or through allosteric activation and
inhibition by specific effectors belonging to or closely related to glycolysis. The nature
of these metabolic regulations is organism-dependent and even tissue-dependent in
metazoans. While functions have been linked to some regulations, e.qg.
phosphofructokinase inhibition by ATP to sense cellular energy demand [4] and
feedforward activation of pyruvate kinase to limit accumulation of lower glycolytic
intermediates [5], these are difficult to confirm experimentally and for many
regulatory interactions a functional understanding is lacking. While the EMP pathway
of S. cerevisiae is undoubtedly one of the most studied and best understood
examples of glycolysis, the precise physiological role of several well-described
metabolic regulations remains uncertain. Hexokinase (Hxk), first step in glycolysis,
is inhibited by trehalose-6-phophate (T6P), phosphofructokinase (Pfk) is activated
by fructose-2,6-bisphosphate (F2,6bP) and inhibited by ATP and pyruvate kinase
(Pyk) is sensitive to feedforward activation by fructose-1,6-bisphosphate (F1,6bP)
(Fig. 1A). While some other metabolic effectors have been described, these main
metabolic regulations are thought to help balance production and consumption of
ATP in a pathway in which an initial energy investment is required (ATP hydrolysed
by Hxk and Pfk) before the pay-off phase in the lower part of glycolysis [5-7].
However, to date individual complementation of these three glycolytic steps (HXK,
PFK and PYK) with insensitive variants have failed to demonstrate the purported role
of these metabolic regulation in maintaining a balanced glycolysis [8-12].
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While individual gene complementation is a powerful approach for the functional
characterization of proteins, it might fail to capture synergetic mechanisms where
multiple proteins are involved in a specific pathway or function. This shortcoming can
be tackled by multigene complementation approaches, targeting multiple enzymes
at once. However, multigene complementation of essential pathways such as
glycolysis is technically very challenging and is hindered in eukaryotes by a high
degree of genetic redundancy in central metabolism. To address these issues and
enable facile modular complementation of the entire glycolytic pathway, we
engineered S. cerevisiae for glycolysis swapping (the Minimal Glycolysis and
Switchable Yeast Glycolysis strains [13, 14]) and recently demonstrated the two-step
full humanization of S. cerevisiae glycolysis using these platforms [15]. Glycolysis
swapping can be used to challenge S. cerevisiae native metabolic regulation, for
instance by transplanting glycolytic variants from organisms that have evolved in
radically different environments. The oleaginous yeast Yarrowia lipolytica is a pre-
whole genome duplication, Crabtree-negative yeast and is phylogenetically very
distant from the Saccharomyces genus [16]. Y. lipolytica thrives in environments
where glucose, S. cerevisiae’s favourite carbon source, is scarce, instead favouring
glycerol and lipids as carbon source. Although Y. lipolytica can grow on hexoses, it
does not ferment these to ethanol, favouring their respiratory dissimilation. These
nutritional preferences have understandably shaped the regulation of Y. lipolytica's
glycolysis differently from S. cerevisiae. All steps in Y. lipolytica glycolysis are
catalysed by a single isoenzyme, with the exception of the glucose phosphorylation
step (Fig. 1B and C). Y. lipolytica relies mostly on a glucokinase (Glk), insensitive to
any known allosteric regulators, while hexokinase (Hxk), sensitive to T6P inhibition
and known to complement in S. cerevisiae, plays a minor role [17, 18]. Furthermore,
while phosphofructokinase (Pfk) is a hub of allosteric regulation in many organisms,
including S. cerevisiae, the Y. lipolytica Pfk is only strongly inhibited by
phosphoenolpyruvate (PEP). This enzyme has been shown to complement
individually in S. cerevisiae [11]. Finally Y. lipolytica pyruvate kinase is not affected
by F1,6bP, activator of S. cerevisiae Pyk1 [19]. The Y. lipolytica glycolytic pathway
therefore lacks most of the allosteric regulations found in the model yeast S.
cerevisiae.

Using S. cerevisiae glycolysis as paradigm, the present study explores the potential
of partial and full pathway swapping to identify the metabolic role of complex
allosteric regulations.
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Figure 1 - Schematic overview of the allosteric regulation of glycolysis in S. cerevisiae and Y.
lipolytica.

A) Glycolytic pathway in S. cerevisiae, only the major isoenzymes are shown. B) Glycolysis in Y. lipolytica
with all isoenzymes shown. In A and B red lines indicate inhibition, green arrows indicate activation. G6P:
glucose-6-phosphate; T6P: trehalose-6-phosphate; F6P: fructose-6-phosphate; F1,6bP: fructose-1,6-
bisphosphate; DHAP: dihydroxy-acetone phosphate; GAP: glyceraldehyde-3-phosphate; 1,3BPG: 1,3-
bisphosphoglycerate; 3PG: 3-phosphoglycerate; 2PG: 2-phosphoglycerate; PEP: phosphoenolpyruvate;
PYR: pyruvate. C) Percentage identity between S. cerevisiae major glycolytic isoenzymes and their Y.
lipolytica counterparts. HXK: hexokinase/glucokinase; PGIl: Phosphoglucose isomerase; PFK:
Phosphofructokinase; FBA: Fructose bisphosphate aldolase; TPI: Triosephosphate isomerase; GAPDH:
Glyceraldehyde-3P dehydrogenase; PGK: Phosphoglycerate kinase; GPM: Phosphoglycerate mutase;
ENO: Enolase; PYK: Pyruvate kinase; PDC: Pyruvate decarboxylase; ADH: Alcohol dehydrogenase. D)
Schematic overview of the genetic loci containing glycolytic and chaperone genes in the control Sc-
Glycolysis strain and the fully swapped Y/-Glycolysis strain.

159



Chapter 4: Transplanting the Yarrowia lipolytica glycolytic pathway into S. cerevisiae

Results

General experimental approach for pathway transplantation

While S. cerevisiae has a set of 26 glycolytic enzymes, the presence of a single
enzyme for nine out of the ten glycolytic steps in Y. lipolytica simplified the choice of
genes to transplant. The complete set of ten Y. lipolytica enzymes leading to the
conversion of glucose to pyruvate was transplanted in S. cerevisiae using the SwYG
strain, harbouring a minimal set of glycolytic genes relocated to a single locus [13].
The T6P-insensitive glucokinase ( YIGlk1) was chosen for expression in S. cerevisiae
as part of the complete pathway. The E. coli folding chaperones GroEL and GroES
were co-expressed to facilitate functional expression of Y. lipolytica enzymes [20].
The constructed IMX2417 strain, called YI-Glycolysis, was devoid of S. cerevisiae
glycolytic genes and entirely relied on the Y. lipolytica glycolysis for glucose
dissimilation (Fig. 1D). A reference strain, IMX2696 (named Sc-Glycolysis),
expressing the native, minimized S. cerevisiae glycolytic pathway from the same
chromosomal locus and expressing the GroEL/GroES chaperones was also
constructed. It is important to note that, to minimize the requirement for fast glycolytic
flux and the risk of glycolytic imbalance, during all construction steps, strains
expressing Yarrowia glycolytic genes were purposely grown on galactose or on a
mixture of ethanol and glycerol, but not on glucose. Galactose utilization occurs via
the Leloir pathway in yeast, and the lower capacity of this pathway compared to
hexokinase is hypothesized to facilitate transitions, for example in {ps1 S. cerevisiae
strains [21, 22].

S. cerevisiae with a Y. lipolytica glycolysis displays growth defects on glucose
medium

Upon full pathway transplantation, growth on galactose in minimal, chemically
defined medium was immediately observed for the YI-Glycolysis strain IMX2417
(Fig. 2A and B), proving functional expression in S. cerevisiae of all Yarrowia
lipolytica glycolytic enzymes besides glucokinase (YIGlk1). Growth on ethanol was
similarly observed immediately, although at a reduced rate. However, the same
strain could not readily grow upon transfer to glucose medium, and displayed slow
but exponential growth only after 3 to 4 days of incubation (Fig. 2B). Intracellular pH
(pHi) is a good indicator of the cellular metabolic status, considering that cells unable
to conserve energy are incapable of maintaining pH homeostasis [21, 23, 24]. Using
pHIluorin as proxy for pHi showed that addition of either glucose or galactose to a
galactose-grown Sc-Glycolysis strain did not cause a decrease in pHi, but instead a
slight increase, consistent with previous data of control strains (Fig. 2C and 2D and
Supplementary Fig. S1) [21, 23]. A similar response was observed immediately after
galactose was added to the YI/-Glycolysis strain (Fig. 2E), while in contrast addition
of glucose to the medium caused a substantial and rapid drop in pHi, which lasted
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for a prolonged period of time (Fig. 2E and F and Supplementary Fig. S2), matching
the initial lack of growth observed on glucose. This response to glucose might have
several causes such as a non-functional Y. lipolytica glucokinase, an insufficient
capacity of the Y. lipolytica glycolytic enzymes during growth on glucose, or a
regulatory deficiency preventing glucose catabolism by otherwise functional
glycolytic enzymes. To determine the functionality of Y. lipolytica glycolytic enzymes
expressed in S. cerevisiae, in vitro assays were performed on the Y/-Glycolysis strain
grown on galactose. All Y. lipolytica glycolytic enzymes, including glucokinase,
showed activity in in vitro assays from cell extracts of galactose-grown cultures (Fig.
2G). Compared to the Sc-glycolysis reference strain IMX2696, the Y. lipolytica
phosphoglucose isomerase (PGl), triosephosphate isomerase (TPI) and
phosphoglycerate mutase (PGM) showed substantially lower specific activities
(19%, 23% and 7% of the activity in the Sc-glycolysis strain, respectively), while the
kinases glucokinase (GLK), phosphofructokinase (PFK) and pyruvate kinase (PYK),
which were expressed as codon-optimized genes, were highly active in vitro (89%,
259% and 67% of Sc-Glycolysis strain activity).

The Y. lipolytica glycolytic enzymes were all expressed in S. cerevisiae and
functional in vitro. Fast growth on galactose (0.24+0.01 h'" as compared to 0.25+0.00
h' for the control Sc-Glycolysis strain, Fig. 2A) demonstrated that enzymes from
phosphoglucose isomerase to pyruvate kinase were active in vivo and able to carry
the glycolytic flux, although the lower activities of some enzymes might be
responsible for the lower growth rates measured in ethanol and glucose. Growth on
galactose but inability to grow upon transition to glucose of the YI-Glycolysis strain
despite substantial in vitro activity of YIGIk, suggested a defect in YIGIk activity in
vivo or a regulatory imbalance in the pathway. The appearance of growth after an
extended lag phase upon galactose/glucose transition could be explained by the
resolution of YIGIk in vivo activity defects either by evolution (i.e. mutations) or
metabolic adaptation.
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Figure 2 - Characterization of a fully swapped glycolysis strain.
A) Growth rates measured in the growth profiler on galactose, glucose and ethanol for the full Yarrowia

lipolytica glycolysis strain ( YI-Glycolysis, IMX2417) and a control strain expressing the native S. cerevisiae
glycolytic pathway from a single locus (Sc-Glycolysis, IMX2696). B) Lag phase duration upon transfer
from SM-galactose to SM with either galactose, glucose or ethanol. For A) and B) the mean and SEM of
triplicates are shown, * indicates significant difference (t-test, homoscedastic, unpaired with P-
value<0.05). C) and E) Dynamics of intracellular pH, measured as pHluorin signal ratio, in a strain with
the native glycolytic pathway (C) and the YI-Glycolysis strain (E) without, and immediately after galactose
or glucose addition. D) and F) pHluorin signal ratio in the population of native glycolysis strain IME481 (D)
and YI/-Glycolysis strain (F) after incubation without carbon-source addition (red, after 56 and 62 min for
D) and F) respectively) or with galactose (blue, after 66 and 72 min) or glucose (orange, after 76 and 82
min). Duplicate pHIluorin experiments are shown in Supplementary Fig. S1 and S2. G) In vitro enzyme
activities of the glycolytic enzymes in the Y/-Glycolysis and Sc-Glycolysis strains grown on galactose.
Mean and SEM of triplicates are shown, * indicates significant differences (t-test, homoscedastic, unpaired
with P-value<0.05).

Full pathway swapping reveals that glucose phosphorylation is a key
regulatory node for glycolysis transplantation in S. cerevisiae

To identify whether the delayed growth on glucose of the S. cerevisiae strain with
the Yarrowia glycolysis resulted from evolution or adaptation, serial transfers of the
YI-Glycolysis strain in media alternating galactose and glucose as carbon source
were performed. The long lag phase disappeared in the second and following
galactose/glucose transitions, revealing that the ability to grow on glucose of the YI-
Glycoysis strain was most probably of genetic origin (Supplementary Fig. S3).
Systematic mutations in YIGLK1 were accordingly found in single colonies isolated
from three independent glucose-grown cultures (Fig. 3D and S1B). All three isolates
were capable of fast growth on glucose without lag phase (strains IMS1202 to 1204,
Fig. 3A and B). Whole genome sequencing identified mutations leading to single,
distinct amino-acid substitutions in all isolates, scattered over the YIGIk protein
(Supplementary Fig. S4). In vitro assays revealed a marked (10- to 146-fold)
decrease in glucokinase activity for the three mutated Y/GLK variants as compared
to the native enzyme (Fig. 3E and Supplementary Fig. S5), and an apparent increase
in the Km gucose for two of them (Supplementary Fig. S5A). More detailed physiological
characterization of the evolved strains in shake flasks on glucose urea medium
showed reduced growth rates as compared to the Sc-Glycolysis strain (ca. two-fold
decreased, Fig. 3F). This decrease in growth rate corresponded to a fully respiratory
metabolism, with a higher biomass yield, a strong decrease in glucose uptake rate,
and an absence of ethanol production (Fig. 3 G-I). The lower flux through glycolysis
appears to match the lower glucokinase activity in these strains, although for
IMS1203 and IMS1204 the in vivo glucokinase activity appeared too low to sustain
the in vivo glucose uptake rate (Supplementary Fig. S6). This discrepancy suggested
an underestimation of the in vivo glucokinase activity based on in vitro enzyme assay
for the evolved strains. Nonetheless, all together, the ability to grow readily on
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galactose but not on glucose of the Y/-Glycolysis strain, the systematic requirement
for mutations in glucokinase for growth on glucose, and the decreased in vitro
glucokinase activity and low glucose uptake rate in independent isolates suggested
that the activity of glucokinase, the first step in glycolysis during glucose utilization,
might be too high for growth on glucose in the YI-Glycolysis strain.
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Figure 3 - Characterization of glucose-grown isolates of the Y/-Glycolysis strain.
A) Growth rates on galactose and glucose of the Sc-Glycolysis reference strain and of three single colony

isolates obtained after serial transfers of the YI-Glycolysis strain on glucose, data from biological
triplicates. B) Duration of lag phase upon galactose/galactose and galactose/glucose transition for the
same strains as panel A. C) Genes with mutations in the three independent isolates of the glucose-grown
YI-Glycolysis strain, CHRIX 2x indicates duplication of chromosome 9. D) Mutations in the Y. lipolytica
glucokinase observed in each of the three isolates. E) In vitro glucose phosphorylation activity in the Y/-
Glycolysis strain and in the evolved isolates measured in duplicate. To enable comparison with the non-
mutated Y/-glycolysis strain IMX2417, all strains were grown in medium with galactose as sole carbon
source. F-l) Physiological characterization of the evolved Y/-Glycolysis strains and control Sc-Glycolysis
strain during growth on SM-glucose in duplicate shake-flasks. Growth rate, estimated biomass yield (Ysx),
specific glucose uptake rates (qqgu) and specific ethanol production rates (geton) are shown. For all panels
* indicate significant differences to control (t-test, homoscedastic, unpaired with P-value<0.05).

The glycolytic context determines the physiological impact of glucokinase
deregulation

Previous studies have shown that S. cerevisiae hexokinase can be successfully
complemented by heterologous, ‘unregulated’ variants insensitive to known effectors
[8, 9, 15]. The requirement for mutations in YIGLK1 for growth on glucose of S.
cerevisiae and their impact on the kinetic properties of glucokinase was therefore
unexpected and required further investigation. The major difference with these
earlier studies was the presence of the complete set of glycolytic enzymes from
Yarrowia lipolytica in the present study. The ability of T6P-insensitive variants to
complement ScHxk2 might therefore be context-dependent. To test this hypothesis
a single complementation strain was constructed using the Minimal Glycolysis (MG)
strain [14], a strain with a minimized set of glycolytic genes, specifically engineered
to facilitate complementation studies. The YIHXK gene, encoding the Y. lipolytica
hexokinase, which is strongly inhibited by T6P, was similarly tested for
complementation. During galactose/glucose transitions the YIGLK single
complementation strain (IMX2062) largely responded as its parent strain MG with
the complete set of S. cerevisiae enzymes, with an identical growth rate on glucose
(Fig. 4A). The IMX2062 strain lag phase on glucose was slightly longer than that of
MG (6.0+0.6 hours vs 2.7+0.3 hours, Fig. 4B) but was substantially shorter than the
3 to 4 days required for the Y/-glycolysis strain. The YIHXK strain did not show any
measurable lag phase and only a very slight effect on growth rate. For both strains,
characterization in shake flask showed similar growth rates, both strains produced
ethanol when grown on glucose, only at a slightly lower rate (Supplementary Fig.
S7). The intracellular pH however showed a decrease upon glucose addition in the
YIGLK complementation strain, matching the slightly longer adaptation time required
for galactose/glucose transition (Fig. 4F), but the effect was again not as severe as
that of the Yi-glycolysis strain. Expression of YIGLK1 therefore visibly but mildly
affected S. cerevisiae transition from galactose to glucose, and did not result in
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mutation in YIGLK7 upon repeated transfers between galactose and glucose
(Supplementary Fig. S3). Single complementation of the S. cerevisiae hexokinase
with the T6P-insensitive YIGIk1 was therefore not recapitulating the phenotype of
the strain with a full Y. lipolytica glycolysis.

Next to hexokinase, phosphofructokinase and pyruvate kinase are considered as
‘pacemakers’ in S. cerevisiae glycolysis and are subject to allosteric regulations that
are absent in their Y. lipolytica orthologs. To check if these differential regulations
affected S. cerevisiae physiology, more particularly during carbon source switches,
single complementation strains were also constructed for YIPFK and YIPYK,
resulting in strains IMX2236 and IMX2235, respectively. These complementation
strains grew with rates close to the MG control strain on glucose (0.43+0.007 and
0.42+0.001 h' compared to 0.44+0.008 h''), and displayed neither lag phase nor pHi
decrease upon transition from galactose to glucose (Fig. 4A and B, Supplementary
Fig. S8). This absence of phenotype for individual complementation with insensitive
isoenzymes was in line with earlier reports for phosphofructokinase [11, 12], and
pyruvate kinase [15, 25]. In line with these observations, a strain expressing the
entire Y. lipolytica glycolysis gene set except the phosphofructokinase (strain
IMX2734) encoded by the native ScPFK1 and ScPFKZ2 genes, responded very
similarly to the Y/-Glycolysis strain with full Y. lipolytica glycolysis during growth on
glucose, further supporting the notion that single enzymes were not responsible for
the growth defect on glucose of the Y/-Glycolysis strain (Supplementary Fig. S2 and
S9).

Individual deregulation of hexokinase, phosphofructokinase and pyruvate kinase
was therefore not affecting S. cerevisiae ability to switch between galactose and
glucose, revealing that functional expression of the Y. lipolytica enzymes was
dependent on the glycolytic context.
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Figure 4 - Response of complementation and ‘mosaic’ glycolysis strains to glucose and
galactose.

A) and B) Growth rate and lag phase duration of single YIGLK, YIHXK, YIPFK and YIPYK
complementation strains. Measured in biological triplicates, * indicates significant differences to reference
strain (t-test, homoscedastic, unpaired with P-value<0.05). C) Composition of the glycolysis of the YIGLK-
YIPYK, YI-3K and Sc-3K strains, Y. lipolytica genes are indicated in grey. D) and E) Growth rate and lag
phase duration of the ‘mosaic’ glycolysis strains YIGLK-YIPYK, YI-3K, Sc-3K and the control strains with
native, minimized glycolysis IMX372 (MG) and IMX2696 (Sc-Glycolysis). Measured in biological
triplicates, * indicates significant differences to reference strain (t-test, homoscedastic, unpaired with P-
value<0.05). F-H) pHIuorin-based pH; profiles of strains grown on galactose transferred to glucose and
Galactose. F) YIGLK complementation strain, G) Y/-3K strain and H) Sc-3K strain. Duplicate pHluorin
experiments and time-course data are shown in Supplementary Fig. S2 and S8.
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Simultaneous expression of deregulated glycolytic kinases reproduces the
glycolytic imbalance phenotype

While individual expression of the Y. lipolytica key kinases did not affect S. cerevisiae
phenotype, the coordinated regulation of these three kinases or a combination of two
of them might still play an important role for metabolic adaptation to sugar transition.
To test this hypothesis, several strains with ‘mosaic glycolytic configurations’ were
constructed. Strain IMX2842 (YIGIk-YIPyk) had the native S. cerevisiae glycolysis
except for the Y. lipolytica glucokinase and pyruvate kinase. Strain IMX2733 ( Y/-3K)
harboured the native S. cerevisiae glycolysis but with the three Y. lipolytica kinases
(glucokinase, phosphofructokinase and pyruvate kinase), while strain IMX2697 (Sc-
3K strain) carried the Y. lipolytica glycolysis with the three S. cerevisiae kinases (Fig.
4C). The response to glucose exposure of these strains was radically different. The
YIGIk- YIPyk and Sc-3K strains showed phenotypes similar to the S. cerevisiae
control strains with native glycolysis, albeit with a somewhat slower growth rate
(78+4% and 5620.2% of the control strain growth rate on glucose, Fig. 4D), possibly
caused by lower activities of some of the Y. lipolytica enzymes in S. cerevisiae, as
determined in the Yl-Glycolysis strain (Fig. 2G). Conversely, the Y/-3K strain showed
a long lag phase reminiscent of the full Y/-Glycolysis strain, although the duration of
this lag phase was clearly shorter (363 hours compared to 76+3 hours on average
for the YI-3K and Y/-Glycolysis strains, Fig. 4E). Also, the pHi response upon
exposure to glucose was not as marked in the Y/-3K as in the Y/-Glycolysis strain
(Fig. 4 and Supplementary Fig. S2).

Despite this somewhat milder response of the Y/-3K strain as compared to the strain
with full Y. lipolytica glycolysis to glucose medium, repeated glucose/galactose
transfers again resulted in systematic mutations in YIGLK1 (A394T, A471S and
G270S) and a decrease in in vitro glucokinase activity (Fig. 5 A-D and
Supplementary Fig. S3, single cell isolates IMS1207 to IMS1209). Characterization
in shake flasks of these evolved strains showed low specific growth and glucose
uptake rates, as compared to the Sc-Glycolysis control strain, but some ethanol
production was observed, unlike for the evolved Y/-Glycolysis strain isolates (Fig. 5
E-H, Supplementary Fig. S6). The lower specific growth and glucose uptake rates of
the evolved strains as compared to the Sc-Glycolysis control strain are most likely
explained by a limited capacity of the mutated glucokinases. Indeed, in these strains
the maximum glycolytic flux estimated from in vitro glucokinase activity was similar
to the glycolytic flux estimated from the glucose uptake rate (Supplementary Fig.
S6). These results brought new insight in the genotype to phenotype relationship of
the Yl-glycolysis strain. Firstly, the absence of any phenotype during transition to
glucose of the Sc-3K strain revealed that the relatively low activity of several of the
glycolytic enzymes in the Yl-glycolysis strain was not causing the deficiency in
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transitioning between carbon sources. However, these lower activities are probably
responsible for the slower growth rate of the Y/-glycolysis strain as compared to the
control strain with native S. cerevisiae glycolysis. Secondly, the combined
expression of the three deregulated Y. lipolytica kinases was identified as the major
cause of the growth and transition defects of the YI-Glycolysis strain.
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Figure 5 - Glucose grown isolates of a mosaic glycolysis strain and lag phase dependency on
glucose concentration.

A) and B) Growth rate and lag phase duration on glucose and galactose medium of three independent
isolates of the Y/-3K strain (IMX2733) that acquired the ability to grow on glucose, biological triplicates
were measured. C) Mutations in the Y/ glucokinase found in each of the three isolates. D) In vitro
glucokinase activity of the Y/-3K strain and its evolved isolates determined from biological duplicate SM-
Galactose cultures. E-H) Physiological characterization of the three evolved isolates of the Y/-3K strain
and the Sc-Glycolysis reference strain on glucose urea medium in shake flasks in biological duplicates.
The same data for Sc-Glycolysis strain IMX2696 is shown as in Fig. 3 F-l as control. Growth rates,
biomass yield (Ysx), specific glucose uptake rates (qqgu), and specific ethanol production rates (qgetn) are
shown. In all panels asterisks indicate significant differences compared to the relevant reference strain (t-
test, homoscedastic, unpaired, with P-value<0.05).
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Reducing the flux through top glycolysis compensates for the lack of
metabolic regulation of the Y. lipolytica kinases in S. cerevisiae

The results suggested that lowering the glycolytic flux by limiting the rate of glucose
phosphorylation was the optimal cellular strategy of the Y/-Glycolysis and Y/-3K
strains to balance glycolysis under glucose excess. Kinetic modelling was used to
explore whether reducing hexokinase activity could indeed compensate for the
absence of S. cerevisiae-like regulation of the three kinases and to guide further
experimental design. Studying a tps7A mutant, Van Heerden et al. demonstrated
that the Emden-Meyerhof-Parnas glycolysis can switch between balanced and
imbalanced states depending on the genetic and metabolic context [21]. Mutants
with a fps1 deletion cannot synthetize T6P, regulator of S. cerevisiae hexokinases,
and cannot maintain inorganic phosphate (Pi) homeostasis, resulting in the inability
to grow under high glucose conditions. Cellular levels of F1,6bP and inorganic
phosphate (Pi) are key determinants of glycolysis stability in tps? mutants.
Considering cell-to-cell variation in F1,6bP and P; concentrations, upon exposure to
glucose only the fraction of cells with the appropriate concentrations can reach a
balanced state and resume growth. Van Heerden and colleagues used a kinetic
model of glycolysis to describe and predict the start-up of glycolysis as a function of
F1,6bP and Pi levels. The reference S. cerevisiae strain with native regulation
displayed a balanced glycolysis for a wide range of physiologically-relevant F1,6bP
and Pi levels (Fig. 6A, plot 1). Only at very low initial F1,6bP and Pi concentrations
glycolytic imbalance occurred, resulting in intracellular accumulation of F1,6bP and
ATP depletion (Supplementary Fig. S10). Such an imbalance would consequently
lead to the inability to grow on glucose of the small fraction of the cellular population
that occupied this concentration range at the moment of glucose exposure. Starting
from this model, the regulations of the three kinases were removed, individually and
simultaneously, to mimic in silico the replacement of S. cerevisiae kinases by their
Y. lipolytica variants. Removing the regulations, individually (Fig. 6A plots 2 to 6) or
simultaneously (plot 7) resulted in most cases in an increase in conditions leading to
the inimbalanced state, with the strongest effect obtained by removing ATP inhibition
of PFK or combining removal of multiple regulations. Combinatorial removal of
multiple regulations also resulted in a decrease of balanced model outcomes
(Supplementary Fig. S11), showing their overlapping effects. The strong impact of
PFK regulation in the model did not match our experimental observations (Fig. 4A).
PFK is an enzyme with complex regulatory pattern, and its activity has been proven
to be difficult to mathematically describe in S. cerevisiae [7, 26]. Using an imperfect
S. cerevisiae PFK model to reflect Yarrowia's variant most likely exacerbates this
problem, resulting in an in silico oversensitivity to phosphofructokinase regulation
and activity. However, the overall modelling response agreed well with experimental
data, as factors increasing the flux through HXK and PFK destabilized glycolysis,
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while decreasing the flux through upper glycolysis (e.g. by decreasing activation on
PFK) stabilized it. Accordingly, reducing the hexokinase Vmax in the model resulted
in higher glycolytic stability, with all model configurations reaching a balanced state
at 10% of the original hexokinase activity (Fig. 6A plots 8-21).
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Figure 6 - Kinetic modelling to study the impact of deregulation of glycolysis.
A) Results from kinetic modelling analysis of balanced and imbalanced states. For each graph, the x-axis

indicates the initial fructose-1,6-bisphosphate concentration (between 0 and 5 mM) and the y-axis the
initial phosphate concentration (between 0 and 20 mM), with identical conditions used for each plot. White
colouring indicates the model reaches a balanced steady state with those conditions within 100 minutes,
dark blue colouring shows imbalance. In the top left (plot 1) the situation in the unaltered control model is
shown, which has a small imbalanced region at low phosphate and F1,6bP concentrations. For each of
five allosteric regulations in yeast glycolysis, the impact of their removal on the stability of the system is
shown, as well as the impact of combinations of removal of all regulations simultaneously. Tested
regulations were removal of AMP activation on PFK (2, 9, 16), constant F2,6bP activation of PFK (3, 10,
17) removal of F1,6bP activation on PYK (4, 11, 18), removal of T6P inhibition on HXK (5, 12, 19), removal
of ATP inhibition of PFK (6, 13, 20) and combination of removal of all together (7, 14, 21). The lower rows
show the impact of hexokinase activity on the stability of each system, with the second row (8-14) showing
50% hexokinase Vmax and the bottom row (15-21) 10% hexokinase Vmax. B) Dependency of the lag-phase
duration of the YI-Glycolysis and YI-3K strains and two of their evolved isolates on the glucose
concentration. 111 mM galactose is shown as control condition, growth rates and lag phase duration
shown in Supplementary Fig. S12. Individual replicates are shown for each strain, those marked in white
were not measured.
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To experimentally test whether a too high flux in upper glycolysis was the main
causal factor of the growth defect on glucose of the YI-Glycolysis and YI-3K strains,
glucose uptake rate was tuned by exposing the strains to media with varying glucose
concentrations (5, 10, 20, 50 and 111 mM, Fig. 6B and Supplementary Fig. S12). As
expected, the lag phase of evolved strains with YIGLK mutations (IMS1203 and
IMS1207) was mostly insensitive to glucose concentration. Conversely, for both YI-
Glycolysis and YI-3K strains, while specific growth rate was only marginally affected
by glucose concentrations, the lag phase duration was strongly positively correlated
with glucose concentration. At the lowest tested glucose concentration of 5 mM,
growth resumed upon transfer to glucose medium without lag phase, demonstrating
that all cells can cope with slow glucose influx. These results suggest that slow
glucose import rates mimicked the reduced glucokinase activity of the evolved
strains, leading to a stable system. At the other extreme, high glucose concentrations
(111 mM) prevent growth and, as demonstrated above in the YI-Glycolysis and YI-
3K strains, require reduction of the glucokinase activity. At intermediate
concentrations of 10 - 50 mM, shorter lag phases of 20 to 60 hours were observed.
Considering the measured growth rates, a single mutant cell present at the start of
the culture would reach measurable biomass concentration after ca. 70 hours of
growth for YI-Glycolysis strain IMX2417, a value corresponding to the lag phase of
cultures with 111 mM glucose in which hexokinase mutations were systematically
observed. The shorter lag phases measured at low glucose concentrations can
therefore not be reasonably explained by the occurrence of mutations and outgrowth
of the population by a mutant. Such a graded response to glucose concentration,
reminiscent of tps1 mutants [21], suggested the result of deregulation of the
glycolytic pathway was population heterogeneity with an increasing fraction of the
population unable to grow due to glycolytic imbalance with increasing glucose
concentration.

Discussion

The limits of single complementation to study metabolic regulation

While metabolic control theory has long suggested that modification of the activity of
a single enzyme (by expression or regulation) is usually not sufficient to greatly
change pathway flux [27, 28], single enzyme studies are still routinely performed.
The present work illustrates that, despite technical challenges, the complexity of
biology requires experimental investigation at the larger scale of pathway or function.
The EMP pathway of glycolysis, widely distributed across kingdoms, is characterized
by a structure in which ATP is first invested in the top of the pathway before it can
be recouped further downstream. Such a configuration is prone to imbalance when
cells have to transition between conditions poor and rich in hexoses [6], a problem
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for which various solutions have emerged. Organisms such as the parasite
Trypanosoma control ATP use by glycolysis by sequestering glycolytic enzymes in
specialized compartments called glycosomes [29, 30]. Conversely, in many
prokaryotes hexose uptake and phosphorylation are coupled to lower glycolysis via
the phosphotransferase system [31, 32], while many eukaryotes are equipped with
hexose phosphorylating enzymes inhibited by T6P or G6P [33, 34] that apparently
keep upper glycolytic flux in check during fluctuating substrate supply. However, all
studies reporting the complementation of S. cerevisiae Hxk2 by insensitive variants
suggest that Hxk2 inhibition by T6P is not by itself essential for the regulation of the
glycolytic flux [9, 35]. The same holds for pyruvate kinase and its activation by
F1,6bP [10] and phosphofructokinase and its myriad of metabolic regulations [11,
12, 36]. This insensitivity of yeast physiology to alterations in glycolytic activity and
allosteric regulation has been subject of debate for decades [37-40]. Similarly in
prokaryotic model organisms, while overexpression and deregulation of
phosphofructokinase and pyruvate kinase had some minor effects on flux distribution
and intracellular metabolites, tight regulation of these reactions appears far from
essential [41-43]. The widespread nature of allosteric regulation of several key
glycolytic enzymes raises the question on the function and essentiality of these
mechanisms. By combining the expression of multiple unregulated enzymes in S.
cerevisiae glycolysis, the present study explored the essentiality of allosteric
regulation using novel synthetic biology methods. Remarkable differences in
phenotype were observed between S. cerevisiae strains expressing single, triple or
the complete set of Yarrowia glycolytic enzymes. While it was confirmed that
individual expression of insensitive enzyme variants could lead to functional
complementation in S. cerevisiae, combination of three insensitive kinases did not.
This study therefore identifies for the first time the essential but redundant functions
of these metabolic regulations for allowing transitioning of S. cerevisiae between low
sugar and high sugar environments. The results strongly suggest allosteric
regulations in glycolysis, while not required for pathway operation per se, have been
subject to strong evolutionary selection as they allow efficient and balanced pathway
operation under dynamic conditions.

Mutations in Y. lipolytica glucokinase reduce glycolytic flux and act as a
suppressor for a deregulated glycolysis

Replacement of S. cerevisiae by Y. lipolytica glycolysis resulted in a phenotype
strongly suggesting glycolytic bistability. Single, double and triple kinase mutants
and kinetic modelling demonstrated a strong synergetic role of hexokinase,
phosphofructokinase and pyruvate kinase in transitioning between glucose-poor and
glucose-rich medium. The graded response of Y/-Glycolysis and YI-3K strains to
sugar concentration strongly suggested the presence of two states in the yeast
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population, a fraction able to cope with glucose inflow with a balanced glycolysis,
and a fraction trapped in an imbalanced state. Such a stochastic effect, with a
fraction of the population behaving differently from the majority, has previously been
observed in yeast and other organisms during transition between carbon sources
[21, 44]. Single-cell analysis studies using Phluorin or fluorescent ATP-sensors [45]
as proxy for glycolytic (im)balance would enable more fine characterization of the
population dynamics during ftransition at various glucose concentrations.
Remarkably, the loss of these complex, synergetic regulations could be easily fixed
by a single mutation of glucokinase. The six characterized mutants carried different
mutations of the YIGLK1 gene, with as common feature a strong reduction in the in
vitro glucose phosphorylating activity, and concomitant low glucose uptake rate. A
previous study demonstrated that functional complementation with the G6P-
sensitive human HK1 and HK2 in S. cerevisiae also required single mutations in
these hexokinases for growth on glucose [15]. These mutations were however
clustered in a specific region of the protein, leading to the alleviation of G6P
inhibition. Yarrowia glucokinase has no known effectors, and the random localization
of the amino acid substitutions suggest that protein domains may not be relevant, as
long as the substitutions enable the reduction of the glucose phosphorylating activity.
This ‘simple solution’ comes however at a price, shown by the more than two-fold
reduced glucose uptake rate of the Y/-3K strain as compared to the reference S.
cerevisiae strain (Fig. 5G), while the specific activity of PFK and PYK was not
expected to be different between the two strains (Fig. 2G). Thus while constantly
imposing a slow flux in the top part of glycolysis allowed growth without defect under
dynamic conditions, the maximal growth rate was limited. Both evolved and
unevolved YI-3K strains would likely be rapidly outcompeted by the reference S.
cerevisiae strain with native regulations, which is capable of high glucose uptake
rates and efficient transition to high glucose conditions. The evolved Y/-3K strains
are however fantastic testbeds to explore the evolution of regulatory mechanisms,
for instance by long term exposure to sugar transitions in adaptive laboratory
evolution experiments. The strains constructed in this study also enable to explore
the potential role of the regulatory synergy between the three kinases in dynamic
situations beyond sugar transitions. This could be achieved by growing the evolved
and non-evolved Y/-3K strains and strains with single kinase complementation in a
broad range of dynamic growth conditions.

How does Yarrowia lipolytica cope with high hexose concentrations?

Replacement of the key regulatory enzymes in glycolysis with Y. lipolytica variants
led to a dysfunctional pathway in S. cerevisiae during growth on glucose, unless the
flux was reduced. The EMP pathway in Y. lipolytica has the same set of reactions,
and therefore the same intrinsic risk of metabolic imbalance as its distant relative S.

174



Chapter 4: Transplanting the Yarrowia lipolytica glycolytic pathway into S. cerevisiae

cerevisiae, yet Y. lipolytica is capable of fast growth on media with high glucose
concentrations (around 0.37 h'' with over 55 mM of glucose [46]). The mechanisms
enabling Y. lipolytica glycolysis to operate in its native context are therefore intriguing
and most probably find their roots in the strong difference in ecological niches and
life style of these two yeasts. While S. cerevisiae thrives in hexose rich environments
and has a very limited carbon substrate range, Y. lipolytica is much more versatile
and can use a broad range of carbon sources, such as glycerol, fatty acids and
hydrocarbons, but is more limited in its utilization of sugars [47-49]. These nutritional
preferences are likely reflected in the mechanisms controlling glycolysis. Two likely
strategies that would enable Yarrowia to control the glycolytic flux without the
stringent regulations on the regulatory key-point enzymes glucokinase,
phosphofructokinase and pyruvate kinase that seem to be essential in S. cerevisiae
are (i) imposing a low flux in the first, ATP-consuming steps of glycolysis or (ii) strictly
controlling extracellular glucose influx in the cells. In line with the first idea, in vitro
glycolytic enzyme activities in Yarrowia lipolytica are far lower than those found in S.
cerevisiae. This is especially the case for upper glycolysis (Supplementary Fig. S13)
with glucose phosphorylation activity 4-6 fold lower in Y. lipolytica as compared to S.
cerevisiae (in line with previous studies [46]) and phosphofructokinase activity 3-4
fold lower (Supplementary Fig. S13). This lower rate of glucose phosphorylation and
glycolysis as a whole might be sufficient for Y. lipolytica to cope with glucose
fluctuations in its environment without imbalance in the pathway, as observed in the
glucokinase mutant YI-Glycolysis strains. Additionally, transport might further
contribute to maintaining a slow glucose influx. Several hexose transporters have
been identified in Y. lipolytica, however little is known about their sugar preference
and kinetic properties. Whether import plays a role in controlling the glycolytic flux in
Y. lipolytica can be explored by hexose transporters engineering, as performed
earlier with S. cerevisiae [50-52]. Finally, considering the knowledge gap on Y.
lipolytica lifestyle and glycolytic enzymes kinetic properties and regulation, we
cannot rule out the possibility that some yet unidentified metabolites outside
glycolysis are also involved in the regulation of the glycolytic flux in Y. lipolytica.

Materials and Methods

Strains and cultivation conditions

All S. cerevisiae strains used are derived from the CEN.PK lineage [53] and are listed
in Supplementary Table S1. Yarrowia lipolytica strain W29 and CJM246 (PO1a)
were used as controls for enzyme activity measurements. Yeast strains were grown
on either YP medium containing 10 g L' Bacto Yeast extract and 20 g L' Bacto
Peptone or synthetic medium (SM) containing 5 g L' (NH4)2S04, 3 g L' KH2PO4, 0.5
g L' MgS04-7H20, 1 mL L' of a trace element solution and 1 mL of a vitamin solution
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added after autoclaving [54]. For physiological characterization of the Sc-Glycolysis
and evolved isolates of the Y/-Glycolyis and YI-3K strains in shake flasks (Fig. 3 F-I
and Fig. 5 E-H), SMD-urea was used, where the (NH4)2SO4 was replaced with 6.6 g
L' K2SO4 as source of sulfate and 2.3 g L' urea. Similarly, when the dominant
marker amdS was used, (NH4)2SO4 was replaced by 6.6 g L' K2SO4 and 1.8 g L™
acetamide. The pH of SM was set to 6 prior to autoclaving by addition of KOH. Media
were supplemented with relevant carbon sources after autoclaving, final
concentrations were 20 g L' glucose (YPD/SMD), 20 g L' galactose (YP-Gal/SM-
Gal), 2% (v/v) ethanol (YPE/SME) or 1% (v/v) ethanol and 1% (v/v) glycerol
(YPEG/SMEG). For solid media 2% (w/v) agar was added before heat sterilization.
For counter selection of the amdS marker, 2.3 g L fluoroacetamide was added to
SM [55] and for selection on the KanMX and hphNT1, 200 mg L' G418 or 200 mg
L" hygromycin (Hyg) were added to YP medium respectively. Yeast cultures were
grown at 30 °C at 200 rpm in an Innova 44 incubator shaker (New Brunswick
Scientific, Edison, NJ, USA) in 50-/100-/500-mL shake flasks containing respectively
10-/20-/100 mL of medium. For plasmid propagation and maintenance Escherichia
coli XL1-Blue cells (Agilent Technologies, Santa Clara, CA, USA) were used grown
in Lysogeny Broth (LB) medium containing: 10 g L " tryptone, 5.0 g L' yeast extract
and 4 g L' NaCl supplemented with 100 mg mL"' ampicillin, 25 mg L
chloramphenicol or 50 mg L'" kanamycin when required. Yeast and E. coli strains
were stored at -80 °C in 1 mL aliquots of appropriate medium after addition of 30%
(v/v) glycerol.

Molecular biology techniques

PCR amplification for strain construction purposes was performed using Phusion™
High-Fidelity DNA Polymerase (Thermo Fisher Scientific, Waltham, MA), according
to the manufacturers recommendations except that the primer concentration was
lowered to 0.2 pM. Diagnostic PCR amplification was performed using the
DreamTag PCR Master Mix (Thermo Fisher Scientific) following the supplier's
recommendations. Primers for cloning purposes were ordered PAGE purified, all
other primers were ordered desalted (Sigma-Aldrich, St. Louis, MO, USA). To obtain
double stranded gRNA and repair fragments the designed forward and reverse
oligo’s, ordered as PAGE purified primers, were incubated at 95°C for 5 min and
allowed to cool to room temperature. PCR products were separated by gel
electrophoresis with gels containing 1% agarose (TopVision Agarose, Thermo
Fisher Scientific) in 1x Tris-acetate-EDTA (TAE) buffer (Thermo Fisher Scientific),
10 pl L' SERVA (SERVA Electrophoresis GmbH, Heidelberg, Germany) was added
to the gel for DNA staining. As size standard the GeneRuler DNA Ladder Mix (Sigma-
Aldrich) was used. PCR fragments used for cloning obtained from plasmids were
treated with addition of 1 uL Dpnl FastDigest restriction enzyme (Thermo Fisher
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Scientific) for 1 hour to remove remaining template DNA. DNA was purified using the
GenElute PCR Clean-Up kit (Sigma-Aldrich) or the GeneJET PCR Purification Kit
(Thermo Fisher Scientific) when no unspecific bands were present, otherwise
products were purified from gel using the Zymoclean Gel DNA Recovery kit (Zymo
Research, Irvine, CA). Purity and quantity of DNA was assessed using a NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific), for more precise DNA
quantification the Qubit dsDNA BR Assay kit (Thermo Fisher Scientific) in
combination with the Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA, USA) was
used.

Cloning of promoters, genes and terminators was done using Golden Gate assembly
or in vivo assembly in yeast. For Golden Gate assembly per reaction volume of 10
pl, 1yl T4 buffer (Thermo Fisher Scientific), 0.5 pyl T7 DNA ligase (New England
Biolabs, Ipswich, MA) and 0.5 pl Bsal (Eco31l) (Thermo Fisher Scientific) or BsmBI
(NEB) was used and DNA parts were added in equimolar amounts of 20 fmol as
previously described [56]. In vivo assembly of plasmids in yeast was performed
according to [57] using 60 bp homologous flanks added by PCR and transformation
of all fragments to S. cerevisiae. After transformation and colony PCR verification of
correct assembly, plasmids were purified using the Zymoprep Yeast Plasmid
Miniprep (ll) kit (Zymo Research). Gibson assembly for construction of gRNA
plasmids was performed with Gibson assembly master mix 2x (New England
Biolabs, Ipswich, MA) according to the manufacturer’s instructions but scaled down
to a final volume of 5 pl.

Plasmids were transformed into E.coli XL1-Blue by chemical transformation for
amplification [58]. Plasmids were isolated using the GenElute Plasmid Miniprep Kit
(Sigma-Aldrich) or the GeneJET Plasmid Miniprep Kit (Thermo Fisher Scientific) and
verified by diagnostic PCR or restriction analysis using FastDigest restriction
enzymes with FastDigest Green Buffer (Thermo Fisher Scientific) according to the
manufacturer’s instructions. Transformation of S. cerevisiae was done with the
lithium acetate/PEG/ssDNA method [59], and colonies were verified by diagnostic
PCR. Single colony isolates were obtained by three consecutive re-streaks on
selective solid medium. Yeast DNA was isolated by either boiling in 0.02 N NaOH,
the protocol described by Looke et al. [60], or the QIAGEN Blood & Cell Culture Kit
with 100/G Genomic-tips (Qiagen, Hilden, Germany) depending on the desired DNA

purity.
Plasmid and strain construction

Isolation of the Yarrowia lipolytica glycolytic genes and plasmid construction
Gene, cDNA and protein sequences of the Y. lipolytica glycolysis were obtained from
the Genome Resources for Yeast Chromosomes database (https://gryc.inra.fr). The
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genes YIPGI1, YIFBA1, YITPI1, YITDH1, YIGPM1, and YIENO1 were identified
based on sequence similarity to the S. cerevisiae glycolytic genes (Table 1). A
Yarrowia lipolytica cDNA library from strain W29 [61] kindly provided by C.-L. Flores,
was used for the cloning of glycolytic gene sequences except the genes for HXK1,
GLK1, PFK1 and PYK1, which were obtained codon-optimized for S. cerevisiae by
GeneArt Gene Synthesis (Thermo Fisher Scientific). Y. lipolytica genes were
amplified from the cDNA library using the primers listed in Supplementary Table S4A
and subsequently assembled into part plasmids using Golden Gate assembly with
the pUD565 entry vector. Subsequently the genes were assembled into
transcriptional cassettes with S. cerevisiae promotors and terminators using Golden
Gate assembly (YIFBAT1, YIPGKT) or in vivo yeast assembly (YIENO1, YIPGI1,
YITPI1, YITDH1 and YIGPMT1), used promotors and terminators are shown in
Supplementary Table S2. For both methods the backbone was obtained from
plasmid pGGKd017 [62] and S. cerevisiae promotors previously assembled onto part
plasmids (Supplementary Table S3, [15]). For in vivo assembly the pGGKd017
backbone and required S. cerevisiae promotor and terminator parts were amplified,
as well as the Y. lipolytica genes, with 60 bp homologous regions. The genes that
were synthesized codon-optimized (Y/IHXK1, YIGLK1, YIPFK1 and YIPYK1) were
assembled using Golden Gate Assembly directly with plasmid pGGKd002 and
promotor and terminator part plasmids to obtain plasmids that could be integrated in
the S. cerevisiae genome directly after linearization (Supplementary Table S3).
CRISPR-Cas9 yeast genetic engineering and construction of gRNA plasmids was
performed as described [63].

Table 1 - Yarrowia lipolytica glycolytic gene accession numbers

Gene Previously functionally Accession number
annotated GRYC
YIGLK1 [18] YALIOE15488g
YIHXKA 17 YALIOB22308g
YIPGHH No YALIOF07711g
YIPFK1 [11] YALIOD16357g
YIFBA1 No YALIOE26004g
YITPIH No YALIOF05214g
YITDH1 [64] YALIOC06369g
YIPGK1 [65] YALIOD12400g
YIGPM1 No YALIOB02728g
YIENO1 No YALIOF16819g
YIPYK1 [66] YALIOF09185g
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Similarly, to facilitate amplification of the native S. cerevisiae glycolytic gene
cassettes, these were amplified from CEN.PK113-7D with their native promotor and
terminator sequences and assembled into glycolytic expression cassettes using
golden gate assembly with dropout vector pGGKd017 (Supplementary Table S3).

Construction of a full Y. lipolytica glycolysis expression strain and Sc-glycolysis
reference strain

For strain construction Cas9 expressing background strains were used to facilitate
CRISPR/Cas9 genome editing according to [63]. An overview of the most important
genetic modifications and strain pedigree is shown in Fig. S14. To facilitate the
construction of strains expressing various combinations of Y. lipolytica and S.
cerevisiae glycolytic genes, first the seven glycolytic genes excluding the key
kinases (YIPGI1, YIFBA1, YITPI1, YITDH1, YIPGK1, YIGPM1 and YIENO2) were
integrated in the CANT locus of platform strain IMX1822 together with the S.
cerevisiae ADH1 and PDC1 genes for alcoholic fermentation. These genes were
amplified from their respective expression cassette plasmids flanked by S. cerevisiae
promotors and terminators and 60 base pair homology flanks were added during
PCR to enable in vivo assembly (primers in Supplementary Table S4B). 200-350 ng
of each repair fragment and 1 pg of gRNA plasmid pMEL13 targeting CANT was
used to transform SwYG strain IMX1822. The resulting strain was verified by
diagnostic PCR to contain all integrated genes (diagnostic primers in Supplementary
Table S4E) and named IMX2065. Subsequently the E. coli GroEL and GroES
chaperone genes were integrated in the X2 locus and the URA3 marker gene was
deleted to enable selection on uracil prototrophy. To this end gRNA plasmid
pUDR591 was constructed by Gibson assembly of the pROS13 backbone and a 2u
fragment amplified by primers containing the gRNA sequences targeting X2 and
URAS3 (primers in Supplementary Table S4F). pUDR591 was co-transformed with
the chaperone gene cassettes amplified from pUDE232 and pUDE233 and a repair
fragment for the URAS3 locus. After selection on YPD-G418, this resulted in strain
IMX2151. In this strain the Y. lipolytica glycolytic kinases YIGLK1, YIPFK1 and
YIPYK1 were integrated in the SPR3 locus by transformation of the three expression
cassettes amplified from pUDI226-pUDI228 and the gRNA plasmid pUDR596
targeting the SPR3 locus. pUDR596 was constructed by Gibson assembly of the
pROS10 plasmid backbone with a 2u fragment flanked by the SPR3 gRNA sequence
(Supplementary Table S4F). The gRNA plasmid was removed by non-selective
growth and the uracil auxotrophic strain was stocked as IMX2333.

To remove the native S. cerevisiae glycolytic genes and the AmdS marker from the
sgal locus, IMX2333 was transformed with recycle plasmid pUDE342 and a repair
fragment (counter select oligo) and selected on SM-EtOH supplemented with
fluoroacetamide to select against the presence of the AmdS marker in the sgat
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locus. After PCR verification and removal of the gRNA plasmid, the strain, which only
carries Y. lipolytica glycolytic genes, was stocked as IMX2363. This strain was
verified by whole genome sequencing. In this strain the ura3-52 locus was repaired
to generate a prototrophic strain for physiological characterization by transformation
of a URA3 gene cassette amplified from plasmid pYTK074, the correct integration of
URA3 was verified by Sanger sequencing of the amplified URA3 locus and the
resulting strain was named IMX2417.

To generate a comparable control strain with the native S. cerevisiae glycolytic
genes the E. coli GroEL/ES genes were integrated in strain IMX1821, which carries
the native glycolytic genes in the canf locus. The chaperone genes were integrated
in the X2 locus by co-transformation of gRNA plasmid pUDR547 and the GroEL/ES
expression cassettes and selection on hygromycin, leading to strain IMX2696, which
was similarly verified by diagnostic PCR.

Construction of mosaic glycolysis and single complementation strains
To verify the function of the Y. lipolytica glycolytic genes several strains with

combinations of the Y. lipolytica and S. cervevisiae glycolysis genes were
constructed. Single complementation strains expressing the YIHXK, YIGLK, YIPFK
and YIPYK were constructed by transformation of 750 ng of the plasmids pUDI225-
pUDI228, linearized by Notl digestion (FastDigest, Thermo Fisher Scientific)
according to the manufacturers protocol, to uracil auxotrophic MG strain IMX1076
[15]. The linear plasmids were integrated in the disrupted ura3-52 locus and strains
were selected on SMD medium. Integration was verified by diagnostic PCR. In the
resulting strains (IMX2047 - IMX2050) the native yeast glycolytic genes were
subsequently removed in a second round of transformation using CRISPR/Cas9.
HXK2 was deleted by transformation with pUDR371, PFK1 and PFK2 were deleted
by transformation with pUDR265 and PYK1 was deleted by transformation with the
pMEL13 backbone and the PYK7 gRNA for in vivo assembly. Cells were plated and
restreaked on YP-Ethanol supplemented with G418 to avoid selection for mutations
allowing growth on glucose. This resulted in strains IMX2061 (YIHXK
complementation), IMX2062 (YIGLK complementation), IMX2236 (YIPFK
complementation) and IMX2235 (YIPYK complementation). Strains IMX2236 and
IMX2235 were verified by whole genome sequencing.

To construct a double YIGLK-YIPYK complementation strain, YIPYK
complementation strain IMX2235 was transformed with HXK2 gRNA plasmid
pUDR371 and HXKZ2 deletion repair fragments to delete the native HXK2 gene,
generating strain IMX2812 after selection on YP-Gal supplemented with G418.
Subsequently, in this strain the YIGLK1 gene was integrated in the X2 locus by
transformation with gRNA plasmid pUDR547, targeting the X2 locus and a repair
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fragment containing the YIGLK1 gene flanked with homology flanks to the X2 locus.
After selection on YP-Gal with hygromycin, verification by PCR and restreaking the
strain was stocked as IMX2842.

To make the Sc-3K strain, the S. cerevisiae kinases ScCHXK2, ScPFK1, ScPFK2 and
ScPYKT1 and the seven Y. lipolytica genes YIPGI1, YIPGK1, YITDH1, YIENO1,
YIGPM1, YIGPM1,YIGPM1 and YITPI1, were integrated in one transformation step
in the CANT locus of SwYG strain IMX589. To this end the Y/ glycolytic gene
cassettes were amplified from the expression cassette plasmids with homology
flanks as before but with some modifications to the flanks to incorporate the S.
cerevisiae gene cassettes (primers in Supplementary Tables S4B and C). The
fragments were co-transformed with the URAS3 containing plasmid pMEL10, the
resulting strain was selected on SM-Ethanol and named IMX1751. In this strain the
native glycolytic genes were removed from the sga7 locus by transformation with the
recycle plasmid pUDE342 and selection on SM-Ethanol-fluoroacetamide, leading to
strain IMX1803, which was verified by whole genome sequencing. This strain was
subsequently transformed with a URA3 gene fragment to repair the URAS3 locus and
generate a prototrophic strain as described above, leading to strain IMX2465. To
make this strain directly comparable to the fully swapped glycolysis strain the E. coli
chaperones GroEL and GroES were integrated in the X2locus by co-transformations
of the GroEL and GroES expression cassettes and X-2 gRNA plasmid pUDR547,
leading to strain IMX2697.

Similarly a pathway with the Yarrowia lipolytica kinases YIGLK, YIPFK and YIPYK
and seven S. cerevisiae genes was designed. As background strain the E. coli
chaperones GroEL and GroES were integrated first in SwYG strain IMX589, again
by co-transformation of pUDR547 and the chaperone expression cassettes, leading
to strain IMX2694. Integration of the mosaic glycolytic pathway in this strain was
done by co-transformation of the expression cassettes with pMEL13 targeting the
CANT1 locus, selection was performed on YP-Gal supplemented with G418, this led
to strain IMX2703. Deletion of the native glycolytic genes from sgat in the same
manner described above with selection on SM-Gal-fluoroacetamide led to strain
IMX2718. In this strain the ura3 locus was repaired in the same manner described
above to obtain a uracil prototrophic strain, named IMX2733 which was also
described as the Y/-3K strain.

Finally a strain with the full Yarrowia glycolysis except the phosphofructokinase was
constructed, starting from intermediate strain IMX2151, which carries the seven
Yarrowia glycolytic genes excluding the three key kinases, and the GroES and
GroEL chaperone genes. Similar to the construction of the full Yarrowia glycolysis
strain, expression cassettes for the keypoints, YIGLK1, ScPFK1, ScPFK2, and
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YIPYK1, were integrated in the SPR3 locus. Cassettes were amplified from pUDI226
(YIGLKT), pUDE769 (ScPFK1), pUDE770 (ScPFK2) and pUDI228 (YIPYK1), and
flanks were adapted to allow in vivo assembly of these four genes in the SPR3locus.
Transformation with gRNA plasmid pUDR596 and the expression cassettes resulted
in strain IMX2164 after PCR verification and single colony isolation. From this strain
the native glycolytic genes were removed similar to described above, by co-
transformation of gRNA plasmid pUDE342 and repair fragments with homology to
the SGAT locus, resulting in strain IMX2182 after selection on SM-EtOH and
counterselection of the AmdS marker on fluoroacetamide. This strain was verified by
whole genome sequencing. To generate a prototrophic strain the URA3 marker was
repaired by transformation with the URA3 fragment amplified from pYTK074 and
selection on SM-Galactose.

Construction tps1 strain

To verify the function of pHIluorin we constructed a fps71 deletion strain in the
CEN.PK113-7D background. To enable deletion of TPS1 we constructed gRNA
plasmid pUDR626 using Gibson assembly with the pMEL13 backbone and a double
stranded TPS71 gRNA fragment (Supplementary Table S4F). This plasmid was
transformed to Cas9 expressing strain IMX581 together with a double stranded
repair fragment and selected on YP-Gal-G418 and the deletion was verified by PCR.
The resulting strain was stocked as IMX2243.

Construction of pHluorin expressing strains

To enable estimation of the intracellular pH the plasmid pYES2-Pacr-pHluorin [23],
which was kindly shared by Bas Teusink, was transformed into several uracil
auxotrophic strains (Table 2). Selection was performed in each case on SM-
Galactose or SM-Ethanol medium and presence of the plasmid was verified by
observation of fluorescence. For the single complementation strains the URA3
marker was deleted to allow transformation of this plasmid by transformation with
URA3 gRNA plasmid pUDR107 and selection on YP-galactose-hygromycin,
generating strains IMX2549-IMX2551.
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Table 2 - pHluorin expressing strains
Uracil auxotrophic strains with various genotypes were transformed with plasmid

pYES2-Pacti-pHIuorin, host and resulting strain are indicated.

Strain characteristic Uracil auxotrophic pHIuorlr!
genotype host strain expl:essmg
strain
Control strain CEN.PK113-5D IME480
Sc-Glycolysis IMX589 IME481
tps1 control strain IMX2243 IME576
Full Yl-glycolysis IMX2363 IMES77
Sc-3K strain IMX1803 IME579
YI-3K strain IMX2718 IME683
YIHXK complementation IMX2549 IME627
strain
YIGLK complementation IMX2550 IME628
strain
YIPFK complementation IMX2552 IMEG31
strain
YIPYK complementation [IMX2551 IME632
strain
Yl-glycolysis ScPFK IMX2182 IME609

Growth rate and lag phase determination and adaptive evolution

Growth profiler

For growth rate and lag phase measurements growth cultures were grown at 30 °C
and 250 rpm using a Growth Profiler 960 (EnzyScreen BV, Heemstede, The
Netherlands). Strains were inoculated from glycerol freezer stocks and grown
overnight in 10 mL YP-Gal medium in shake flask. These cultures were transferred
to 20 mL SM-Gal medium which was grown until mid-exponential growth. From this
culture cells were re-suspended in SM without added carbon source and inoculated
in 96-well square-well microtiter plates (EnzyScreen, type CR1496d| or CR1496dg),
pre-filled with appropriate media, with final working volumes of 250 pL to a starting
ODesso of 0.2. Microtiter plates were closed with a sandwich cover (EnzyScreen, type
CR1296). Images of cultures were made at 20 minute intervals. Green values for
each well were corrected for the position in the plate using measurements of a
culture of ODsso of 5 of control strain CEN.PK113-7D. Corrected green values were
converted to OD-values based on calibration measurements with the control strain
CEN.PK113-7D, fitted with the following equation: OD-equivalent = axGV(t) +
bxGV(t)¢ - d in which GV(t) is the corrected green-value measured in a well at time
point ‘1. This resulted in curves with the following values for a, b, ¢ and d: 0.07742;
1.662*107; 3.624; -1.615 for plates of the CR1496dl type, and 0.09622; 5.968*10°¢;
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3.254; -0.7939 for plates of the CR1496dg type. Growth rates were calculated in a
time frame where the calculated OD was between 1 and 10 in which OD doubled at
least twice except for the low glucose experiments (Fig. 6B), where cell-densities
remained low. Linear regression of the log-transformed OD data versus time was
used to determine the growth rate.

Shake flask growth characterization

Growth rates and extracellular metabolite consumption and production were
estimated from duplicate 100 mL shake flask cultures on SMD-urea. ODsso Was
measured on a JENWAY 7200 spectrophotometer (Cole-Parmer, Stone, UK). Wake-
up cultures were inoculated in 10 mL YP-Gal medium and grown overnight, from
there pre-cultures were inoculated in 20 mL SMD and grown until exponential phase
and transferred to SMD-urea. Samples were taken and ODeso was measured and 1
mL samples were centrifuged for 5 min at 20000g for extracellular metabolite
determination. The supernatants were analysed using an Aminex HPX-87 ion-
exchange column operated at a 60°C and a flow rate of 0.6 mL/min with 5 mM
H2SO4 as mobile phase (Agilent). Biomass dry weights were estimated from a
correlation with dry weights measured on filters with pore-size 0.45 um as described
previously [54]. Growth rates were determined by linear regression on log-linear
ODesso data over at least six consecutive points, over which the optical density
doubled twice. The optimal range was chosen by maximization of the R2. Molar
yields were estimated as the slope of the product concentration versus glucose
concentration during the exponential phase. The specific substrate uptake rate was
estimated by dividing the growth rate with the biomass yield on glucose. Specific
ethanol production was estimated by multiplying the molar yield with the specific
glucose uptake rate.

Shake flask adaptive evolution

Tests for adaptation on glucose medium of strains IMX2417, IMX2733 and IMX2062
were performed in shake flasks. Pre-cultures were inoculated in 20 mL non-selective
YP-Gal medium and grown overnight. From there cultures were transferred to 20 mL
SM-Gal and grown until exponential phase. Exponential SM-Gal cultures were
inoculated in triplicate 100 mL SMD cultures to a starting ODeso of 0.2. After growth
on glucose containing medium cultures were transferred to 100 mL SM-Gal cultures,
again to a starting ODeeo of 0.2. After growth on SM-Gal cultures were re-inoculated
at ODeso 0.2 on SMD medium to verify whether a lag phase was still present. From
each of these SMD cultures single colonies were isolated by triplicate restreaking on
solid SMD medium. A single isolate of each of the three shake flasks was stocked
for each experiment, resulting in strains IMS1203, IMS1204 and IMS1205 from
IMX2417; IMS1207, IMS1208 and IMS1209 from IMX2733 and IMS1218, IMS1219
and IMS1220 from IMX2062.
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Sequencing

High quality genomic DNA was isolated with the QIAGEN Blood & Cell Culture Kit
with 100/G Genomic-tips (Qiagen) from strains IMX2363, IMX2182, IMX1803,
IMX2063 and IMX2064 and sequenced in-house using an lllumina MiSeq Sequencer
(Nlumina, San Diego, CA) as described previously [67, 68]. For IMS1202, IMS1203
and IMS1204 DNA was obtained in the same manner but sequenced at NovoGene
(NovoGene, Leiden, The Netherlands).

A de novo assembled reference genome was previously constructed for IMX589
(auxothrophic SwYG) using MinlON and Miseq data. Using the Burrows-Wheeler
Alignment (BWA) Tool [69] (version 0.7.15), sequencing data of SwYG-derived
strains (IMX2363, IMX2182, IMX1803, IMS1202, IMS1203 and IMS1204) was
aligned to the IMX589 reference genome and sequencing data of all strains was
additionally aligned to a CEN.PK113-7D reference [70]. The data was further
processed using SAMTools [69] (version 1.3.1) and single nucleotide polymorphisms
(SNPs) were determined using Pilon (with -vcf setting; version 1.18)) [71]. The
BWA.bam output file was visualized using the Integrative Genomics Viewer (version
2.4.0) [72], and copy numbers were estimated using Magnolya (version 0.15) [73].
SNPs were compared between previously obtained sequencing data of parental
SwYG strains IMX589 and IMX605 [13] and the SwYG-derived strains to verify the
absence of mutations during strain construction and between the unevolved Y-
Glycolysis strain IMX2363 and evolved strains IMS1202, IMS1203 and IMS1204 to
find mutations after growth on glucose (Fig. 3C and D). Sanger sequencing was
performed at Baseclear BV (Baseclear, Leiden, The Netherlands) and Macrogen
(Macrogen Europe, Amsterdam, The Netherlands). PCR amplified fragments of the
YIGLK1 gene were sequenced from Y/-3K strains IMS1207, IMS1208 and IMS1209
and YIGLK complementation strains IMS1218, IMS1219 and IMS1220 with the
primers listed in Supplementary Table S4E.

pHluorin pHi determinations

pHIluorin pHi response was verified by measurement of the fluorescence signal in
control strain IME480 after permeabilization by incubation with digitonin in Citrate-
Na2PO4 buffers with known pH, as in [23] in a TECAN infinite M200 Pro microtiter
plate reader (TECAN, Mannedorf, Switzerland) (Supplementary Fig. S1). Flow
cytometry for pHIuorin fluorescence ratios was performed on a BD FACSCelesta
(Becton Dickinson Biosciences, Breda, The Netherlands). Excitation was by a 405-
nm laser (Violet) and a 488-nm laser (Blue) and emission was detected through BD
Horizon Brilliant Violet 510 (525/50 nm) filter and a BD Horizon Brilliant Blue 515,
FITC (530/30 nm) filter, FlowJo™ v10 (BD Biosciences) was used to analyze and
visualize FACS data. pHluorin expressing strains and the CEN.PK113-7D non-
fluorescent control strain were inoculated from freezer stocks in SM-Gal medium.
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These cultures were transferred to 15 mL SM-Gal which was grown overnight to mid-
exponential phase. Exponential cultures were harvested by centrifugation at 5000 g
and washed in 10 mL SM without C-source. Cultures were diluted to an ODeso of 0.5
and 260 uL aliquots were placed in round bottom 96-well microtiter plates. Glucose
or galactose was added to a final concentration of 20 g L. For the time-course
measurements there aws approximately 1 minute between addition of sugar and
start of the measurement. The control strains IME480 and IME481 and the tps1A
strain IME576 were first tested for their pHi response (Supplementary Fig. S1). At
least 20000 events were measured for each condition, fluorescent cells were gated
based on fluorescence in both channels by comparing with the non-fluorescent
control strain. Events on the edges (maximum detectable fluorescence) were
removed to avoid skewing the ratio. Settings and voltages were kept the same for alll
experiments to verify reproducible ratio’s.

Cell free extract preparation and enzyme assays

S. cerevisiae samples for enzyme activity determinations were prepared as
previously described [74], from exponentially growing cultures (approx. 62 mg dry
weight per sample) from shake flask. For Yarrowia lipolytica (Supplementary Fig.
S13) a similar procedure was followed but approximately double the amount of
biomass was sampled (based on ODseo). All determinations were performed at 30°C
and 340 nm (eNAD(P)H at 340 nm/6.33 mM"). Glycolytic Vimax enzyme activities were
determined in 1 mL reaction volume in 2 mL cuvettes, using a Hitachi model 100-60
spectrophotometer, using previously described assays [75], except for
phosphofructokinase activity which was determined according to Cruz et al.[76]. Y.
lipolytica glucokinase activity was assayed with increased glucose and ATP
concentrations in strains IMX2417, IMX2733, IMS1202, IMS1203, IMS1204,
IMS1207, IMS1208 and IMS1209 (Supplementary Fig. S5). The reported data are
based on at least two independent biological replicate samples, with at least two
analytic replicates per sample per assay with different cell free extract concentrations
except the measurements at higher ATP concentrations (where no effect was seen).
The protein concentration was determined using the Lowry method with bovine
serum albumin as a standard [77]. Enzyme activities are expressed as pmol
substrate converted (mg protein)' min-'.

Kinetic modelling of glycolysis

The kinetic model of yeast glycolysis of Van Heerden et al. [21] was obtained from
Jij-bio.vu.nl/models/vanheerden1 and imported as a system of ordinary differential
equations in Python using PySceS [78]. The system of ODE’s was solved using the
solve_ivp function in Python 3.6. Adaptations to the rate equations were made as
follows. Removal of trehalose-6-phosphate inhibition of hexokinase was performed
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G6P
Ki.ceP
inhibition is modelled as G6P inhibition. ATP inhibition of phosphofructokinase was
removed by changing parameter Ci,ATP from 100 to 1. AMP activation of PFK was
removed by changing parameter Ci,AMP from 0.0845 to 1. Fructose-2,6-

bisphosphate activation of PFK was 0.02 to 0.1. Fructose-1,6-bisphosphate
F16bP

Km,F16bP

by removing the G6P inhibition term in the hexokinase rate equation, since T6P

from

activation on PYK was removed by removing the F1,6bP activation term
the pyruvate kinase rate equation.

The various model configurations were solved with initial phosphate and FBP
concentrations ranging between 0 and 20 and 0 and 5 respectively. 100 different
concentrations were run for each metabolite, resulting in 10,000 initial conditions for
each model configuration. Steady state was evaluated after 100 minutes by checking
if the FBP concentration changed more than 1% of its original initial concentration
over the last 5 simulated time points.
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Figure S1 - Verification of pHluorin function.
Expression of pHIuorin and its response to pH changes were verified. A) Strain IME480, a reference strain

expressing pHluorin was incubated in presence of digitonin to permeate the cell membrane in Citrate-
Na2POs buffers of known pH. The ratio of fluorescence intensity at 512 nm after excitation at 405 and 470
nm was determined. Triplicate wells were measured for each pH, mean and standard deviation are shown
and a cubic trendline is plotted through the points. The horizontal line represents the signal measured in
non-permeabilized cells in SM, grey lines indicate the standard deviation. B)-D) pHluorin signal in the
fluorescent population of control strain IME480 (CEN.PK113-5D background), IME481 (SwYG, Sc-
Glycolysis background) and IME576 (CEN.PK113-5D tps1A background) as measured by flow cytometry
after incubation without C-source addition (red) or with galactose (blue) or glucose (orange) in duplicate
experiments. The ratio between the fluorescence excitation at 510 and 515 nm after excitation at 405 and
488 respectively is shown. Time of incubation (with or without C-source) is indicated. The control and
SwYG (Sc-Glycolysis) strains behaved as expected, with an increase in the pH; signal after sugar addition.
The tps1A strain shows as strong decrease in the pHIluorin signal upon glucose but not galactose addition,
corresponding to previously published data. E) and F) Response of the pHluorin signal directly after
addition of glucose or galactose in the IME481 (Sc-Glycolysis control) and IME576 (tps1A) strains. Again
an immediate and sharp decrease in signal is seen for the tps1A strain upon glucose addition, while the
addition of galactose leads to an increase in the signal.
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Figure S2 - pHluorin responses of the YI/-Glycolysis and mosaic glycolysis strains.

A)-D) pHluorin signal in the fluorescent population of strains IME577, IME683, IME609 and IME579 which
express different combinations of Yarrowia glycolytic enzymes after incubation without C-source addition
(red) or with galactose (blue) or glucose (orange) in duplicate experiments. Time of incubation (with or
without C-source) is indicated. E)-G) Response of the pHIuorin signal directly after addition of glucose or
galactose in the IME683, IME609 and IMES79 strains.

TinEis) 700 100

190



Chapter 4: Transplanting the Yarrowia lipolytica glycolytic pathway into S. cerevisiae
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Figure S3 - Repeated transfer in glucose medium.
To determine whether adaptation to glucose medium was genetic or not strains were pre-grown on SM-

Galactose liquid medium, then transferred to glucose in three independent cultures (indicated with 1,2,3,)
at a starting ODeeo of 0.2, after growth was observed these cultures were re-inoculated to non-selective
SM-Galactose medium and after growth re-inoculated in glucose medium. After the final glucose cultures
single colony isolates were checked for mutations. A) IMX2062 ( Y/Glk complementation strain) showed a
similar short lag phase when inoculated to a glucose culture for the second time, isolates IMS1218,
IMS1219 and IMS1220 did not show mutations in the YIGLK gene. B) IMX2417 (YI-Glycolysis strain)
showed a lag phase on the first glucose culture of approximately 70 hours, consistent with that observed
in Growth Profiler cultures. The second glucose culture appeared to start growth immediately and the Y.
lipolytica glucokinase gene was mutated in all three resulting single colony isolates (see also Fig. 3C) C)
IMX2733 (YI-3K strain) similarly showed immediate growth in the second glucose culture and mutations
the YIGLK gene were observed in each resulting single colony isolate.
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Strain Mutated Corresponding

Percentage identity/similarity residue  tesidue

Protein | ScGlk KIGIk vIGIk KIGIK ScGlk
YIGlk 39.9%/57.4% | 40.7%/57.7% IMS1204 (VIGly)  F30 F31 F39

Scelk 60.8%/74.5% IMS1202 (YIGly)  H86 Ho3 H102

IMS1209 (YI3K) G270 G275 G291
IMS1203 (YIGly) w284 Y289 Y305
IMS1207 (VI3K) ~ A394 A392 A413
IMS1208 (YI3K)  A471 A473 A494

C K. lactis glucokinase D S. cerevisiae glucokinase

N-terminus N-terminus =~

A473

Figure S4 - Location of glucokinase mutations.
No crystal structure is currently available for the Yarrowia lipolytica glucokinase (YIGlk), this enzyme does

however share similarity to the Kluyveromyces lactis and S. cerevisiae glucokinases (KIGlk and ScGlk)
for which crystal structures are available. A) Table showing percentages identity and similarity as
determined by global pairwise alignment of the protein sequences (EMBOSS Needle). B) Comparison of
the protein sequences shows the mutations found in this study occurred mostly in conserved amino acid
residues which have a corresponding residue in each of the glucokinases. C) and D) Residues
corresponding to those mutated in the YIGlk shown in the KIGIk and ScGlk crystal structures. In green
those found in the mutants of the Y/-glycolysis strain and in red those found in the mutants of the Y/-3K
strain. Mutations are spread over the different domains and are not directly in the active site. PDB
identifiers and source of structure KIGlk: 6R2N from [79], ScGlk: 6p4x [80].
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Figure S5 - Characterization of glucokinase mutants.
A) The glucokinase activity of the evolved isolates derived from Y/-Glycolysis strain IMX2417 (IMS1202-

IMS1204) was determined at different glucose and ATP concentrations. The standard concentrations
used were 10 mM glucose and 1 mM ATP. Increasing the glucose concentration to 20 and 50 mM
increased activity of mutants YIGIk"?%¢ and YIGIK™, but not the native enzyme or mutant YIGIK"8P
suggesting an increased Km giucose for those two mutants. B) Increasing the glucose or ATP concentration
did not increase the activity of the YIGIk mutants derived from strain IMX2733 (Y/-3K strain). Mean and
SEM is shown for duplicate measurements except the increased ATP measurements of the IMX2733
strains which were measured in only one replicate.
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Figure S6 - Characterization of evolved isolates of the YI-Glycolysis and Y/-3K strains.
The evolved isolates of the Y/-Glycolysis and Y/-3K strains and the control Sc-Glycolysis strain were

grown on glucose minimal medium with urea to prevent acidification. A)-G) ODsso and metabolite profiles
over time of duplicate cultures of each strain. H)-M) Estimations of growth rate, biomass yield, glucose
uptake rate and ethanol, glycerol and acetate production rates based on the measured metabolite profiles,
mean and SEM are shown significant differences to control strain IMX2696 indicated by * (T.Test,
homoscedastic, unpaired P<0.05). N) Estimated degree of saturation of the hexokinase/glucokinase
reaction based on the highest measured activities (Supplementary Fig. S5) and the glucose uptake rate
(ggu) estimated for each strain. Error bars indicate summed relative standard deviation for both
measurements.
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Figure S7 - Characterization of glucokinase and hexokinase complementation strains.
The complementation strains expressing the Y/GLK and YIGLK genes and the control Minimal Glycolysis

strain were grown on glucose minimal medium to measure growth rate, glucose uptake and ethanol
production. A)-C) ODsso and metabolite profiles over time of duplicate cultures of each strain. D)-l)
Estimations of growth rate, biomass yield, glucose uptake rate and ethanol, glycerol and acetate
production rates based on the measured metabolite profiles, mean and SEM are shown, significant

differences to control strain IMX372 indicated by *

(T.Test, homoscedastic, unpaired P<0.05).
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Figure S8 - pHluorin response of single complementation strains.

A)-D) pHluorin signal in the fluorescent population of strains IME628, IME627, IME631 and IME632 which
express different single Yarrowia glycolytic enzymes after incubation without C-source addition (red) or
with galactose (blue) or glucose (orange) in duplicate experiments. Time of incubation (with or without C-
source) is indicated. E)-G) Response of the pHluorin signal directly after addition of glucose or galactose

in the IME628, IME631 and IMEG27 strains.
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Figure S9 - Growth rate and lag phase of YI-Glycolysis strain with ScPfk.
A) Growth rates measured in the growth profiler on galactose, glucose and ethanol for strain IMX2734,

expressing the Yarrowia lipolytica glycolysis except phosphofructokinase, for which it has the ScPFK
genes and control strain IMX2696 (Sc-Glycolysis, IMX2696). B) Growth on glucose was only observed
after a lag phase of up to 75 hours similar to the Y/-Glycolysis strain. Mean and SEM of triplicates are
shown, * indicates significant difference (T.Test, homoscedastic, unpaired, P<0.05).
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Figure S10 - Predicted metabolite time courses.
The model results were reproduced for a ‘wt’ and a {ps1 deletion mutant. A) and B) Division between

balanced and imbalanced states in the wildtype and tps7 models. With red showing the imbalanced state
and white steady state. C) Predicted flux through the pyruvate kinase in the balanced state for both model
types. D)-H) Predicted metabolite time courses for the first six minutes with various model configurations.
Imbalanced starting concentrations of FBP and Phosphate were chosen (FBP:: 0.836 mM, Phosi: 5.0
mM). Time courses show similar behaviour for all imbalanced systems, with accumulation of FBP and
depletion of phosphate. For the wildtype a steady state is reached with these initial conditions after ~50
minutes.
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Figure S11 - Combinatorial effects of removing regulation in a mathematical model of glycolysis.
The outcome of the glycolytic model is shown as a function of the initial concentrations of F1,6bP and

phosphate, with dark blue indicating an imbalanced outcome and white a balanced steady state. In the
bottom left the situation in the unmodified control model is shown, the same initial concentrations were
tested for all model configurations. In plots 1-5 the effect on the model outcome of removal of single
allosteric regulations is shown similar to Figure 6A. In the plots below combinatorial removal of two
regulations is shown, with one removed in each row. Overall combinatorial removal was detrimental to
stability, with the exception of removing AMP activation of PFK, which is also stabilizing on its own.
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Figure S12 - Characterization of strains on different glucose concentrations and at high pH.
A) and B) Growth rates and lag-times determined by growth in the growth profiler of the Y/-glycolysis and

YI-3K strains and the control Sc-Glycolysis strain on galactose and at various glucose concentrations. C)
and D) Growth rates of the YI-Glycolysis and Y/-3K and Sc-3K strains in normal pH (6.0) and high pH
(7.5) media to check the presence of a growth defect from dysfunction of the moonlighting function of
yeast aldolase. Growth rates and lag-times were largely unaffected by the increased pH for the strains
expressing Y. lipolytica glycolytic genes.
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Figure S13 - Glycolytic activities in Yarrowia lipolytica.
Activity of glycolytic enzymes in Yarrowia lipolytica extracts. A) In vitro measured activities for two

Yarrowia lipolytica strains, W29 a wildtype strain and laboratory strain CJM246 (PO1a). Activities of the
S. cerevisiae strains IMX2696 and IMX2417 expressing the Yarrowia enzymes are shown for comparison.
All glycolytic enzyme activities are significantly lower in Y. lipolytica. B) Separation of the glucokinase and
hexokinase activities, based on measurements of the glucose and fructose phosphorylation activity,
assuming a fructose/glucose phosphorylation ratio of 1.4 for hexokinase and an absence of glucokinase
activity on fructose [18]. Glucokinase was the major isoenzyme in Y. lipolytica as expected, accounting
for 66 and 71% of glucose phosphorylation activity in the W29 and CJM246 respectively.
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Figure S14 - Overview of strain construction.

A) Overview of strain construction leading to the most important single locus glycolysis strains. Each step
signifies a round of transformation and selection and a genetic modification. The construction of IMX589,
IMX1821 and IMX1822 is described elsewhere [13, 15]. B) Overview of the main genetic loci in the key
strains, S. cerevisiae genes are indicated in black and grey, Yarrowia lipolytica genes in blue, bacterial
genes in green.

Table S1-S4
Supplementary tables S1-S4 can be found in the supplementary materials file at the

data.4TU repository via: https://figshare.com/s/29c7f3dac3e16c4f4d97.
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Abstract

Synthetic Genomics focuses on the construction of rationally designed
chromosomes and genomes and offers novel approaches to study biology and to
construct synthetic cell factories. Currently, progress in Synthetic Genomics is
hindered by the inability to synthesize DNA molecules longer than a few hundred
base pairs, while the size of the smallest genome of a self-replicating cell
is several hundred thousand base pairs. Methods to assemble small fragments of
DNA into large molecules are therefore required. Remarkably powerful at
assembling DNA molecules, the unicellular eukaryote Saccharomyces
cerevisiaehas been pivotal in the establishment of  Synthetic
Genomics. Instrumental in the assembly of entire genomes of various organisms in
the past decade, the S. cerevisiae genome foundry has a key role to play in future
Synthetic Genomics developments.
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Introduction

Synthetic Genomics (SG) is a recent Synthetic Biology discipline that focuses on the
construction of rationally designed chromosomes and genomes. SG offers a novel
approach to address fundamental biological questions by restructuring, recoding,
and minimizing (parts of) genomes (as recently reviewed by [1]). SG is now spurring
technological developments in academia and has a strong future potential in industry
[2, 3]). Humankind’s best microbial friend, the baker's yeast Saccharomyces
cerevisiae, has played, and continues to play a key role in SG advances, both by
enabling the construction of chromosomes for other hosts, and in the refactoring of
its own genome. This mini review explores the reasons for this strategic positioning
of S. cerevisiae in SG, surveys the main achievements enabled by this yeast and
reflects on future developments.

Current limitations of genome assembly

While small-sized viral chromosomes were the first to be chemically synthetized, the
breakthrough in the field of SG came with the synthesis and assembly of the 592
kilobase (kb) chromosome of Mycoplasma genitalium [4, 5]. The unicellular
eukaryote Saccharomyces cerevisiae has made a key contribution to this famous
milestone. To understand how this microbe, commonly used in food and beverages,
contributes to the assembly of synthetic genomes, let us recapitulate how synthetic
chromosomes can be constructed (Fig. 1).

It starts with the customized synthesis of short DNA molecules called
oligonucleotides. Oligonucleotides are mostly synthetized via phosphoramidite
chemistry, a 40 year-old method [6] that, despite decades of technological
developments, struggles to deliver error-free oligonucleotides longer than 200 base
pairs (bp). While the implementation of microarrays has substantially decreased the
synthesis cost, it has not increased oligo length, an achievement that requires new
synthesis methods [7]. Enzymatic alternatives for DNA synthesis are under
development [8, 9], but still have considerable shortcomings regarding automation
and scalability that must be overcome before commercial scale can be considered
(reviewed in [10-13]). Considering that a theoretical minimal genome would be
around 113 kb long [14] and that the first fully synthesized genome of M. genitalium
contains 583 kb [4], thousands of oligos must be stitched together to construct a
complete synthetic genome. These DNA oligos can be assembled into longer DNA
fragments owing to a plethora of in vitro methods (reviewed in [11, 15, 16]). A method
that has gained tremendous popularity since its development is the homology-based
Gibson isothermal assembly [17], devised to assemble the M. genitalium genome.
As all in vitro methods, Gibson assembly is limited by the number of fragments that
can reliably be stitched together in one reaction, usually around a dozen, requiring a
stepwise assembly procedure of increasingly large genomic DNA constructs [18].
DNA must be recovered from the reaction, amplified and verified in each round, to
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allow further processing. Selection and amplification of correctly cloned DNA is
routinely performed in Escherichia coli, however, maintenance of large constructs of
exogenous DNA, especially from prokaryotic origins, in this bacterium is often limited
by expression and toxicity of gene products [19]. In vitro alternatives for efficient and
faithful selection and amplification of correctly assembled DNA are under
development, but these are currently limited in length of amplified DNA and
scalability [20-23]. While in principle stepwise in vifro assembly can lead to a DNA
molecule of any size, and selection and amplification in E. coli worked well for DNA
constructs up to 72 kb, E. coli had great difficulties maintaining quarter M. genitalium
genomes, causing Gibson and colleagues to turn to baker’s yeast [4, 5].
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Figure 1- In vivo and in vitro approaches for DNA assembly in synthetic genomics.
A) Simplified overview of chromosome construction using Saccharomyces cerevisiae for genome

assembly and production. B) Strengths and weaknesses of in vitro and in vivo assembly methods. (")
Assembly of fragments in B. subtilis is performed by integration into the host genome, @ Between rounds
of sequential assembly, transformation into E. coli is conventional for selection and amplification of
constructs. ® Requires in vivo amplification and selection in a microbial host.
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Saccharomyces cerevisiae as a genome foundry

S. cerevisiae seems a logical host for SG as it naturally maintains a 12 Mb genome
consisting of 16 chromosomes ranging from 230 to 1500 kb in its haploid version,
lives as polyploid in natural environments, and is extremely robust to changes in
genome content and architecture [24]. The extreme robustness of S. cerevisiae to
supernumerary, chimeric chromosomes, a key feature for SG, was already
demonstrated in the late ‘80s [25, 26]. A second key feature of S. cerevisiae is its
preference for homologous recombination (HR) to repair double-strand DNA
breaks[27], a rare trait among eukaryotes. S. cerevisiae ability to efficiently and with
high fidelity stitch together linear DNA molecules that present homologous regions
as short as 40 bp [28] at their ends, was rapidly valorized for genetic manipulations
and assembly of heterologous DNA. Recently renamed in vivo (or in yeasto)
assembly, this cloning technique (Fig. 1) contributes to the remarkable genetic
tractability and popularity of S. cerevisiae as model and industrial microbe [17, 29].
The combination of S. cerevisiae's HR efficiency and fidelity, chromosome
maintenance and propagation enabled the construction of the full Mycoplasma
genome. Reflecting that “in the future, it may be advantageous to make greater use
of yeast recombination to assemble chromosomes”, this study propelled S.
cerevisiae as powerful ‘genome foundry’ [4]. In the challenge to synthesize
genomes, Ostrov and colleagues rightfully identified assembly of these long DNA
constructs as ‘the most critical hurdle’ [10]. To date, S. cerevisiae has been key to
assembling entire or partial genomes in most synthetic genome projects (Table 1).
For instance, the entire 785 kb refactored Caulobacter crescentus (renamed C.
ethensis) genome was assembled in vivo from 16 fragments [30], while the recoded
E. coli genome was split over 10 fragments of 91 to 136 kb individually assembled
in yeast, and then sequentially integrated in the E. colichromosome to replace native
segments [31] (Table 1). In vivo assembly also proved to be powerful in assembling
and modifying genomes of organisms that are poorly amenable to genome editing;
the rapid and faithful HR-based assembly of S. cerevisiae recently enabled the
reconstruction of a synthetic SARS-CoV-2 genome in a single week [32], and has
been shown to be a promising host for in vivo assembly and modification of other
viral genomes [33] as well as the genomes of various pathogens [34] and even a
101 kb human gene, which was transplanted into mouse embryonic cells [35] (Table
1). Moreover, S. cerevisiae was selected for the construction of the first synthetic
eukaryotic genome. The international Sc2.0 consortium, spearheaded by Jef Boeke,
undertook less than ten years ago the daunting task of synthesizing recoded
versions of the 16 yeast chromosomes. Via stepwise, systematic replacement of 30
to 40 kb (using ca. 12 DNA fragments of 2 to 4 kb) of the native yeast sequence, the
consortium is close to the completion of the largest synthetic genome to date [36,
37], with the ambition to reshape and minimize the S. cerevisiae genome [38].
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While S. cerevisiae is not the only microbial host available for the construction of
(neo)chromosomes (Fig. 1), several key features make it superior to its bacterial
alternatives Bacillus subtilis and E. coli as genome foundry: i) S. cerevisiae has the
natural ability to carry large amounts of DNA and therefore to host multiple
exogenous bacterial genomes [34]; ii) E. colifrequently struggles with toxicity caused
by the expression of exogenous bacterial sequences [5, 19, 39], while S. cerevisiae
is very robust to the presence of heterologous DNA from prokaryotic or eukaryotic
origin [40]; iii) S. cerevisiae can, in a single transformation, assemble many DNA
oligonucleotides into (partial)genomes. B. subtilis can also maintain large exogenous
DNA constructs, but requires a stepwise method for DNA assembly, in which each
DNA part is integrated sequentially into B. subtilis genome [41]. This approach is
intrinsically more labor-intensive and time-consuming than S. cerevisiae single
transformation assembly.

Surprised by S. cerevisiae genetic tractability, Gibson and colleagues wondered
“how many pieces can be assembled in yeast in a single step?”[4]. Pioneering a SG
approach for metabolic engineering based on modular, specialized synthetic
chromosomes, Postma et al. probed this limit recently in our lab by constructing 100
kb artificial linear and circular neochromosomes from 44 DNA parts in a single
transformation[42, 43]. The remarkable efficiency of in vivo assembly (36% of
assemblies faithful to design) revealed that its limit has clearly not been reached yet,
and that future systematic studies are required to evaluate the true potential of S.
cerevisiae as a genome foundry. The supernumerary chromosomes were shown to
stably maintain complete heterologous pathways as well as the yeast’'s central
carbon metabolism, underlining the potential of yeast synthetic genomics in the
development of optimized cell-factories. Once assembled, synthetic chromosomes
could be easily edited in S. cerevisiae thanks to its efficient HR and rich molecular
toolbox.

Challenges in genome assembly using yeast

While S. cerevisiae is natively proficient for SG, several aspects of ‘in yeasto’
assembly are still far from optimal. Firstly, compared to bacterial alternatives, S.
cerevisiae cells grow slowly with a maximum specific growth rate around 0.4 - 0.5 h-
" and are hard to disrupt due to their sturdy cell wall. Considering that large DNA
constructs above a few hundred kilobases are sensitive to shear stress,
chromosome extraction and purification from S. cerevisiae is possible, but remains
tenuous and inefficient, leading to low DNA yields and potentially damaged
chromosomes [44]. Secondly, the strength of S. cerevisiae can become its
weakness, as the HR machinery can be overzealous and recombine any (short) DNA
sequence with homology within or between the (neo)chromosomes, which may lead
to misassemblies. Lastly, non-homologous end joining and microhomology-
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mediated end joining, DNA repair mechanisms that assemble pieces of DNA with no
or minimal homology, are present in S. cerevisiae with low activity [45, 46], and can
also cause misassemblies. Similar to how E. coli was engineered to become a lab
tool for DNA ampilification, these shortcomings could be alleviated by engineering S.
cerevisiae into a more powerful genome foundry.

Are there future alternatives to S. cerevisiae? Naturally, B. subtilis and E. coli could
also be engineered. However, considering the minute fraction of the vast microbial
biodiversity that has been tested for genetic accessibility and DNA assembly, it is
likely that microbes yet to be discovered are even better genome foundries.
Environments causing extreme DNA damage (high radiation, toxic chemicals, etc.)
might be a source of HR-proficient organisms (e.g. [47, 48]) better suited for SG.

In a more distant future, in vitro alternatives might replace the need for live DNA
foundries altogether, thereby accelerating and simplifying genome construction.
However, this will require major technological advances in in vitro DNA assembly
and amplification. Already substantial efforts have led to the development of
methods for DNA amplification, such as rolling circle amplification by the phage 929
DNA polymerase [49, 50], recently implemented for the amplification of a 116 kb
multipartite genome [20] and the in vitro amplification of synthetic genomes using
the E. coli replisome, which already demonstrated to be capable of amplification of
1Mb synthetic genomes [22]. Targets for improvement of these methods are the
maximal length of amplified DNA fragments, the yield of amplification, the need for
restriction of the amplified, concatenated molecules or the formation of non-
specifically amplified products. The development of an in vitro approach that can
parallel S. cerevisiae in vivo assembly capability seems even more challenging.
While an interesting avenue might be to transplant S. cerevisiae HR DNA repair in
vitro, it presents a daunting task considering that all players and their respective role
have not been fully elucidated yet [46, 51]. Still, considering that highly complex
systems such as the transcription and translation machineries have been
successfully implemented in vitro and are commercially available [52], cell-free S.
cerevisiae HR might become a reality in the coming years.

Outlook

Since the first genome synthesis in 2008, relatively few genomes have been
synthetized. Low-cost, customizable construction of designer genomes, currently
accessible for small viral, organellar or bacterial constructs, is still out of reach for
large (eukaryotic) genomes. There are still numerous technical, financial, and
computational hurdles that must be overcome on the road to microbial designer
genomes, tailored to applications in bio-based industry. Here we reviewed why the
yeast S. cerevisiae is a key organism in the field of SG, however, the spectrum of
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available hosts is expected to increase as research in SG advances. For example,
a recent study shows improving the HR capacity of the industrially relevant yeast
Yarrowia lipolytica could greatly expand the potential applications of SG in bio-based
processes [53].

In the near future, SG is anticipated to contribute to various fields, such as a platform
technology for industrial biotechnological processes [3, 43], as a new means for data
storage [54] and for the development of new cell therapies and other medical
applications, which is the ambition of the Genome Project-Write [55]. In parallel,
worldwide bottom-up approaches endeavor to construct synthetic cells from scratch,
such as the European consortia BaSyC (http://www.basyc.nl), MaxSynBio
(https://www.maxsynbio.mpg.de) and the  Synthetic  cell initiative
(http://www.syntheticcell.eu) and the US-based Build-a-cell initiative
(http:/buildacell.io) (reviewed in [56]). Looking further ahead, SG may even assist in
understanding and engineering entire ecosystems by assembly of a metagenomes
in a single cell [57]. SG, albeit still in its infancy and mostly limited to academic
research, has bright days ahead, and S. cerevisiae is foreseen to remain a valuable,
if not indispensable, SG tool for the coming decade.
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Table 1 - Overview of the contribution of S. cerevisiae in synthetic genomics by the assembly of
large (>100 kb) DNA constructs.
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transfor transform

Donor DNA med ed Aim of yeast assembly
fragme fragments
ntS‘ 1,2

Assembly and modification of
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nucleopolyhedro o
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Assembly and modification of
Qytomegalovirus 3 116 kb 230 kb viral gelnor.ne, 'transfectior? and [60]
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Assembly of synthetic M.
Mycoplasma 6 Up to 144 592 kb genitalium genome which [4]
genitalium kb could not be stably maintained
in E. coll.
Assembly of synthetic M.
Mygop{asma o5 1735 kb 592 kb genitalium genome from short [5]
genitalium fragments, exploring assembly
capacity in yeast.
Assembly of synthetic M.
mycoides genome,
Mycoplasma 11 100 kb 1 Mb transplantation to g re0|p|enF [61]
o | mycoides cell to create the first bacterial
Q
s cell controlled by a
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. 2 826 kb = pneumonia genome to allow
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the genome.
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genomes in yeast.
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Assembly of a synthetic
H HPRT1 h HRPT1
uman 13 383kb | 125kp umanHRPTIgeneand .o
gene transplantation and expression
E in mammalian cells.
S |t o
40 K 254 ki 4
storage ° 0 kb S4kb containing data-encoded DNA [54]
chromosome .
for digital data storage.

"In case of a sequential assembly, the fragment number and size of the last assembly is used
2 Short backbones containing regulatory elements such as CEN/ARS and markers not included
3 Initial assembly of the entire genome failed due to gene toxicity

* Assembly was performed by stepwise integration in multiple rounds
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In this thesis, swapping of the glycolytic pathway in Saccharomyces cerevisiae was
used to study different aspects of this essential and central pathway. In Chapter 2
the phenotypic and transcriptional impact of a relocated glycolytic pathway was
characterized in the original platform strain for pathway swapping, which served as
a basis for the other chapters. Co-localization of genes belonging to a single pathway
enables simpler metabolic engineering of microbial cell factories and can, in future
work, lead to a modular genome design, where the desired genes and metabolic
pathways can be selected, synthetized and integrated together. However, this would
be greatly complicated by the presence of physiological defects resulting only from
genomic reorganization through secondary effects on DNA transcription and
translation. While pathway integration and even genome engineering in yeast is
applied relatively frequently, the physiological effects of genome reorganization are
usually not studied in detail [1, 2]. Using the modular glycolysis strains as paradigm,
however, no direct effects from pathway relocation and genetic factors such as
integration locus, presence of ARS sequences and gene direction on physiology
were observed, as previously suspected [3]. These findings, combined with the
power of evolutionary engineering to resolve growth defects resulting from rational
engineering suggest modular pathway design can be freely expanded to other
essential pathways and larger scale genomic reorganization for increased genetic
accessibility. Indeed genome reorganization combined with randomized
rearrangement and selection is already being applied to complete synthetic S.
cerevisiae chromosomes [4, 5]. Rational strain improvement however will require the
proper assessment of the effects of genetic rearrangement, which is complicated by
the unknown impact of untargeted mutations resulting from strain construction,
mutagenesis or adaptive evolution. Since each genetic transformation round has the
potential for accumulation of such mutations, these cannot easily be repaired by
further genetic engineering. This work showed the challenge of associating a simple
phenotype with the causal genetic intervention and this is only likely to be multiplied
if the scope of genetic modification increases. To limit the impact of untargeted
mutations, genome engineering should therefore be carried out in as few steps as
possible, using the latest developments in genetic engineering [6-8] and assembly
of modular pathways in a limited number of genomic loci. Additionally, whole-
genome sequencing and physiological characterization of intermediate strains will
be of paramount importance in complex strain construction programs.

In Chapter 3 the minimal glycolysis and pathway swapping strains were used to
humanize the glycolytic pathway in yeast and the use of humanized strains as model
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organisms was investigated. Humanization of the glycolytic pathway in yeast proved
possible, with a complete transplantation of the human muscle glycolytic pathway
leading to a functional pathway. Properties of the glycolytic enzymes were shown to
be largely comparable to those obtained from human muscle cells, opening the way
to the use of humanized glycolysis strains as models to study this essential pathway.
Humanization of yeast has previously been used to generate experimental models
to study specific diseases such as Parkinson’s and Alzheimer [9, 10] and the
humanization of complete pathways and processes can expand the use of yeast as
model organism [11]. With the hypothesized role of glycolytic flux and specific
glycolytic isoenzymes in diseases such as cancer [12, 13], implementation in yeast
of disease-specific glycolytic pathways can be pursued to help unravel the role of
the pathway and its component enzymes. The absence in yeast of human regulatory
elements and cell components can limit the use of such models on one hand, since
interactions between glycolytic enzymes and other cell components undoubtedly
impacts their function and role in various diseases [14, 15]. However, exactly the
absence of such interaction partners, allowing the study of enzyme variants in a
‘clean’ yeast background, could enable the untangling of complex functions and the
testing of hypotheses. Challenges of the pathway swapping approach were
associated with the complexity of the regulation and function of glycolytic enzymes.
The requirement of mutations relieving product inhibition of the muscle hexokinases
for functional expression in yeast show the importance of allosteric regulation in
glycolysis and the possibility of quick adaptation of an enzyme to a new cellular
environment. Additionally, moonlighting functions of the glycolytic enzymes proved
to be largely complemented after pathway transplantation. This poorly studied
aspect of heterologous enzyme function is critical to the interpretation of pathway
swapping studies, since disentangling the effects of moonlighting and catalytic
functions can be challenging. Information on moonlighting functions is far from
complete, and glycolytic, as well as other metabolic enzymes, likely have more
unknown functions and interaction partners [16]. Unravelling the effects of the
glycolytic pathway and its diverse functions in human health and disease therefore
proves to be a major future challenge in which humanized yeast strains can play an
important role.

In Chapter 4 the concept of glycolysis swapping was applied to explore the role of
allosteric regulation in glycolysis by expressing glycolytic enzymes from the
oleaginous yeast Yarrowia lipolyticain S. cerevisiae. Functional replacement of the
key regulatory steps of hexokinase, phosphofructokinase and pyruvate kinase
showed the requirement for metabolic regulation of these enzymes and exposed
large differences in functional expression in different pathway contexts. Similar to
Chapter 3, regulation and activity of the glucose phosphorylation step proved critical
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for functional pathway transplantation, as the heterologous glycolytic pathway could
only be functional with a reduced rate of glucose phosphorylation. These results
confirmed previous hypotheses on the roles and importance of metabolic regulation
for glycolytic stability [17-19], and showed new redundancies and interconnections
of regulation. Pathway swapping, combined with metabolic modelling and detailed
biochemical characterization of enzymes proved therefore to be a powerful approach
to study metabolic regulations on a pathway level. Especially the ability to construct
and test various mosaic pathways was essential to study metabolic regulation,
although the combinations tested were not exhaustive. Testing of additional
combinations of regulated and deregulated enzymes, as well as the confirmation of
observations with S. cerevisiae enzyme mutants devoid of specific interactions
would strengthen the conclusions of the current work. This method can be further
applied in future work to unravel the role of specific regulations, modifications, and
interactions in glycolysis and other metabolic pathways.

In this thesis pathway swapping was used mainly to study fundamental questions on
the function, regulation and conservation of glycolysis, however the same principle
could be applied in metabolic engineering. Engineering of metabolism remains
challenging due to the number and complexity of metabolic genes and pathways and
could be simplified by modular organization of the genome according to function, a
concept that has already been explored for minimal bacterial genomes [20].
Integration of heterologous, highly expressed, multi-gene product pathways is
already commonly employed in yeast metabolic engineering (e.g. [1, 21, 22]), and
the large-scale synthesis and reorganization of the yeast genome is currently being
finalized [4, 23]. Additionally, it was recently shown that synthetic chromosomes can
be used as expression platforms for glycolysis as well as new product pathways [24,
25]. The combination of these technologies with the modular rewiring of central
carbon metabolism could lead to powerful and flexible cell factories, starting from a
modular genome platform strain. Challenges remain however, besides limited
fundamental understanding of enzyme and pathway function, rational design and
assembly of large DNA constructs will require efficient methods of DNA assembly.
In Chapter 5 the role of yeast in the construction of rationally designed
chromosomes and genomes is reviewed, showing the extensive contribution of this
microorganism to this emerging field. Eventually, progression in synthetic biology
could enable the design of custom pathways, chromosomes and even
microorganisms ideal for production of specific chemical compounds.

Overall swapping of the glycolytic pathway of S. cerevisiae proved to be a powerful
addition to the genetic engineering toolbox, with potential benefits for fundamental
understanding as well as metabolic engineering. However, the wide range of
possible effects resulting from transplanting essential metabolic pathways that are
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entwined with many cellular functions through regulation, moonlighting functions and
physical protein interactions can make interpretation of results difficult. Analysis of
multiple pathway variants with different enzymes can help bridge this knowledge gap
by pinpointing the essential steps, but requires relatively high-throughput methods
to be efficient. For metabolic engineering, automation of strain design and
construction and improvements in genetic engineering show great promise, and
designer pathways and chromosomes appear to be within reach [21, 25, 26].
However, if strains with different pathway variants can be made faster and easier,
this will shift the bottle-neck from strain construction to strain characterization. To
move beyond screening for growth rate or product formation and generate new
understanding of fundamental processes, broad physiological characterization
under multiple different conditions, including dynamic environments, in combination
with classical biochemical methods will be required. Such methods are however
difficult to scale-up to many strains, and leveraging the new developments in
automation, high throughput screening and in silico strain design for application to
fundamental questions will be a great challenge for synthetic biology. Ultimately
however, this will be necessary to build a better understanding of how metabolic
pathways operate and interact and how they can be manipulated most effectively for
human benefit.
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