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Abstract

There is an increasing need for generating renewable and sustainable alternative trans-
portation fuels to combat human-induced climate change. Here, we explore the use of
Saccharomyces cerevisiae as a microbial host for generating the alternative transportation
fuel, isobutanol. In order for this process to be economically viable, high titers, rates, and
yields must be achieved in cultures grown on low-cost biomass feedstocks. This means
that metabolic engineering strategies must be implemented to overpower S. cerevisiae’s
dominant native flux to ethanol. This is a deceptively difficult challenge and the work
presented here aims to understand how S. cerevisiae’s metabolism could be rewired for
isobutanol production.

In order to optimize S. cerevisiae’s carbon-to-isobutanol flux, we implemented 2 differ-
ent metabolic engineering approaches, pathway localization and redox cofactor-balancing,
and investigated how they affected the performance and physiology of the engineered
strains. Our results showed that pathway localization had a large effect on isobutanol
production with the mitochondrial-localized pathway outperforming the cytosolic version.
We then go on to show that the limitation in the cytosolic-localization could be overcome
by increasing cellular iron in the cell thereby increasing the supply of a required cofactor,
2Fe-2S.

We next sought out to enhance the carbon-to-isobutanol flux by identification of a



ii
highly active isobutanol pathway cassette. We constructed and screened a combinatorial
pathway library that had variability introduced on 2 levels: coding sequences (homologs)
and gene dosage (promoters). Then through a high-throughput growth-coupled screen,
we identified and characterized a high-flux cassette. The resulting pathway’s flux however,
was not high enough to support the cellular maintenance energy requirement of the cell
anaerobically in the absence of ethanol production. Therefore, additional engineering
may be needed to further enhance pathway flux.

Lastly, we touched on the challenges associated with using biomass as a feedstock. We
focused on generating a xylose-to-isobutanol platform strain and improving the tolerance
to the inhibitor y-valerolactone with use of a gene deletion library.

Overall, this work has contributed towards the metabolic engineering designs required
to build an improved isobutnaol producing S. cerevisiae strain. However, future work is

still required to completely eliminate S. cerevisiae’s reliance on ethanol production.
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Chapter 1

Introduction

1.1 Engineering microbes to produce chemicals

Currently, industrial chemical production predominantly consists of using chemical cat-
alysts to produce products of interest from petroleum at a large-scale. While this has
been highly successful, there is now interest in creating more sustainable processes by
using biological catalysts and renewable feedstocks such as lignocellulosic biomass. This
field of industrial chemical production is commonly referred to as industrial biotechnol-
ogy. Industrial scale microbial fermentations have been successfully used to produce both
high-volume /low-value and low-volume/high-value chemicals such as citric acid and an-
tibiotics, respectively. Metabolic engineering, the science of rewiring cell metabolism, has
enabled this field to flourish by improving the TRY production metrics: titer (concen-
tration), rate (productivity), and yield (efficiency of substrate utilization) of a microbial
production thus allowing it to become economically viable. A variety of metabolic en-
gineering strategies exist for increasing production, but they all involve optimizing a

metabolic pathway to produce the desired chemical. Additionally, systems biology, syn-



thetic biology, and protein discovery/characterization are a few tools that can be used to
help metabolic engineers design, build, and optimize a high producing strain (Fig.1.1). In
brief, synthetic biology offers the tools to manipulate DNA, RNA, and proteins to achieve
a certain phenotype, systems biology is a tool to help better understand the biological
system as a whole, and protein discovery/characterization is a way to identify or create
enzymes with desired properties (Kp,, Viax, and Key). In the following sessions, we will

further describe the tools with a particular focus on the ones applied in this thesis.

1.1.1 Synthetic biology for metabolic engineering

Synthetic biology is one tool metabolic engineers use to redesign new abilities in organisms
or rewire the existing metabolism for enhanced chemical production. The process can be
split into 2 steps:

1. Establish the desired pathway in the host.

2. Increase flux through the desired pathway.

Both steps are often accomplished by manipulating DNA sequences (inserting, delet-
ing, mutating) within the cell, but modifications can also be made at the RNA or protein
level. These three parts (DNA, RNA, and protein) make up the central dogma of molecu-
lar biology which explains how information is shared and translated in a biological system
(Fig.1.2). As engineers we are trying to establish and balance the level of proteins in a
desired pathway such that flux through the pathway is maximized. This can be accom-
plished by using standardized and characterized genetic parts (promoters, genes, and
terminators) and expression techniques (plasmids and chromosomal integrations).

For step 1, if a native host does not harbor the required protein/s for making the

desired product, the necessary genes that encode heterologous enzymes can be expressed.
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Figure 1.1: Industrial biotechnology involves the production of chemicals via microbial
fermentations. The TRY production metrics: titer (concentration), rate (productivity),
and yield (efficiency of substrate utilization) of a microbial production can be improved
by implementing a variety of strategies (synthetic biology, systems biology, metabolic
engineering, and protein discovery/characterization).

Once the pathway is established, flux through the pathway can be maximized by im-
plementing metabolic engineering strategies. A common technique is called the push-
pull-block strategy (Fig.1.3a). Push and pull both involve upregulating or overexpressing
a gene that encodes an enzyme within the desired product’s pathway. For the push

strategy, the upstream portion of the pathway is generally targeted which saturates



downstream pathway intermediates such that the downstream pathway is upregulated
to achieve homeostasis. Conversely, for the pull strategy, the downstream portion of
the pathway is generally targeted which helps reduce backwards pathway flux and de-
pletes upstream pathway intermediates such that the upstream pathway is upregulated
to achieve homeostasis. Lastly, the block strategy involves deleting or downregulating

genes that encode enzymes that compete with the desired product’s carbon flux.

Transcription Translation .
Protein

Figure 1.2: The central dogma of molecular biology. Metabolic engineers can
establish and balance the level of proteins in a desired pathway by manipulations at 3
different levels: DNA, RNA, and protein.

Additionally, manipulating variables outside the desired pathway can increase flux
to a desired product including: enzyme localization, redox power and cofactor synthesis
(Fig.1.3b). Whether or not these factors are considered is dependent on the specific
pathway and desired host. Pathway localization or where the pathway enzymes are
localized (cytosol or organelle), is applicable if working in eukaryotic organisms such as
yeast. Tuning additional factors such as redox power and/or cofactors is applicable if

they are required by any enzyme within the desired pathway; if yes, guaranteeing a redox

balanced pathway and having sufficient quantities of the cofactor is important.

1.1.2 Systems biology for metabolic engineering

Systems biology is another tool that metabolic engineers use to better understand our
biological system as a whole and help us determine which part of the system we should
modify to direct carbon towards our desired product. It relies on using mathematics and

computational methods to analyze, model, and simulate complicated biological systems.
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Figure 1.3: Metabolic engineering strategies. a) the push-pull-block strategy for
increasing flux through a metabolic pathway. For the push strategy, the upstream portion
of the pathway is generally targeted which saturates downstream pathway intermediates
such that the downstream pathway is upregulated to achieve homeostasis. Conversely,
for the pull strategy, the downstream portion of the pathway is generally targeted which
helps reduce backwards pathway flux and depletes upstream pathway intermediates such
that the upstream pathway is upregulated to achieve homeostasis. Lastly, the block
strategy involves deleting or downregulating genes that encode enzymes that compete
with the desired product’s carbon flux b) Other variables that can be tuned to increase
flux through a metbaolic pathway include enzyme localization, redox power and cofactor
synthesis.

The process can be split into 2 steps.

1. Collect omics datasets.

2. Integrate omics data with models and interpret.

To understand cell metabolism at the systems-level, multiomics datasets including ge-
nomics (DNA), transcriptomics (RNA), proteomics (protein), and metabolomics (metabo-
lite) can be collected [1]. These datasets offer a wealth of information, but extracting
information from them is often nontrival. An easy an informative analysis effort for
analyzing transcriptomics and proteomics datasets is hypergeometric testing. It uses sta-
tistical models to help summarize large datasets by determining if genes/proteins in your
results are enriched for any particular attributes based off existing annotations [2].

Data can also be integrated with existing genome scale metabolic models (GEMs) [3]



or metabolism and expression models (MEs) [1] to provide a more comprehensive look
into the metabolism of the production strain; by overlaying existing data onto models,
one can uncover any discrepancies between experimental measurements and simulations
and thus our understanding of the active metabolic pathways can be refined. Alter-
nate methodologies like CAMEO [4], COBRA [5], and COSMOS [6], which are modeling
packages can also be used to predict the effect of a metabolic alternation (gene knockout
and/or overexpression) which can help determine the next metabolic engineering target.
These models are extremely powerful, and can help minimize unnecessary trial-and-error
type experiments. Model integration however often requires quantitative (absolute) data
which is often not collected; for example, label-free proteomics is the most common pro-
teomics method as it is simple and cost-effective, but it yields qualitative (relative) results.
While there are methods to approximate quantitative data from label-free proteomics,

like iBAq [7], the field is generally reluctant to use them due to their high error rate.

1.2 Motivation of this work

Greenhouse gas (GHG) emissions are the primary cause of human-induced climate change
with the transportation sector being one of the largest contributors accounting for 29% of
the total emitted GHGs [8]. Recent technologies with reduced GHG emissions have been
of interest to try and combat the earth’s rising temperatures. One such application is the
generation of renewable alternative transportation fuels to replace the petroleum-based
versions. The current biofuel industry in the United States primarily consists of corn-
derived ethanol. However, food-based biomass feedstocks are not sustainable and they
are insufficient to meet the current fuel demands so there has been extensive research into

using lignocellulosic biomass (i.e. forest/agricultural wastes and residues, purpose-grown



grasses, and woody energy crops) as an alternative sustainable feed. Lignocellulosic bio-
fuels have multiple advantages over corn-derived biofuels including having a 2-7 fold lower
greenhouse gas (GHG) emission rate, having less land competition (don’t compete with
the food supply), and requiring 7-10 fold less pesticides [9]. Current next-generation
biofuels research involves converting lignocellulosic biomass into higher molecular weight
alcohols, such as isobutanol. Compared to ethanol, isobutanol has a higher energy den-
sity, a lower vapor pressure, a higher flash point, is less corrosive, and is less hydroscopic
allowing it to be used as a true “drop-in replacement” with the current fuel pipping
infrastructure and engines while being made in existing ethanol plants [10, 11]. Isobu-
tanol is being made commercially by both Butamax and Gevo and has been successfully
used as a 50/50 blend in US Army helicopters, affirming its use as a useful biofuel [12].
Additionally, it can be catalytically upgraded to diesel and jet fuels or used as a blend
in gasoline up to 16% as approved by the EPA [13, 14]. While substantial progress has
been made in commercially producing isobutanol via metabolic fermentations, the secrets

remain elusive to academic researchers.

1.3 Objectives of thesis

The objective of this work was to understand how S. cerevisiae’s native metabolism can
be rewiried for isobutanol production with the goal of converting lignocellulosic sugars
into isobutanol for use as a specialty fuel. This requires the understanding of how yeast
partition nutrients to growth, stress response, and desired products. Over the course of
the thesis, we will see how metabolic engineering, systems biology, and protein engineering

can be used to increase the production of the desired product, isobutanol.



1.3.1 Chapter 2

In Chapter 2, we do a deep dive of the literature to understand the challenges associated
with creating a biomass-to-isobutanol producing yeast. Specifically, the first part dives
into yeast’s native ethanol-dominant metabolism, the second part dives into isobutanol

metabolism, and the third part dives into using lignocellulosic biomass as a feedstock.

1.3.2 Chapter 3

In Chapter 3, we investigate how different metabolic engineering strategies affect the
performance and physiology of isobutanol producing strains. Specifically, we combined
transcriptomic, proteomic, and metabolomic analyses to generate a wealth of data on how
enzyme pathway localization and redox cofactor-balancing affect isobutanol biosynthesis
and physiology in genetically engineered S. cerevisiae strains. We show that localizing
the isobutanol pathway enzymes to the cytosol resulted in lower titers due to a Fe-
S cluster shortage from a limitation in cytosolic Fe—S cluster biogenesis machinery. We

then demonstrate that this limitation could be overcome by increasing Fe uptake through

the deletion of FRAZ2.

1.3.3 Chapter 4

In Chapter 4, we build upon our findings in Chapter 3 and investigated how different
isobutanol enzyme orthologs and their gene dosage could affect isobutanol production. We
constructed a combinatorial isobutanol pathway library that had variability introduced
on 2 levels: coding sequences (homologs) and gene dosage (promoters). We then identified
and characterized a high-flux isobutanol cassette by developing a high-throughput growth-

coupled screen. We then aimed to balance the high-flux cassette’s cofactor specificity with



glycolysis via protein engineering, but the resulting pathway’s flux was too low to achieve

anaerobic growth.

1.3.4 Chapter 5

In Chapter 5, we tackle the challenges associated with growing S. cerevisiae on lig-
nocellulosic biomass. First, we focus on how S. cerevisiae’s tolerance to inhibitors,
~v-valerolactone and levulinic acid, can be improved by 2 different strategies, chemical
genomics and biodetoxification, respectively. We then focus on engineering a hydrolysate
tolerant S. cerevisiae platform strain for increased isobutanol production by incorporating

the findings from Chapter 3 and 4.

1.3.5 Chapter 6

Finally, in Chapter 6, we present the future directions of the work described here.
First, we take a look at the additional follow-up experiments required to develop the
hydrolysate-to-isobutanol producing S. cerevisiae strain with a focus on vy-valerolactone
tolerance and xylose consumption. Then, we present the techniques that need to be
further explored and implemented to push the carbon-to-isobutanol flux (multi-copy ge-

nomic integration and adaptive laboratory evolution).
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Chapter 2

Literature review

Authors and Contributors:
e Francesca V. Gambacorta researched, wrote, and edited the manuscript.

e Josh J. Dietrich Aided in writing, editing, and reviewing section 2.1 concerning
the Crabtree positive yeast, S. cerevisiae.

e Dr. Qiang Yan provided guidance, edited, and reviewed section 2.1 concerning
the Crabtree positive yeast, S. cerevisiae.

e Dr. Brian F. Pfleger Provided guidance, edited, and reviewed the manuscript.

A section of this chapter (Section 2.1) was originally written as part of a review article
in Current Opinion in Chemical Biology [15].
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2.1 Challenges with engineering the Crabtree posi-

tive yeast Saccharomyces cerevisiae

The yeast Saccharomyces cerevisiae has long been an important species to humans, from
its use in brewing and baking to its role as a model organism for studying eukaryotic bi-
ology. Over the past few decades, S. cerevisiae has also gained prominence as a platform
for synthesizing chemical products due to several attractive attributes: a well-developed
genetic toolkit [16][17]; fast growth (doubling time 90 min [18]); and tolerance to a va-
riety of industrial stressors [19]. To date, S. cerevisiae has been engineered to produce
molecules used in a wide variety of applications including: biofuels, pharmaceuticals,
food additives, beauty agents, bulk-chemicals and specialty-chemicals [20, 12]. In order
for these products to be produced economically, high titers, rates, and yields must be
achieved in cultures grown on low-cost feedstocks. This means that metabolic engineer-
ing strategies must overpower the dominant native flux to ethanol. In other organisms,
such as Fscherichia coli, this can be simply accomplished by deleting the genes involved
in ethanol biosynthesis [21]. Unfortunately, ethanol production is integrated with many
central aspects of S. cerevisiae biology including regulation, substrate uptake, and energy
generation. As such, substantial efforts have been undertaken in the metabolic engineer-
ing community to break S. cerevisiae’s reliance on and preference for ethanol production.

The significance of ethanol production is clearly seen in the Crabtree-Warburg effect,
a central feature of S. cerevisiae metabolism. Under glucose rich conditions, Crabtree-
positive yeast ferment sugars into ethanol even under aerobic conditions. The Crabtree
effect, thoroughly reviewed elsewhere [22; 23, 24], is triggered by overflow metabolism

at the pyruvate node (short-term effect) and by glucose-driven repression of respiratory
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enzymes (long-term effect). The evolutionary driving force behind the Crabtree effect is
still debated [24, 25|, but the leading theory opines that it is an economical approach
to maximize growth (biomass generation), while minimizing resource allocation to pro-
tein synthesis [26]. The theory is supported by the fact that the catalytic capacity of
fermentation is higher than respiration (more ATP is produced per protein mass) [26].
Simulations have also captured the Crabtree effect and overflow metabolism by using
an enzyme-constraint based approach to optimize biomass generation in a genome-scale
metabolic model [26, 27]. While advantageous in the natural world, these effects are not
helpful to industrial chemical producing yeasts. Ethanol produced either via fermenta-
tion or the Crabtree effect reduces flux to desired chemical products and therefore needs
to be by-passed to engineer industrially viable biocatalysts.

Efforts to eliminate ethanol production have proven challenging since ethanol synthe-
sis plays an essential role in redox balance (i.e. reoxidizing NADH produced in glycolysis)
and other aspects of S. cerevisiae biology. Non-ethanol producing strains have been cre-
ated by deleting either the complete set of three pyruvate decarboxylases (PDC1, PDC5,
and PDC6) [28] or the set of six alcohol dehydrogenases (ADH1, ADH2, ADHS3, ADH/,
ADHS5, and SFA1)[29], which catalyze the final two catalytic steps in ethanol production
respectively (Fig.2.1). Strains lacking these enzymes produce no ethanol but also expe-
rience severe physiological defects [30]. Complete deletion of Pdc activity prevents the
production of acetaldehyde which in addition to being the substrate for ethanol produc-
tion is also the primary precursor of cytosolic acetyl-CoA. Without supplementation of
ethanol, acetate, or heterologous pathways discussed below, cells cannot produce sufficient
acetyl-CoA flux to support fatty acid biosynthesis and other biosynthetic requirements.

When supplemented, strains still grow slowly in part because cells are unable to rapidly
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replenish the NAD™ supply required for glucose catabolism. In the presence of high
glucose concentrations, this redox imbalance is exacerbated by native regulation of key
catabolic components. In summary, rerouting carbon flux away from ethanol requires an
alternate, balanced, high-flux NADH-oxidizing pathway, an alternative cytosolic acetyl-

CoA generation pathway, and fine-tuning of internal metabolic regulation.

2.1.1 Cytosolic acetyl-CoA generation in S. cerevisiae in the
absence of ethanol synthesis

Pdc strains are auxotrophic for C2-compounds due to their inability to produce cytoso-
lic acetyl-CoA with the native pyruvate dehydrogenase (Pdh) bypass consisting of pyru-
vate decarboxylase (Pdc), acetaldehyde dehydrogenase (Ald), and acetyl-CoA synthetase
(Acs) (Fig.2.1). Acetyl-CoA supply is further complicated by the fact that in eukaryotes
it cannot transverse the membranes of subcellular compartments such that mitochondria-
made acetyl-CoA cannot be directly exported to the cytosol. Some reports propose that
evolved Pdc strains circumvent this barrier through use of a CoA-transferase, Achlp,
that converts acetyl-CoA into acetate which can cross into the cytosol and subsequently
be reactivated as acetyl-CoA at the cost of ATP [31]. Another report suggests that the
native shuttle system is not sufficient [32]. Alternatively, the C2-auxotrophy can be cir-
cumvented by providing a heterologous synthesis pathway or by supplementation with a
C2-compound (ethanol or acetate). Alternative acetyl-CoA producing pathways include:
pyruvate-formate lyase (Pfl), acetylating acetaldehyde dehydrogenase (A-Ald), cytosolic-
pyruvate dehydrogenase (Pdh.y,), pyruvate oxidase (Po)/phosphotransacetylase (Pta),
phosphoketolase (Pk)/phosphotransacetylase (Pta), threonine aldolase (Gly), carnitine

shuttle (Cat), and citrate-oxaloacetate shuttle (Cit/Acl) (Fig.2.1) [33, 34]. The genetics
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and biochemistry of these pathways is thoroughly reviewed in reference [34]. While many
alternative pathways exist, heterologous expression by itself is not sufficient to restore
growth in a Pdc strain to wild-type levels. As discussed below, additional modifications

are necessary, but overcoming acetyl-CoA auxotrophy is a critical first step.

2.1.2 Balancing NAD™ regeneration with glycolysis in the ab-
sence of ethanol synthesis

It is widely known that ethanol is produced during yeast fermentation in order to regen-
erate the NAD™ needed to enable glycolysis. Analogously, when oxygen is available, non-
ethanol producing yeast grown in glucose-limited conditions regenerate NAD™ through
oxidative phosphorylation, which can support a low glycolytic flux. However, at high
glucose concentrations, genes involved in oxidative phosphorylation are downregulated
while genes involved in glucose transport and glycolysis are upregulated [35]. This phe-
nomenon is controlled by the three glucose sensing systems (Rgt2p/Snf3p, Snflp/Miglp,
and cAMP/PKA; see Figure 3 of reference [36] for a detailed depiction) and is associ-
ated with the Crabtree effect [23, 36]. Elevated rates of glucose import ultimately lead
to an increased glycolytic flux above the catalytic capacity of the respiratory chain, re-
sulting in insufficient NAD™ regeneration and a bottleneck in the catabolism of glucose
[22]. The bottleneck is caused in part by the indirect repression of the mitochondrial
pyruvate dehydrogenase (Pdh) by Miglp [37]. Thus, under excess glucose conditions,
non-ethanol producing strains do not grow due to the NADH/NAD™ redox imbalance
caused by a metabolic bottleneck at the pyruvate node. Strategies to overcome the imbal-
ance include relieving glucose repression caused by the Crabtree-effect, restricting glucose

uptake, downregulating glycolytic flux, providing alternative redox sinks, and throttling
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Figure 2.1: Metabolic map of native and heterologous acetyl-CoA biosynthetic
pathways in S. cerevisiae. Naturally, cytosolic acetyl-CoA is derived from the pyru-
vate dehydrogenase (Pdh) bypass consisting of pyruvate decarboxylase (Pdc), acetalde-
hyde dehydrogenase (Ald, purple), and acetyl-CoA synthetase (Acs, pink); ethanol is
also derived from an intermediate in this bypass (grayed box). Other native metabolic
pathways include threonine aldolase (Gly, dark orange) and the mitochondrial shuttle
system consisting of a CoA-transferase (Achl, light orange). Heterologous tested path-
ways for the synthesis of cytosolic acetyl-CoA include the following: phosphoketolase (PXk,
tan), phosphotransacetylase (Pta, yellow), pyruvate oxidase (Po, dark green), pyruvate-
formate lyase (Pfl, dark blue), acetylating aldehyde dehydrogenase (A-Ald, light green),
pyruvate dehydrogenase (Pdh.yt,, brown), citrate lyase (Acl, light pink), citrate synthase
(Cit, light blue), and carnitine acetyl-CoA transferase (Cat, gray). Non-native metabo-
lites (acetyl-P and carnitine) and pathway (xylose catabolism) are indicated in red.
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the delivery of glucose to cells with fed-batch bioreactors [38].

2.1.2.1 Adaptive Laboratory Evolution to enhance growth of Pdc™ strains on

glucose

Adaptive laboratory evolution (ALE) has been widely used to enhance growth of Pdc¢
strains on glucose since the early 2000s. Recent efforts have tried to understand the role
and optimize the function of ALE-created mutations in regulating glucose catabolism,
ethanol production, and the Crabtree effect. Through multiple studies, researchers iden-
tified mutations or deletions in MTH1, a transcriptional repressor in the Rgt2p/Snf3p
glucose-sensing cascade involved in hexose transporter (Hxt) expression [30, 32, 39, 40].
These mutations reduce expression of the Hxts, thereby limiting glucose uptake and pre-
venting the respiratory chain from being overloaded. Cells carrying a mthl mutation
can grow on glucose because glucose-repression is alleviated, however, growth comes at a
reduced rate (less than 30% of Pdc™ strains), which is insufficient for industrial purposes.
In an attempt to overcome the growth rate limitation, researchers performed extra rounds
of ALE starting with strains carrying the mth! mutation and isolated a strain with a
higher growth rate when grown on 2% glucose. The resulting strain had a mutation in
YAK1 and a growth rate that increased 2.5-fold over the base strain, albeit at rates still
below the Pdc™ parent [41]. YAK1 encodes a serine/threonine protein kinase involved
in regulating cell growth in the presence of glucose. In a separate study, downregulating
PYK1, ak.a. CDC19, which encodes the major pyruvate kinase, was also shown to re-
lieve glucose repression in the context of another Pdc™ strain [42]. Pyklp is considered a
control node in glycolysis and its activity is tightly regulated by fructose-1,6-biphosphate

(FBP) concentrations. Engineering the allosteric sites on Pyklp could be an alterna-



17

tive strategy to the regulatory approaches discovered in the evolutionary studies. While
ALE has provided the initial insights into the importance of the regulatory network in
allowing Pdc™ strains to grow on glucose, the problem is not yet solved. Evolved mutants
often have undesirable characteristics, such as lower than wild-type growth, that must be

overcome before these strains can become useful platforms for bioproduction.

2.1.2.2 Rational re-wiring of native sugar metabolism regulation

Increasing the catalytic capacity of the respiratory chain by rational engineering is also a
valid yet underdeveloped strategy for enabling Pdc™ strains to grow on glucose. The sig-
naling and regulation involved in the Crabtree effect have been heavily studied, and recent
work has shown that the Snflp/Miglp glucose repression pathway [43] as well as the ratio
of glucose-6-phosphate (G6P) to FBP [44] is directly linked to the Crabtree phenotype.
The Snflp signaling pathway negatively regulates genes associated with the uptake and
catabolism of non-glucose sugars and expression of gluconeogenesis, respiratory, and Hxt
genes by direct interaction with many transcription factors such as Miglp, Rgt1p, Msn2p,
and Cat8p [23, 37]. Deletion of SNF1, HXK2, or MIG1 increases respiratory capacity
and reduces overflow metabolism, suggesting that these regulators are promising targets
for shifting production from ethanol to other compounds [43, 45]. This strategy is sup-
ported by increased transcript levels of Miglp-mediated repressed genes in Pdc strains
that have undergone ALE [40]. Tpslp is also an important glycolytic regulator that has
been recently linked to Snflp signaling and may provide another engineering target [46].
The intentional rewiring of regulation is a promising strategy for increasing the growth
rates of Pdc strains by increasing the respiratory capacity rather than limiting sugar

metabolism. Furthermore, it could allow for intentional tuning of metabolism while min-
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imizing undesirable effects. Alternatively, non-Crabtree yeasts such as Kluyveromyces.
lactis, which natively contain the desired regulatory structure, could be engineered to

produce desired products.

2.1.2.3 NADH-oxidation coupled to pyruvate-derived metabolites

While strategies that reduce glucose import lead to improved growth, the glucose uti-
lization rate is an important parameter in industrial bioprocessing that should be as
large as possible. Alternatively, the NADH/NAD™ redox balance in Pdc¢ strains can
be maintained by producing products that require the same amount of reducing equiv-
alents as ethanol. Pyruvate is a common metabolic node from which these products
are derived (Fig.2.2). Products such as 2,3-butanediol [39, 41, 47, 48, 49, 50] and lac-
tate [51, 52, 53, 54, 55| can directly replace ethanol fermentation and each product has
been produced in substantial quantities in Pdc¢™ strains. Malate production is also redox-
balanced with glycolysis, but requires ATP [56]. Other desirable products such as isobu-
tanol and free fatty acids require NADPH reducing equivalents, necessitating a means
for converting glycolytic NADH into NADPH [42, 57]. This can be overcome by intro-
ducing a transhydrogenase reaction (NADPH + NAD' <= NADP" + NADH) into
S. cerevisiae [42, 58, 59]. Heterologous expression of an E. coli transhydrogenase in S.
cerevisiae has been shown to increase growth and pyruvate production [60]. Similarly, re-
localization of S. cerevisiae malic enzyme to the cytosol creates a transhydrogenase cycle
that has been shown to improve isobutanol production [61]. Alternatively, diverting car-
bon from glycolysis into the pentose phosphate pathway makes more NADPH available
and can increase both free fatty acid [42] and isobutanol [62] production. Engineering

NADPH-dependent enzymes to instead utilize NADH is another approach and has been
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demonstrated in isobutanol production, though with limited effect on production in S.

cerevisiae [57, 63].
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Figure 2.2: Schematic depicting pyruvate-derived products. Glycerol, malate, lac-
tate, and succinate [64] production require NADH reducing equivalents, while isobutanol
and fatty alcohols/other oleochemicals require NADPH reducing equivalents.

2.1.2.4 Regenerating NADT for anabolism

Although replacing ethanol with other products can balance glycolytic NADH genera-
tion, S. cerevisiae anabolism also produces NADH, which is normally balanced by glycerol
production [65]. Glycerol production in S. cerevisiae can divert up to 8.5% of carbon,
making its removal via GPD1 and GPD2 deletion a common metabolic engineering strat-
egy, even when ethanol is the desired product [66]. However, glycerol is important in
S. cerevisiae osmotic tolerance so completely blocking its synthesis is often undesirable
[67]. Glycerol formation can be reduced by providing other routes to oxidize NADH, such
as through succinate production, which requires two reducing equivalents per pyruvate.
Succinate has been produced in Pdc S. cerevisiae in significant amounts, but only under
aerobic conditions [68, 69]. Other NADH oxidizing routes include heterologous expres-
sion of a water-forming NADH oxidase [47, 50] or an alternative oxidase [22]. These
enzymes require aerobic conditions to function, and thus, it is common to see them used

under semi-aerobic conditions with a fermentation product. Carbon fixation is also a
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common sink of excess reducing power in photoautotrophs. When Calvin-cycle enzymes
RuBisCo and phosphoribulokinase were heterologously expressed in S. cerevisiae, it cou-
pled NADH oxidation with CO4 reduction and significantly decreased glycerol production
[70]. Acetate, which is present in high amounts in lignocellulosic hydrolysates, can also
be fermented into ethanol to oxidize residual NADH via Ald and Adh and reduce glycerol
formation (Fig.2.1) [71][56]. In many cases, it may be possible to couple NADH recycling
with production of a desired product. In others, feedstocks may need to be optimized

such that redox balance, ATP generation, and product synthesis are optimized.

2.1.3 Metabolic rewiring to reduce ethanol production without
its complete elimination
2.1.3.1 Redirecting flux using metabolic circuits

Controlling when and where carbon flux is directed in a fermentation process can be
achieved with dynamic control strategies, including inducible metabolic valves [72, 73, 74].
In practice, the fermentation occurs in alternating decoupled phases (growth and produc-
tion). During the growth phase, biomass generation is promoted via NAD™ regeneration
through ethanol fermentation as flux is directed through glycolysis. During the pro-
duction phase, ethanol flux is restricted and resources are directed toward a product of
interest. This switch is achieved by turning on transcription of pathway genes using ei-
ther a chemical inducer or light via an optogenetics switch. The balance between growth
and product synthesis has been successfully demonstrated with isobutanol production
[75, 76]. Expansion of this idea will depend on finding ways to minimize the amount of
time cells spend in the biomass generation phase such that maximum titers, rates, and

yields of products can be achieved.
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2.1.3.2 Nonpreferreed carbon sources

Many of the challenges to removing ethanol production depend on glucose being present.
Using alternative carbon sources, such as xylose or glycerol that do not induce the Crab-
tree effect, is another way to decrease ethanol production [77, 78, 79]. S. cerevisiae cannot
naturally assimilate xylose, but xylose catabolism has been extensively studied and in-
troduced into yeast by many groups [80, 81]. In one case, isobutanol-producing strains
generated 2-fold less ethanol and 6-fold more isobutanol when grown on xylose instead
of glucose [78]. Improved performance is not restricted to xylose. In another case, a
strain produced 1.5-fold more 1,2-propanediol than ethanol when grown on glycerol [82].
Recently, there has also been interest in the generation of xylose-utilizing Pdc™ strains for
generating pyruvate-derived products, but the strains suffer from low productivities due
to slow growth [83, 84, 85]. While catabolism of xylose and glycerol has proved beneficial
in decreasing ethanol production in defined media on a lab scale, the ultimate applica-
tion will be growth of Pdc™ strains on lignocellulosic hydrolyzates containing mixtures of

sugars, organic acids, and inhibitors.

2.1.4 Recent engineering strategies to increase production of
non-ethanol products

The metabolic engineering community has leveraged many of the strategies described
earlier to improve the production of non-ethanol products. In Table.2.1, we summarize
recent studies by tabulating the approaches used and commonly reported performance

metrics for several key products.
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Table 2.1: Summary of strategies for non-ethanol chemical production in S. cerevisiae
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186] Acetate 0.142 <0.5
Pyruvate 0.007* <0.5
2,3-Butanediol 0.28 96.2
[39] Glycerol 0.09? >30°
Acetoin 0.01* ~h ¢
[47] 2,3-Butanediol 0.407 72.91
Acetoin 0.012 1.38
2,3-Butanediol 0.359 32.31°¢
[48] Glycerol 0.069 6.21¢
Acetoin 0.052 4.68°¢
2,3-Butanediol 0.404 154.3
[49] Glycerol 0.088 33.5¢
Acetate 0.006* 2.3
2,3-Butanediol 0.462 108.6
[50] Acetoin 0.02? 4.6
Acetate 0.0004 0.1
2,3-Butanediol 0.27 81
[41] Glycerol 0.239* 71.8
Succinate 0.013? 4
n-Butanol 0.012 0.13
[87] Ethanol 0.1 ~1¢
Glycerol 0.17 ~2¢
Isobutanol 0.00742 b
Ethanol 0.0332 b
Glycerol 0.262 b
[57] Pyruvate 0.02* b
2,3-butanediol 0.325% b
Dihydrozyisovalerate  0.05% b
Isobutyrate 0.03% b
Isobutanol 0.0535 8.49
[76] 2-Methyl-1-butanol 0.01417 2.38
Ethanol 0.187 39.8
Glycerol b b
Free fatty acids 0.1 25
[42] Glycerol b b
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Malic acid 0.312 59
Succinate 0.042 8
[56] v Glycerol 0.13* 25
Pyruvate 0.022 3
Fumarate 0.01# 2
Succinic acid 0.044? 2.2
169] B Pyruvate 0.3642 18.2
Malate 0.0222 1.1
Glycerol 0.076* 3.8
Gluconate b 2.31
[75] v v Ethanol b 1.01
Glycerol b b
Lactic acid 0.6 80
[55] - Ethanol 0.01 1.6
Glycerol 0.02 2.6
[54] y Lactic acid 0.8 112
Ethanol 0.02? 2.6
Lactic acid 0.43% 7.8
[84] v ~  Acetate 0.16* 3¢
Xylitol 0.01% 0.17¢
Lactic acid 0.67 60
Ethanol 0.01# <1
[85] v v Xylitol 0.01* <1
Glycerol 0.012 <1
Acetate 0.01? <1
2,3-Butanediol 0.46% 96.8
83] o B Glycerol 0.11* 23.3
Ethanol 0.08% 16.3
Xylitol 0.03% 5.9
2,3-Butanediol 0.26* 43.6
[88] v v Glycerol 0.26* 45
Xylitol 0.03* 4.7
Isobutanol 0.0262 2.6
[78] > v Ethanol 0.275* ~27.5¢
Glycerol 0.10? ~10¢
Isobutanol 0.0196 3.1
(7] B B 2-Methyl-1-butanol 0.0053 0.79
Ethanol 0.32% <50¢
b b

Glycerol
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1,2-Propanediol 0.129 4.3
Ethanol ~0? ~0°

82] P

(Bold = product of interest)

(Italics = by-product)

Absence of ethanol or glycerol in a row indicates it was not detected or that the yield

or titer was <0.01

2 = Yield not directly reported. Yield is either read from a graph, converted from a molar
yield, calculated as g/g consumed carbon source, or calculated by dividing

production rate by carbon source uptake rate

b — Not reported.

¢ = Titer not directly reported. Titer is either read from a graph, converted from molar
concentration, or calculated as g/L fed carbon source, which is quantified by multiplying the
reported yield (g/g carbon source) by the carbon source concentration (g/L).

2.2 Isobutanol production from branched chain amino

acid biosynthesis and the Ehrlich pathway

Naturally, S. cerevisiae has the capacity to produce a variety of fusel alcohols from amino
acid degradation via the Ehrlich pathway enzymes. In brief, there are three enzymatic
steps in the Ehrlich pathway to convert an amino acid into a fusel alcohol: transamina-
tion, decarboxylation, and reduction; branched-chain amino acid catabolism is described
in Fig.2.3 where isobutanol is derived from valine, 3-methyl-1-butanol from leucine, and
2-methyl-1-butanol from isoleucine. S. cerevisiae can also use the Ehrlich pathway to
produce fusel alcohols from aromatic amino acids (phenylalanine, tyrosine, and trypto-
phan) and the sulfur-containing amino acid, methionine; the pathways are thoroughly

reviewed here [89].
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Figure 2.3: Ehrlich pathway. Catabolism of branched-chain amino acids into fusel
alcohols.

S. cerevisiae synthesizes isobutanol, from pyruvate via enzymes involved in valine
biosynthesis and the Ehrlich pathway. Specifically, the first half of the pathway converts
pyruvate to a-ketoisovalerate (KIV) by mitochondrial-localized ILVp enzymes: acetolac-
tate synthase (ALS, encoded by ILV?2), a NADPH-dependent ketol-acid reductoisomerase
(KARI, encoded by ILV5), and a 2Fe-2S cluster-requiring dihydroxyacid dehydratase
(DHAD, encoded by ILV3). The second part of the pathway, the Ehrlich pathway,
converts KIV to isobutanol by promiscuous cytosolic enzymes: ketoacid decarboxylase
(KDC, encoded by pyruvate decarboxylases, PDC1, PDC5 or PDC6, or phenylpyruvate
decarboxylase, ARO10) and a NADH-dependent alcohol dehydrogenase (ADH, encoded

by ADHI-5) (Fig.2.4).
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Figure 2.4: Isobutanol biosynthesis pathway in S. cerevisiae. Shows the endoge-
nous isobutanol synthesis pathway from pyruvate. The first half of the pathway converts
pyruvate to a-ketoisovalerate (KIV) by the mitochondrial-localized valine biosynthesis
enzymes IIv2p, Ilvbp, and Ilv3p. The second part of the pathway, the Ehrlich pathway,
converts KIV to isobutanol by promiscuous cytosolic-localized decarboxylase enzymes
Pdc1/5/6p or Arol0p and Adhl-5p.

2.2.1 Engineering S. cerevisiae for microbial production of isobu-

tanol from glucose

S. cerevisiae’s native isobutanol production is low (< 1% of the theoretical maximum
yield) as most of the glucose is directed towards ethanol production as part of the Crabtree
effect (see section 2.1). High-yielding isobutanol producing strains have been reported
in industry (Gevo has achieved at least 83% of the theoretical maximum yield [10])
but the research approaches used remain elusive to academic researchers. Academica has
implemented a variety of metabolic engineering strategies in efforts to increase production
however, to date, only 15% of the theoretical maximum yield has been achieved [90]. The
main limitation academic researchers encounter is accumulation of pathway intermediates
and by-product formation. The following sections will describe the metabolic engineering
strategies implemented (also reviewed [91]) and then the most successful approaches used

in academic literature will be tabulated.
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2.2.1.1 Pathway overexpression

There have been three common routes taken in academic literature to overexpress the
isobutanol pathway enzymes: one, manipulate the endogenous (native) isobutanol path-
way in S. cerevisiae; establish a heterologous (non-native) isobutanol pathway; three, a
combination of the two. Using the native pathway enzymes is beneficial if expressing
heterologous enzymes proves difficult, however, heterologous enzymes or homologs from
different organisms may have a higher activity than endogenous enzymes. There have
been several studies conducted to identify highly active variants for each step in the
5-step isobutanol pathway (see section 5.3.1 for details) [41, 92, 93, 94, 95]. The most
utilized heterologous variants in literature are for the 2" and 5™ step in the pathway:
ketol-acid reductoisomerase, ilvCP?P1-4L from Escherichia coli [92] and alcohol dehydro-

genase, adhA?°“S from Lactococcus lactis [95)].

2.2.1.2 Pathway compartmentalization

The native isobutanol pathway enzymes in S. cerevisiae are spatially segregated to multi-
ple compartments, both the mitochondria and the cytosol. Many have opted to overcome
this spatial segregation by localizing the five-step pathway into the cytosol; this can be
achieved by using heterologous cytosolic-localized enzymes (typically from bacteria) or by
removing the mitochondrial localization sequence (MLS) from the genes in S. cerevisiae’s
native valine biosynthesis pathway (ILV2, ILV5, and ILV3) [96, 97]. It has been proposed
that a cytosolic localization would be preferable in the context of industrially relevant con-
ditions such as high glucose concentrations or anaerobic growth. This is in part because
the mitochondria are known to enter a minimal energy-requirement mode under those

conditions [98, 99]. Additionally, a cytosolic localization would eliminate any bottleneck
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associated with the need to transport intermediates in/out of the mitochondria. Others
have opted to overcome this spatial segregation by localizing the five-step pathway into
the mitochondria; this can be achieved by using heterologous mitochondrial-localized en-
zymes (typically from fungi), adding a MLS to heterologous cytosolic-localized enzmyes,
or by adding a MLS to the S. cerevisiae’s native Ehrlich pathway enzymes (PDC1/5/6
or ARO10 and ADHI-5). It has been proposed that a mitochondrial localization would
increase the availability of enzyme and pathway intermediates and reduce the loss of
intermediates to competing pathways [96]. Both pathway localizations have achieved

similar isobutanol titers and yields (Table.2.2).

Table 2.2: Highlight report of engineered S. cerevisiae strains for isobutanol production
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2.2.1.3 Pathway redox-balancing

The native isobutanol pathway is redox cofactor-imbalanced with glycolysis; glycolysis
produces two NADH per molecule of glucose, while isobutanol production consumes one
NADPH by ILV5 and one NADH by ADH resulting in an NADPH shortage and NADH
excess. Overcoming this redox cofactor-imbalance is necessary to increase isobutanol pro-
duction. One strategy to overcome the imbalance involves using a heterologous NADH-
dependent KARI, such as the E. coli KARI variant, ilvCP?P1-41 that was previously
engineered with improved specificity towards NADH [63, 92]. Another is to necessitate
a means for converting glycolytic NADH into NADPH [42; 57] (See section 2.1.2.3 for
details); in brief, introduction of a transhydrogenase reaction (NADPH + NAD" <
NADP*T + NADH) via heterologous expression or relocalization of native S. cerevisiae

enzmyes has been shown to improve isobutanol production [42, 58, 59, 60, 61].

2.2.1.4 Eliminating by-product formation

The isobutanol pathway has a number of competing pathways including: acetyl-CoA,
oxaloacetate, ethanol, lactate, and malate production from the pyruvate node; 2,3-
butanediol and 2,3-dihydroxy-2-methyl butanoate production from the 2-acetolactate
node; valine, leucine, and pantothenate production from the a-ketoisovalerate node; and
isobutyric acid production from the isobutyraldehyde node (Fig.2.5). Of these compet-
ing pathways, ethanol remains the main byproduct however there has been some success
in deleting other non-essential competing pathways to boost production. Wess et. al.
achieved the highest isobutanol yield reported in literature, 59.55 mg isobutanol / g glu-
cose [90]; this was achieved in a strain with a cytosolic-localized isobutanol pathway and

by blocking a number of non-essential isobutanol competing pathways, JWY23 (Ailv2;
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Abdh1; Abdh2; Nleus; Aleu9; Necm31; Nilvl; ANadhl; Agpdl; Agpd2; Aald6). While
high isobutanol yields were achieved in JWY23, 3-fold more ethanol (~6 g/L) than isobu-
tanol (~2 g/L) was produced indicating more engineering is required to establish isobu-
tanol as the main fermentative product in yeast. Milne et. al. and Kondo et. al. have
made attempts to eliminate ethanol production by the generation of a PDC" strain, how-
ever, growth is severely inhibited as flux through the isobutanol pathway is too low to
replenish the NADT equivalents needed for glycolysis and cell growth [57, 104]. Additional
engineering is required to enhance flux through the pathway before ethanol production
can be completely eliminated.

acetyl-CoA lactate oxaloacetate

Glycolysis ALS KARI DHAD KDC ADH

glucose 3 2 pyruvate ?Tb 2-acetolactate ?Tb 2,3-dihydroxy- ?-Tb a-ketoisovalerate ?Tb isobutylaldehyde 7T>
n isovalerate

2 NADH co, | NAD(P)H H,0 c,0 l NADH
2,3-butanediol  2,3-dihydroxy-2- leucine  valine pantothenate isobutyric acid

2 ethanol malate methyl butanoate

Figure 2.5: Isobutanol competing pathways in S. cerevisiae. Adapted from [90].

2.3 Challenges associated with engineering S. cere-
vistae for microbial production of isobutanol from

biomass

In order for isobutanol production to be economically viable, high titers, rates, and
yields must be achieved with cultures grown on low-cost feedstocks such as lignocellulosic
biomass (i.e. forest/agricultural wastes and residues, purpose-grown grasses, and woody
energy crops). In general, biomass consists of 30-50% cellulose (a polymer of glucose),

15-35% hemicellulose (a heteropolymer of glucose and pentoses), and 10-30% lignin (a
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complex polymer of crosslinked aromatic units) [105]. A thermo-chemical pretreatment
and hydrolysis (chemical or enzymatic) step are required to liberate the monosaccharides,
pentose and hexose sugars, from the polysaccharide hemicellulose and cellulose, respec-
tively. One challenge with using the lignocellulosic hydrolysate is that S. cerevisiae does
not naturally consume xylose, which can account for 30-50% of the total fermentable
sugars [81]. The second challenge with using the lignocellulosic hydrolysate is the fact
that the process to extract the fermentable sugars (pretreatment and hydrolysis) is harsh
so inhibitory compounds such as furan derivatives (i.e. 5-hydroxymethylfurfural (HMF)
and furfural), aliphatic acids (i.e. formic acid, acetic acid, levulinic acid (LA)), and phe-
nolics compounds are generated and can be detrimental to fermenting microbes. These
inhibitors are considered secondary products as they are produced from the degradation
of the cellulose, hemicellulose, and lignin [105, 106]; HMF is produced from the degra-
dation of cellulose/hemicellulose with further degradation yielding formic acid and LA;
furfural is produced from the degradation of hemicellulose and further break down results
in formic acid [106] (Fig.2.6). Additional inhibitory compounds could also be present in
hydrolysate if chemical hydrolysis is used such as y-valerolactone (GVL); residual GVL
affects membranes and membrane-bound processes [107] and is toxic to fermenting mi-
crobes. The Great Lakes Bioenergy Research Center (GLBRC) is interested in GVL
processed switchgrass hydrolysates, and the three most abundant inhibitory compounds

(~10% of the total carbon recovered) are GVL, LA, and HMF [108, 107].
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Figure 2.6: Lignocellulosic biomass breakdown. Formation of primary and secondary
products (inhibitors). Adapted from [105].

2.3.1 Engineering S. cerevisiae for microbial production of isobu-
tanol from xylose

To increase the yield and economically viability of fermentations using lignocellulosic
feedstocks, xylose consuming strains have been produced through genetic engineering and
adaptive laboratory evolution (ALE). Xylose is assimilated into the pentose phosphate
pathway (PPP) by the intermediate, xylulose-5-phosphate (X5P), which can be derived
by two distinct pathways (Fig.2.7). The xylose isomerase-xylulokinase (XI-XK) pathway,
which is typically found in bacteria, and the xylose reductase-xylitol dehydrogenase-
xylulokinase pathway (XR-XDH-XK), which is typically found in fungi [109, 110]. The
XI-XK pathway has received more interest since it requires no redox cofactors: XR is

NADPH-dependent and XDH is NADH-producing [111]. The different pathways are
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thoroughly reviewed elsewhere [112, 111, 113].

XR . XDH XK
D-Xylose 7-:» Xylitol W D-Xylulose 7T> D-Xylulose-5-P ———» PPP
NADPH NADH T ATP
XI

Figure 2.7: Heterologous xylose assimilation pathway. Xylose is assimilated into the
pentose phosphate pathway (PPP) by the intermediate, xylulose-5-phosphate, which can
be derived by two distinct pathways. The xylose isomerase-xylulokinase (XI-XK) path-
way, which is typically found in bacteria, and the xylose reductase—xylitol dehydrogenase-
xylulokinase pathway (XR-XDH-XK), which is typically found in fungi [109, 110].
There have been multiple reports of generating a xylose-to-isobutanol producing strain
[77, 114, 115, 78, 116]. Success has been achieved by expressing a xylose assimila-
tion pathway (either XI-XK or XR-XDH-XK) along with a isobutanol pathway cassette
(mitochondrial or cytosolic localized). The highest reported titer, 3.1 g/L isobutanol,
was achieved by Zhang et. al by expressing a XI-XK xylose assimilation pathway, a
mitochondrial-localized isobutanol pathway, and by deleting key enzymes in competing
pathways (Abat1, Aald6, and Apho13). Some suggest that xylose consumption enhances
mitochondrial activity and thus a mitochondrial-localized isobutanol pathway would out-
perform a cytosolic-localization under aerobic conditions. This is in part due to the fact
that S. cerevisiae does not recognize xylose as a fermentative carbon source and does not
induce the Crabtree effect (See section 2.1.3.2) [77]. Others believe that a mitochondrial-
localized pathway would cause limitations at the industrial scale, since mitochondria are

strongly reduced in S. cerevisiae under anaerobic cultivations or cultivation with high

sugar concentrations [116].
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2.3.2 Lignocellulosic inhibitors effects and detoxification strate-
gies

The impact of furans, weak acids, and phenolic compounds on cell growth has been
studied and their mechanism of action are known. Weak acids decrease cellular pH, inhibit
DNA synthesis/repair, inhibit glycolytic enzymes, and decrease cellular ATP. Furans
damage membranes/proteins/nucleic acids, inhibit enzymes, limit sulfur assimilation, and
decrease cellular NADPH/NADH pools. Phenolics damage membranes, generate reactive
oxygen species (ROS), damage proteins, and cause DNA mutagenesis [106]. Microbes
cope by activating efflux pumps, damage control mechanisms, and detoxification; for
example, S. cerevisiae has an innate ability to detoxify furans by reducing them to their
less inhibitory alcohol forms at the cost of reducing power: NADH for furfural and
NADPH for HMF [106, 117].

Additional coping mechanisms can also be engineered in the cell to improve the
tolerance to inhibitors and allow for higher productivity and yields during fermenta-
tions [118]. A multitude of strategies have been implemented to identify genes that
are important for hydrolysate tolerance including: '3C metabolic flux analysis, tran-
scriptional profiling, transcriptomics analyses, directed evolution, and chemical genomics
[107, 119, 120, 118, 121, 122]. Rational engineering has also been successfully used to
increase tolerance to inhibitory compounds by overexpressing selected inhibitor resistance
genes in different combinations [123]. With these strategies, a vast amount of data sur-
rounding inhibitor tolerance has been generated, but there is no consensus due to the
varity of inhibitors and their concentrations in different hydrolysates. Additionally, syn-
ergetic effects between inhibitors could be unpredictable and lethal [118]. The following

paragraph will focus on the recent advances to improve tolerance to the two inhibitors
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investigated in this thesis, levulinic acid and 7-valerolactone (GVL).

There are few reports of engineering S. cerevisiae for improved levulinic acid tolerance.
In one study, rational engineering to improve cell growth (Apho13 and overexpress TAL1)
led to an improvement in weak acid tolerance (acetic, formic, and levulinic acid) [124]. In
another study, the general catabolite repressor, Miglp, was targeted to remove repression
of a number of target genes involved in stress tolerance [125]. For GVL, a chemical
genomics study was conducted with a gene deletion library and two gene deletions that

led to increased tolerance were identified, Apadl and Afdel [107].
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3.1 Abstract

Metabolic engineering strategies have been successfully implemented to improve the pro-
duction of isobutanol, a next-generation biofuel, in Saccharomyces cerevisiae. Here, we
explore how two of these strategies, pathway re-localization and redox cofactor-balancing,
affect the performance and physiology of isobutanol producing strains. We equipped
yeast with isobutanol cassettes which had either a mitochondrial or cytosolic localized
isobutanol pathway and used either a redox-imbalanced (NADPH-dependent) or redox-
balanced (NADH-dependent) ketol-acid reductoisomerase enzyme. We then conducted
transcriptomic, proteomic and metabolomic analyses to elucidate molecular differences
between the engineered strains. Pathway localization had a large effect on isobutanol pro-
duction with the strain expressing the mitochondrial-localized enzymes producing 3.8-fold
more isobutanol than strains expressing the cytosolic enzymes. Cofactor-balancing did
not improve isobutanol titers and instead the strain with the redox-imbalanced path-
way produced 1.5-fold more isobutanol than the balanced version, albeit at low overall
pathway flux. Functional genomic analyses suggested that the poor performances of the
cytosolic pathway strains were in part due to a shortage in cytosolic Fe-S clusters, which
are required cofactors for the dihydroxyacid dehydratase enzyme. We then demonstrated
that this cofactor limitation may be partially recovered by disrupting iron homeostasis
with a fra2 mutation, thereby increasing cellular iron levels. The resulting isobutanol
titer of the fra2 null strain harboring a cytosolic-localized isobutanol pathway outper-
formed the strain with the mitochondrial-localized pathway by 1.3-fold, demonstrating

that both localizations can support flux to isobutanol.
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3.2 Introduction

Isobutanol is a branched four-carbon alcohol targeted by many as a biofuel for light-duty
engines and as a precursor to jet and diesel fuels via catalytic upgrading [127]. Relative
to ethanol, isobutanol has a higher energy density, a lower vapor pressure, and a higher
flash point, making it a better option for spark-ignition engines. Isobutanol is also less
corrosive and less hygroscopic, making it a better biofuel for current piping infrastructure
[11]. Isobutanol biosynthesis is redox balanced with glycolysis and can therefore be made
via fermentation. Saccharomyces cerevisiae, the workhorse for industrial fermentations, is
therefore a suitable host for its production. While yeast have a natural ability to synthe-
size isobutanol, there are many barriers to making isobutanol the primary fermentation
product at high rates [15].

S. cerevisiae synthesizes isobutanol from pyruvate via enzymes involved in valine
biosynthesis and the Ehrlich pathway. The first half of the pathway converts pyruvate to
a-ketoisovalerate (KIV) by mitochondria-localized ILV enzymes: acetolactate synthase
(ALS, encoded by ILV2), a NADPH-dependent ketol-acid reductoisomerase (KARI, en-
coded by ILV5), and a 2Fe-2S cluster-requiring dihydroxyacid dehydratase (DHAD, en-
coded by ILV3). The second part of the pathway, the Ehrlich pathway, converts KIV to
isobutanol by promiscuous cytosolic enzymes: a-ketoacid decarboxylase (KDC, encoded
by pyruvate decarboxylases, PDC1, PDC5, or PDC6, or phenylpyruvate decarboxylase,
ARO10) and a NADH-dependent alcohol dehydrogenase (ADH, encoded by ADH1-5)
(Fig.3.1a). S. cerevisiae’s native isobutanol production is low (< 1% of the theoretical
maximum yield), so substantial work is needed to make isobutanol the primary fermen-
tation product [90, 96, 97].

The spatial segregation of the native pathway enzymes, split between the mitochon-
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Figure 3.1: Native and engineered S. cerevisiae isobutanol pathways. a) Shows
the endogenous isobutanol synthesis pathway from pyruvate. The first half of the path-
way converts pyruvate to a-ketoisovalerate (KIV) by the mitochondrial-localized valine
biosynthesis enzymes [1v2p, [lvbp, and [lv3p. The second part of the pathway, the Ehrlich
pathway, converts KIV to isobutanol by promiscuous cytosolic-localized decarboxylase
enzymes Pdcl/5/6p or ArolOp and Adhl-5p. b) Mitochondrial-localized isobutanol
pathway (mIBA) consists of codon-optimized variants of S. cerevisiae 1lv2p, S. cere-
vistae Ilv3p, mitochondrial targeted S. cerevisiae Arol0p, mitochondrial targeted L. lac-
tis AdhA?“®p, and either S. cerevisiae Ilv5p or mitochondrial targeted E. coli IlvC®5p
for the redox cofactor imbalanced and balanced pathways respectively (red enzymes). c)
Cytosolic-localized isobutanol pathway (cIBA) consists of codon-optimized variants of .
cerevisiae 1Iv25%%4p, S. cerevisiae 1lv3*%19p, S. cerevisiae ArolOp, L. lactis AdhA?*®8p,
and either S. cerevisiae 1lv52%*p or E. coli IlvC®™p for the redox cofactor imbalanced
and balanced pathways respectively (red enzymes). For both the mIBA and cIBA path-
ways, the endogenous/native enzymes (Ilv2p, Ilvsp, Ilv3p, Arol0p, Pdcl/5/6p, Adhl-5p,
and Batlp) in black remain in each strain.

dria and the cytosol, may be a limiting factor for synthesizing isobutanol at high levels.
The segregation can be overcome by localizing the five-step pathway into a single com-
partment: mitochondrial localization is achieved by adding a mitochondrial localization
sequence (MLS) to the genes in the Ehrlich pathway (PDC1/5/6 or ARO10 and ADH1-
5), and cytosolic localization is achieved by removing the MLS sequence from the genes

in the valine biosynthesis pathway (ILV2, ILV5, and ILV3) [96, 97]. However, the role
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that localization plays in isobutanol production is obscured by conflicting reports in the
literature as both pathway localizations have achieved similar isobutanol titers and yields
(Table.2.2). It has been shown that a strain with mitochondrial-localization benefits from
having a higher local concentration of enzyme and pathway intermediates [96]. On the
other hand, it has been proposed that cytosolic localization would be preferable in the
context of industrially relevant conditions such as high glucose concentrations or anaer-
obic growth. This is in part because the mitochondria are known to enter a minimal
energy-requirement mode under those conditions [98, 99].

A second limitation in the isobutanol pathway is the redox cofactor-imbalance that
exists between glycolysis and isobutanol fermentation; glycolysis produces two NADH
per molecule of glucose, while isobutanol fermentation consumes one NADPH by ILV5
and one NADH by ADH. This results in an NADPH shortage and NADH excess. One
strategy to resolve this imbalance is to use a heterologous NADH-dependent KARI, such
as the E. coli KARI variant, ilvC%"%, that was previously engineered with improved
specificity towards NADH [57, 63]. Another strategy is to increase the supply of NADPH
by introducing a transhydrogenase-like shunt (NADH + NADP* — NAD" + NADPH)
into S. cerevisiae [61]. Both strategies have been successful in improving isobutanol titers,
demonstrating the importance of having a redox cofactor-balanced pathway (Table.2.2).

In this work, we aimed to provide insight into how pathway localization and redox
cofactor-balancing affect the performance and physiology of isobutanol producing strains.
We conducted a functional genomics analysis to elucidate differences between S. cerevisiae
strains equipped with DNA cassettes that localized isobutanol biosynthesis to specific
compartments, i.e. mitochondria vs. cytosol, and included either a NADPH-dependent

(cofactor-imbalanced) or NADH-dependent (cofactor-balanced) KARI enzyme. Here,
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we report that pathway localization had a greater effect on isobutanol production than
redox-balancing; the strain harboring the mitochondrial-localized isobutanol pathway
outperformed the cytosolic version by 3.8-fold. The main limitation in the cytosolic-
localization is the supply of the 2Fe-2S cluster cofactor for the DHAD enzyme; however,
we found that this limitation may be partially overcome by increasing the availability of
iron in the cell by perturbing iron homeostasis. Our findings contribute towards improving
the metabolic engineering designs for building further improved isobutanol producing

strains.

3.3 DMaterials and methods

3.3.1 Yeast media

Complex lab media for culturing, YP, consisted of 10 g/L yeast extract, 20 g/L peptone,
and 20 g/L dextrose (YPD). 200 pg/mL Geneticin (US Biological, Swampscott, MA),
200 pg/mL Hygromycin B (US Biological, Swampscott, MA), 100 pg/mL Nourseothricin
(Jena Bioscience, Jena, Germany), or 200 pg/mlL Zeocin (Thermo Fisher Scientific,
Waltham, MA) were added for maintenance of expression constructs where needed. De-
fined minimal medium contained 6.7 g/L yeast nitrogen base (YNB) without amino acids
with ammonium sulfate, 19.5 g/L MES, 100 g/L dextrose, 4 mL/L 250X tween/ergosterol
stock (62.5mL Tween80 + 625mg Ergosterol in 187 mL 95% EtOH) and pH adjusted to
5.5. Defined synthetic complete media contained 6.7 g/L yeast nitrogen base (YNB)
without amino acids with ammonium sulfate, 1 g/L drop-out mix without yeast nitrogen

base, and 20g/L dextrose.
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3.3.2 Cloning and yeast strain engineering

S. cerevisiae strains used in this study are described in Table.3.1. The parental WT strain
[128] was generated by transforming [129] a polymerase chain reaction (PCR) product
containing the URAS& open reading frame (ORF), 225 bp of the 5> UTR and 173 bp of the
3’ UTR from the GLBRCY22-3 strain ([19], G3) into the CEN.PK113-5D strain and plat-
ing on SC minus uracil plates. Transformants were confirmed for growth on auxotrophic
medium without uracil and Sanger-sequenced. To generate strains expressing the isobu-
tanol pathway genes, DNA containing codon-optimized versions of ILV2, ILV3, ILV5 and
ARO10 from S. cerevisiae, and adhA*?“® from Lactobacillus lacti [95] were synthesized
(Life Technologies) and cloned between various yeast promoters and terminators (together
called the “isobutanol pathway cassette”). Specifically, expression was driven by the fol-
lowing promoter and terminator pairs: Papg-ILV2-Tover; Ppaki-ILVS-Trers; Preps-
adhA?*“®-Trpus: Prpus-ARO10-Trgri: Preri-ILV5-Tryp;. The Pypy; consisted of 408
bp upstream of the ScADHI1 protein-coding sequence, Toye; consisted of 251 bp down-
stream of ScCYC1 protein-coding sequence, Ppg; consisted of 998 bp upstream of the
ScPGK1 protein-coding sequence, Trgprs consisted of 293 bp downstream of the ScTEF2
protein-coding sequence, Prgrs consisted of 402 bp upstream of the ScTEF2 protein-
coding sequence, T'rpys consisted of 514 bp downstream of the ScTDHS protein-coding
sequence, Prpys consisted of 672 bp upstream of the ScTDH3 protein-coding sequence,
Trgr; consisted of 350 bp downstream of the ScTEF1 protein-coding sequence, Prgr;
consisted of 577 bp upstream of the ScTEF'1 protein-coding sequence, T'ryp; consisted of
380 bp downstream of the ScTUBI protein-coding sequence. The transcriptional units
(promoter-gene-terminator pairs) for the five genes were then cloned in the above order

into the Sacl-Kpnl polylinker sites of a modified pRS426 plasmid containing HygM X} as
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the selection marker in place of URA3 [130]. Homology arms to the HO locus (HO-L and
HO-R) were inserted 5’ and 3’ of the isobutanol pathway cassette to facilitate genome
insertion by homologous recombination [131]. The HO-R homology arm also included the
LoxP-KanMX-LoxP selection marker, which was inserted 3’ of ScT'UB1 protein-coding se-
quence [132]. For expressing ARO10 and adhA*’“® in the mitochondria, coding sequence
for the COX/ MLS was synthesized in-frame at the 5" ends of codon-optimized ARO10
and adhA?’“®. The full length isobutanol pathway cassette containing mitochondrial-
localized enzymes and flanking HO arms (GenBank: MZ541859) was excised from the
plasmid by digestion with Sacl-HF and KpnI-HF, purified and transformed into the
WT strain. After selection on YPD+Geneticin plates, PCR and Sanger sequencing were
used to confirm the insertion of the isobutanol pathway cassette into the HO locus. The
LoxP-KanMX-LoxP selection marker was then excised by Cre recombinase to generate the
final mIBAY? strain [132]. The inserted isobutanol pathway cassette was amplified by
PCR with multiple primer sets from mIBA’2Y? genomic DNA (gDNA) and confirmed for
complete insertion by Sanger-sequencing (Fig.3.7a). To generate the cIBAWCES strain
CRISPR/Cas9 was used to delete the MLSs at the N-terminus of the engineered isobu-
tanol pathway enzymes in mIBAZY? (Fig.3.7b). In brief, an sgRNA sequence target-
ing the MLS of each synthetic isobutanol pathway enzyme were identified by CRISpy-
pop [133] and cloned into the pXIPHOS plasmid as described previously [134]. sgRNA
targeting sequences are as follows: ILV2, CTTAATAGCGAAGTTCTTCA; ILV3, AG-
TAGTAGAGAATTGTCTAG; ILV5, GCAGATCAATCTAGCAGCTT; MLS-adhA?9¢%
and MLS-ARO10, AAATCTGATGGACTGTCTCA. Each mitochondrial-localized gene
in the synthetic isobutanol pathway was sequentially replaced by transforming the pX-

IPHOS plasmid containing a single sgRNA to one gene along with the appropriate PCR
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repair template of the gene lacking the MLS in the following order: ILV5 — ilvC®6 MLS-
ARO10 and MLS-adhA??¢8 simultaneously — ARO10 and adhA?C8, [LV3 — ILV3"%19,
ILV2 — ILV25%%_ To generate repair templates with the cytosol-localized isobutanol
pathway enzymes, individual genes were first cloned into the TOPO vector and then the
appropriate MLS was removed (ILV22%%  [LV3~%19 and ILV52%48, ARO10~%MLS and
adhA?9C8:52-MLS [97]) by restriction digestion/PCR-aided Gibson assembly and confirmed
with Sanger-sequencing. These vectors were then used as the PCR repair template which
contained part of the promoter and part of the gene lacking the MLS. The repair template
for replacing ILV5 with ilvC%"% was generated by amplifying the E. coli ilvC®?® CDS from
pIBA1 [135] and cloning it in place of the ILV54%48 CDS in the TOPO vector; this vector
was Sanger-sequenced and used for the PCR repair template in the same manner as de-
scribed earlier. To generate the cIBA*Y? strain, the cIBA™Y6E6 strain was transformed
with the pXIPHOS plasmid containing an sgRNA to ilvC?® (AGTTTTAATTACAAC-
CGGTA) and a PCR repair template containing ILV5°%48 (Fig.3.7c). To generate the
mIBAWC0ES strain, the mIBA™Y? strain was transformed with the pXIPHOS plasmid
containing an sgRNA to codon-optimized ILV5 (GCAGATCAATCTAGCAGCTT) and
a PCR repair template containing MLS-ilvC%%¢ (Fig.3.7d). For the cIBATEV?| cIBATWCOES
and mIBAWCOES gtrains, DNA sequence changes where CRISPR/Cas9 editing occurred
were confirmed by Sanger-sequencing. Deletions of codon-optimized /LVS3, native ILV3
and/or native FRA2 from the cIBAYS mIBAYS and cIBAMCEC strains were per-
formed by integration of PCR products generated from LozP-KanMX-LoxP (pUG6) or
LoxP-HphMX-LoxP (pUGT5) plasmid templates and primers containing 40-60 bp of ho-
mology flanking the targeted genes [136]. PCR products were purified and transformed

into the appropriate strains and selected for growth on the appropriate antibiotic. Gene
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deletions were confirmed by PCR of gDNA and Sanger-sequencing.

3.3.3 Fermentation growth conditions and sample collection

For aerobic growth, starter cultures were grown in a shaking incubator at 30°C. For
anaerobic growth, media was allowed to degas in a 30°C Coy anaerobic chamber (10%
Hy, 10% COq, and 80% Ny) for >12 h prior to use and cultures were grown with stir bars
on a magnetic stir plate to prevent flocculation. Fermentations for multi-omic sampling
were performed in biological triplicate. Yeast cells were grown aerobically in YPD until
stationary phase ~12 h. The cultures were then shifted to minimal medium and anaerobic
conditions by diluting the culture to ODggg 0.3 in minimal medium and allowed to reach
exponential phase ~8.5 h. Working cultures, which were used for sampling, were then
inoculated from the shifted culture to ODggg 0.2 in minimal medium and allowed to grow
anaerobically for 48 h. Cell growth was monitored by taking ODggg measurements with
the Beckman DU720 spectrophotometer. Samples for end-product analysis were taken
by collecting 2 mL of culture supernatant. Samples for protein isolation were obtained by
collecting and flash freezing ~1x10 /1x10'2 cells. Similarly, samples for RNA isolation
were obtained by collecting and flash freezing the equivalent of 25 mL of cells at an
ODgoo of 1. Samples for intracellular metabolite quantification were collected inside the
anaerobic chamber by vacuum filtrations of culture through 0.45 pm hydrophilic nylon
filters. Filters with the retained cells were immediately placed cell-side down in 1.5 mL
of extraction solvent (40 vol% acetonitrile, 40 vol% methanol, 20 vol% water) kept on

dry ice to quench metabolism and extract metabolites.
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3.3.4 End product analysis

3.3.4.1 Determination of isobutanol concentration by automated headspace

GC/MS

The equipment used included the following: an Agilent 7890A GC system (Agilent Tech-
nologies, Inc. Palo Alto, CA); a LPAL3 autosampler and sample preparation system
equipped with a heated agitator/stirrer and heated headspace sampling syringe (Agilent
Technologies, Inc. Palo Alto, CA); and a Pegasus 4D ToF-MS (Leco Corp., Saint Joseph,
Michigan). Typical analysis range is 0.065 mM — 8.4 mM isobutanol and uses an aliquot
volume of 500 mL and 2-Methylpropyl-d9 alcohol (as internal standard). Instrument
run control and conditions are set by the Chromatof (®Leco Corp.) software (version
4.72.0.0) provided with the Pegasus 4D GexGC ToF MS system. Samples were incubated
at 70°C for 5 minutes in the heated agitator set to 350 rpm. 0.5 mL of the headspace
is then sampled by the autosampler with a 2.5 mL gastight syringe heated to 75°C and
injected into the GC system. The sample was withdrawn at 100 mL/sec and injected into
the GC at 1000 mL/sec. The syringe was purged with nitrogen gas for 0.5 min prior to
the next injection. The analytical capillary GC column was a Stabilwax-DA®) (Restek,
Inc. Bellefonte, PA) length 30 m, 0.25 mm ID, 0.25 mm film thickness. Helium was used
as a carrier gas with a pressure corrected constant flow rate of 1 mL/min. The GC inlet
was fitted with a 4 mm deactivated glass liner and held at 250 °C throughout the run.
The inlet split ratio was set to 50:1. The GC oven was initially set to 50°C and held for 1
minute then increased to 200° C at 40°C/min and held at 200°C for 5 min. The filaments
of the mass spectrometer were turned on 42.5 seconds after injection and 10 spectra/sec
were recorded from m/z 10 to m/z 250. The MS source temp was 200°C, electron energy

set to 70 eV, and the detector voltage was adjusted to approximately 50V above the
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minimum voltage determined by the instrument tune check procedure. The peak area of
isobutanol was measured using the extracted ion chromatogram of m/z 43 and the peak
area of 2-Methylpropyl-d9 alcohol was measured from the extracted ion chromatogram

of m/z 46. An unpaired t-test was performed to determine statistical significance.

3.3.4.2 Analysis of fermentation supernatants by HPLC-RID

End-product analytes (glucose, ethanol, glycerol, lactate, and acetate) were measured
with an analytical system consisting of an Agilent 1260 Infinity HPLC system (Agi-
lent Technologies, Inc., Palo Alto, CA) with a quaternary pump, chilled (4°C autosam-
pler, vacuum degasser, refractive index detector, and a Aminex HPX-87H column with a
Cation-H guard column (BioRad, Inc. Hercules, CA; 300x7.8mm, catalog number 125-
0140). Operating parameters were as follows: 0.02 N H2SO4 mobile phase, 0.500 mL/min
flow rate, 50°C column temperature, 50°C detector temperature, 28 minutes run time,
and a 50 pL injection volume. Instrument control, data collection and analysis/calcula-
tion are done using Chem Station V. B04.03 software (Agilent Technologies, Inc., Palo

Alto, CA). An unpaired t-test was performed to determine statistical significance.

3.3.5 Intra- and extra-cellular metabolomics preparation, quan-
tification, and analysis

After collecting all samples at a given time point, the filter disks in extraction solvent
were removed from the anaerobic chamber and the cells were washed off the filter into
the solvent. The entire suspension was transferred into a centrifuge tube and centrifuged
for 5 min at 16,000 xg at 4°C to remove cellular debris. The supernatant was collected

in another centrifuge tube and immediately prepped for quantification.
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The extraction solvent containing intracellular metabolites was dried under N, and
the metabolites were resuspended in Solvent A (97:3 H20:methanol with 10 mM tributy-
lamine adjusted to pH 8.2 by addition of 10 mM acetic acid). Samples were analyzed by
LC-MS as described previously [137, 138]. Data analysis was performed using MAVEN
software [139, 140] and compounds were identified by retention time (matched to pure
standards). “Peak Area Top” values were extracted and normalized by ODggg equivalent
of sample injected into the LC-MS. Extracellular metabolite samples for LC-MS analysis
were diluted to appropriate concentration, then analyzed using the above method. An

unpaired t-test was performed to determine statistical significance.

3.3.6 Transcriptomic sample preparation, library construction,
sequencing, and analysis

Total RNA was extracted with hot phenol lysis [141], DNA was digested with Turbo-
DNase (Life Technologies, Carlsbad, CA) for 30 min at 37°C, and RNA was precipitated
with 2.5 M LiCl for 30 min at 20°C. In brief, RNA-Seq libraries were generated using
the Illumina TruSeq®) Stranded mRNA HT kit, AMPure XP bead for PCR purification
(Beckman Coulter, Indianapolis, IN), and SuperScriptII reverse transcriptase (Invitrogen,
Carlsbad, CA) as described in the Illumina kit. Single-end 50-bp reads were generated
using an [llumina NovaSeq 6000 at the University of Wisconsin-Madison Biotechnology
Center. Reads were processed with Trimmomatic version 0.3 [142] and mapped to the
S288C genome (with foreign mutant sequences added) using Bowtie 2 version 2.2.2 with
default settings [143]. Read counts were calculated using HT'seq version 0.6.0 [143]. edgeR
version 3.6.8 [144] was used to perform differential gene analysis, taking a Benjamini and

Hochberg false discovery rate (FDR) of < 0.05 as significant [145]. Raw sequencing counts
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were normalized using Trimmed Means of M-values (TMM). Samples were clustered
using Cluster 3.0 [146] and visualized in Java TreeView [147], and functional GO term

enrichment was performed using SetRank [148] with an FDR set to < 0.05 for significance.

3.3.7 Label-free quantitative proteomics preparation, quantifi-
cation, and analysis

Yeast pellets were resuspended in 150 pL of 6 M guanidine, 100 mM Tris (pH 8) and boiled
for 5 minutes at 100°C. Methanol was then added to 90% to precipitate proteins, and the
samples were centrifuged for 5 min at 9,000 G. The supernatant was discarded, and the
protein pellet was resuspended in lysis buffer (8 M urea, 100 mM Tris pH 8, 20 mM TCEP,
80 mM Chloroacetamide). LysC was added to an estimated 50:1 protein to enzyme ratio
and incubated for 4 hrs at room temperature. The samples were diluted with 100 mM
Tris to a urea concentration of 1.5 M. Trypsin was added to an estimated 50:1 protein to
enzyme ratio and incubated overnight at room temperature. Samples were desalted with
Strata C18 solid phase extraction cartridges and dried in a vacuum centrifuge. Peptide
concentration was then determined from a NanoDrop One spectrophotometer before re-
suspending in 0.2% formic acid and injecting onto the mass spectrometer.

Samples were analyzed using an LC-MS/MS instrument comprising an Orbitrap
Eclipse Tribrid mass spectrometer and UltiMate 3000 RSLCnano liquid chromatogra-
phy system (Thermo Fisher Scientific). Mobile phase A consisted of 0.2% formic acid in
water and mobile phase B consisted of 0.2% formic acid in 80% acetonitrile. Peptides
were loaded in 0% B and separated at a flow rate of 310 nL/min over a 120 min gradient
of increasing % B. Peptides were injected onto a 1.7 ym C18 column (75 pm i.d.) packed

in-house to a length of 30 cm [149] and heated to 50°C. Survey scans of peptide precursors
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were collected every second from 300-1350 Th with an AGC target of 1,000,000 and a
resolution of 240,000 in the orbitrap. Precursors were isolated from a 0.5 Th window in
the quadrupole and HCD MS/MS scans at 35% collision energy were collected in the ion
trap with an AGC target of 35,000 from 150-1350 Th.

The resulting LC-MS/MS proteomics data were processed using MaxQuant [150] soft-
ware version 1.5.2.8 and searched against a Saccharomyces cerevisiae database (with for-
eign mutant proteins added) downloaded from Uniprot. The digestion enzyme was set to
Trypsin/P with up to two missed cleavages, and oxidation of methionine and protein N-
terminal acetylation were set as variable modifications. Cysteine carbamidomethylation
was set as a fixed modification. Label-free quantification was enabled with a minimum
ratio count of 1, and the match between runs feature was utilized to decrease missing data
values within the dataset. Peptides were filtered to a 1% FDR and combined to protein
groups based on the rules of parsimony. Differential protein analysis was done taking
a Benjamini and Hochberg false discovery rate (FDR) of < 0.05 as significant [145][42].

Functional enrichment was assessed using the FunSpec database [2].

3.3.8 Petite frequency

To assess the propensity of different strains to form petite colonies due to loss of respira-
tory competence each strain was revived on YPD media and streaked for single colonies
on YPG (2% glycerol) media to ensure all starting cells could respire. Single colonies were
used to inoculate 3 independent 5 mL YPD cultures, which were grown rolling overnight
at 30°C. Each culture was plated for single colonies on YPDG (0.1% dextrose, 3% glyc-
erol) media to differentiate petite and respiring colonies and colonies were counted after

3 days of growth at 30°C.
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3.4 Results and discussion

3.4.1 Engineered isobutanol producing strains

In order to evaluate the effects of pathway localization and redox cofactor-balancing on
isobutanol production, we constructed four engineered strains: a mitochondrial-localized
isobutanol pathway with a NADPH-dependent Ilv5p KARI, mIBA*"?; a mitochondrial-
localized isobutanol pathway with a NADH-dependent IlvC*6p KARI, mIBA/WCOES, 4
cytosolic-localized isobutanol pathway with a NADPH-dependent Ilvip KARI, cIBAEV:
and a cytosolic-localized isobutanol pathway with a NADH-dependent IlvC*6p KARI,
cIBAWCOES (Rig.3.1b-c, Table.3.1, Fig.3.7). DNA cassettes for expressing each pathway
were assembled from genes previously tested [96], including those encoding an alcohol
dehydrogenase (adhA?°“S) from Lactococcus lactis [25]), an acetolactate synthase (ILV2,
from S. cerevisiae), a dihydroxyacid dehydratase (ILV3, from S. cerevisiae), a a-ketoacid
decarboxylase (AROI10, from S. cerevisiae), and a ketol-acid reductoisomerase (ILV35,
from S. cerevisiae or ilvC%?® from E. coli [135]). Each open reading frame was codon-
optimized, synthesized commercially, and cloned in frame with promoters (P) and ter-
minators (T) resulting in the following pairs: Papu;-ILV2-Teoyer; Ppari-ILVS-Trgps;
Prppo-adhA**%®-Trpys; Progs-ARO10-Trgps; Prer-ILV5-Trus;.

Mitochondrial localization was achieved by adding DNA encoding the previously char-
acterized Cox4p N-terminal MLS [96] to the N-terminus of genes which natively localized
to the cytosol (MLS-ARO10, MLS-adhA*?“®, and MLS-ilvC%%%). Conversely, cytosol
targeting was achieved by removing sequences encoding previously identified MLS from
genes which natively localized to the mitochondria (ILV22%54 [LV3~#19 [LV55248) [97].

DNA cassettes containing each of the five genes were assembled and integrated into the
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S. cerevisiae genome at the HO locus via homologous recombination. When constructing
the mIBAWC0F6 strain we uncovered an unexpected petite phenotype. The frequency at
which the petite colonies arose in the mIBA™C0E6 strain was 166-fold that of the wild-
type (WT) strain (Table.3.2). All other engineered strains had a low petite frequency
consistent with natural S. cerevisiae isolates [151, 152]. The mIBACE6 strain was not

included in further studies due to this irreversible fitness defect.

3.4.2 Engineered strains produce varied amounts of isobutanol

A fermentation experiment was performed to evaluate and compare the physiological
and molecular phenotypes of the engineered strains and WT. Each strain was cultivated
anaerobically at 30°C in minimal medium containing 100 g/L glucose. We collected
samples every 2 hrs to monitor growth, glucose consumption, isobutanol production, and
ethanol production. Samples for functional genomics analyses (transcriptomic, proteomic
and metabolomic) were collected at 4, 10, and 26 hrs post inoculation to represent the
different phases of cell growth: early-exponential phase, mid-exponential phase, and early-
stationary phase (Fig.3.2). The three engineered strains grew slower than the WT strain
(Fig.3.2); doubling times during the exponential phase of the mIBAXY? cIBAY? and
cIBATWCOES strains were 1.1, 1.3, and 1.3-fold larger than the WT strain, respectively.
All strains completely consumed the glucose provided and reached similar final ODggg
(5.3-5.6) values by the end of the 48 hr fermentation. All strains produced ethanol
titers of 45-47 g/L by hr 44 of the fermentation corresponding to yields over 90% of the
theoretical maximum (Fig.3.2). These metrics indicate that ethanol remains the dominant
fermentation product and that pathway localization and cofactor-balance alone were not

the limiting factor in isobutanol fermentation.
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Figure 3.2: Mitochondrial-localized isobutanol pathway is sufficient for increas-
ing isobutanol titers. Fermentation was performed on the isobutanol producing S.
cerevisiae strains under anaerobic conditions in minimal medium for 48 h. Cell growth
(ODgoo), glucose, ethanol and isobutanol production were measured. Error bars repre-
sent the standard deviation of three biological replicates. Samples for functional genomics
analysis (proteomics, transcriptomics, and metabolomics) were pulled at 4, 10, and 26 h
indicated by vertical gray lines.

Isobutanol production varied significantly among the engineered strains. The cIBAV?
and cIBAWCOE6 strains produced isobutanol at levels less than or equal to WT; at 38 hr,
the isobutanol titers were 37, 46, and 31 mg/L in the WT, cIBAZY? and cIBAWC6ES
strains, respectively. The cIBAEY? strain produced 1.5-fold (P < 5E-5) more isobutanol
than the cIBA™0F6 strain indicating that redox cofactor-balancing is not a limiting fac-
tor for driving flux to isobutanol synthesis in these strains and NAD™ is preferentially
regenerated through ethanol fermentation. The highest isobutanol titer was achieved by

the mIBAV? strain, which produced 170 mg/L at 38 hrs, corresponding to a yield of 1.8
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mg isobutanol/g glucose. This metric is similar to other isobutanol overproducing strains
grown under anaerobic conditions [103]. In summary, the mIBAZY? strain outperforms
the other engineered strains and had a 3.8-fold (P < 5E-6) higher isobutanol titers than

the cIBALV? gtrain.

3.4.3 Strains with cytosolic-localized isobutanol pathway have
an altered transcriptome and proteome

We next assessed the molecular phenotypes of the engineered strains and WT using the
functional genomics samples collected during the above-mentioned fermentation exper-
iment. We identified and collected data for 59 intracellular metabolites using LC-MS,
34 extracellular metabolites (28 LC-MS and 6 HPLC/GC), 4339 proteins by LC-MS/MS
proteomics, and 6434 genes by RNA-seq (File S1-S4, Data availability).

The transcriptome and proteome data collected from our top isobutanol producer,
mIBA™Y? was more similar to WT than the cIBA™C%6 and cIBA'V? strains which
both displayed a larger number of differentially expressed RNA and proteins (Fig.3.3a,
Table.3.3). The cIBA™CES and cIBA™Y? strains shared 175 of the same differentially
expressed genes, which were enriched for oxidation-reduction processes, mitochondrial
respiration, and TATA-containing genes (Fig.3.3b). Hierarchical clustering of the data
was also performed, and the strains clustered together in a distinct clade within each
timepoint (Fig.3.3c). Taken together, we concluded that the cIBA™CF6 and cIBALV?
strains have functionally similar transcriptomes and that a cytosolic-localized isobutanol
pathway induces gene expression changes in specific biological processes.

The metabolite dataset showed that all engineered strains had significantly altered

levels of aromatic amino acid biogenesis intermediates (Fig.3.8 and Fig.3.9). We suspect
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Figure 3.3: Transcriptomics overview of the engineered isobutanol strains. a)
Number of differentially expressed genes at an elevated or reduced level in the engineered
strains relative to WT b) Venn Diagram showing the number of overlapping differentially
expressed genes in the cIBAC0E6 and cIBAPY? strains and the GO terms enrichment
results (Bonferroni adjusted P < 1E-05). c¢) Heatmap shows the average relative Logy
fold change of genes (rows) for each strain/time point (columns) relative to WT. The
three sampling times were early-exponential phase (4 h), mid-exponential phase (10 h),
and early-stationary phase (26 h) for strains mIBAV? cIBAEY? and cIBATWCSES grown
in minimal medium anaerobically. Yellow denotes induced expression, blue denotes re-
pressed expression, and black denotes unchanged values according to the key. Hierarchical
clustering was performed with Cluster 3.0 and visualized in Java TreeView. The tran-
scriptome of the cIBAY? and cIBA™CEC strains were more similar than the mIBA#V?
strain.

this was due to overexpression of the synthetic KDC enzyme, Arol0p, in our engineered
strains enhancing aromatic amino acid degradation flux (Fig.3.9). The depletion of pheny-
lalanine (Phe) and tyrosine (Tyr) did not cause any unexpected changes in cell growth as
supplementation with 0.1% (w/v) Phe and Tyr yielded no improvement in growth rate

(Fig.3.10). Metabolites in the IBA pathway were also dramatically altered but more so
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in the cIBA™COES and cIBALY? strains when compared to WT (Fig.3.8). The remainder
of the manuscript will discuss conclusions we drew after integrating specific aspects of

the functional genomics data.

3.4.4 Cytosolic-localized isobutanol pathway has a bottleneck

at Ilv3p

We first examined data related to enzymes in the isobutanol pathway. To judge if
each of our synthetic enzyme variants was expressed, the mRNA counts and protein
abundance data were investigated. Normalized counts (RPKM) for all synthetic codon-
optimized isobutanol genes (ILV2, ILV2~%% ILV5, ILV5~%48 ilwCoP0 LV, ILVS~%19,
MLS-adhA?°%8 adhA?*“S, MLS-ARO10, and ARO10) were successfully detected in the
transcriptomes of the engineered strains (Table.3.4). In general, the amount of RNA de-
tected for each transcript correlated with the predicted promoter strengths of each gene
(Prpus-ARO10 > Ppagi-ILVS > Prgpi-ILVS5 /ilvC% % > Prpps-adhA?°% > Papy;-ILV2)
(Table.3.4) [153, 154]. The transcript levels of the native ILV2, ILV5, ILVS and ARO10
genes were also investigated, and as expected, the mRNA abundances of the native genes
were not statistically significantly altered in any of the engineered strains compared to
the WT strain (File S1). The protein levels of the isobutanol enzymes (Ilv2p, Ilv3p,
[Iv5p, and Arol0p) were elevated across all the engineered strains when compared to WT
(Fig.3.4). This elevated protein abundance in our engineered strains can be a result of
our synthetic variants being successfully translated and contributing to the protein pool.
Overall, neither the mRNA counts nor the protein abundance data yielded an explanation
for the differences in isobutanol production we observed between the engineered strains.

We contribute the higher isobutanol production in the mIBA*Y? strain to be the result



58

of added activity from the mitochondrial pathway localization.
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Figure 3.4: Intracellular metabolite and protein levels of the isobutanol path-
way. Heat map values correspond to average Log, fold change relative to WT at the 3
sampling times (4, 10, and 26 h). For the intracellular metabolite data, red denotes lower
metabolite levels, blue denotes higher metabolite levels, and white denotes unchanged
values; for the protein data, blue denotes lower protein levels, yellow denotes higher pro-
tein levels, and black denotes unchanged values. Protein values represent the sum of the
native and synthetic proteins. Statistical significance (P/FDR < 0.05) is indicated by
the presence of a number in the heatmap cell. NM stands for not measured, and N/A
stands for not applicable as the protein is not endogenous to WT.

Next, we looked at the intracellular levels of the isobutanol pathway intermediates
in our engineered strains and saw that 2-acetolactate (AL), 2,3-dihydroxyisovalerate
(DHIV), and a-ketoisovalerate (KIV) were significantly altered compared to the WT
strain. At hr 4, the cIBA™Y? strain had a 23-fold (P < 5.0E-4), 16-fold (P < 5.0E-5),
and 4.1-fold (P < 0.005) increase in intracellular AL, DHIV, and KIV, respectively when
compared to WT. Similarly, at hr 4, the cIBA™CE6 strain had a 22-fold (P < 5e-6),

8.6-fold (P < 0.0005), and 2.5-fold (P <5E-4) increase in intracellular AL, DHIV, and
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KIV, respectively when compared to WT (Fig.3.5). This trend of elevated intracellular
AL, DHIV, and KIV in the cIBA™™E6 and cIBAV? strains was also seen at the other
timepoints, hr 10 and 26, but to a lesser extent. The significant accumulation of AL and
DHIV in these strains suggests that ILV3 is a rate-limiting step. This finding was also
in agreement with a previous study where additional copies of ILV S were added to boost
production of KIV from DHIV [102]. In contrast to the cIBA™E6 and cIBALY? strains,
intracellular levels of DHIV in the mIBAY? strain were at lower levels compared to the
WT strain; specifically, the level of DHIV was 2.8-fold (P < 5E-4), 4.5-fold (P < 0.005),
and 3.2-fold (P < 0.005) lower when compared to WT at hr 4, 10, and 26 respectively,
which indicates mitochondrial-localized Ilv3p is not a bottleneck.

We hypothesized that the mitochondrial-localized Ilv3p is not a rate-limiting step in
the mIBA’FY? strain because the required cofactor for the enzyme, a 2Fe-2S cluster, is
more accessible in the mitochondria where its biogenesis begins. This is not the case
for the cIBA™CE6 and cIBA™Y? strains since the synthesis and delivery of the required
2Fe-2S cluster into the cytosolic-localized Ilv3p requires Fe-S cluster biogenesis machin-
ery that spans multiple compartments (both the mitochondria and cytosol). Specifi-
cally, the mitochondrial iron sulfur cluster (ISC) machinery is responsible for generating
the sulfur-containing intermediate (X-S), which is then exported to the cytosol via the
ABC transporter Atmlp [155]. In the cytosol, the X-S intermediate is matured into a
cluster and loaded onto the cytosolic-localized apoprotein by the cytosolic iron sulfur
cluster assembly (CIA) machinery (Fig.3.5a). We hypothesized that the Ilv3p step is
rate-limiting in the cIBA™YF6 and cIBAV? strains due to this added complexity of the
cross-compartmental assembly of the required cofactor. To confirm that our cytosolic-

localized Ilv3p was functional, we deleted the endogenous mitochondrial-localized ILV3
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Figure 3.5: Proteomic response of sulfur-related pathways in the engineered
strains a) Model for cytosolic 2Fe-2S cluster biogenesis, delivery, and sensing. Fe-S
cluster biogenesis begins with the mitochondrial iron sulfur cluster (ISC) machinery
where a sulfur containing compound (X-S) is made and exported to the cytosol via the
ABC transporter, Atm1lp. Through a yet unknown mechanism, the X-S intermediate is
matured into a 2Fe-2S cluster and loaded into the cytosolically localized DHAD/Ilv3p
apoprotein to form the holo form; we hypothesize that this process is facilitated by the
cytosolic iron sulfur cluster assembly (CIA) machinery. High cytosolic iron conditions
are sensed by the transcription factor Yapbp via binding two 2Fe—2S clusters; once clus-
ters are bound, Yap5p undergoes a conformational change and activates transcription of
genes in the nucleus including CCC1, TWY1, GRX/, and CUPI. b) Heat map shows
the protein levels of such genes in model a. ¢) Heat map shows the protein levels of
genes in sulfur-related pathways and the intracellular level of cysteine. Genes that are
transcriptionally activated by Met4dp under cysteine-depleted conditions are indicated in
green. For all heatmaps, values correspond to average Log, fold change relative to WT
at the 3 timepoints (4, 10, and 26 h). For the protein data, blue denotes lower protein
levels, yellow denotes higher protein levels, and black denotes unchanged values. For the
intracellular metabolite data, red denotes lower metabolite levels, blue denotes higher
metabolite levels, and white denotes unchanged values. Statistical significance (P/FDR
< 0.05) is indicated by the presence of a number in the heatmap cell.

in the cIBA™C0E6 gtrain and performed a growth complementation assay to see if our
synthetic cytosolic-localized Ilv3p could restore growth on synthetic complete medium
lacking valine; indeed, the strain harboring only the cytosolic-localized Ilv3p grew on
synthetic complete medium minus valine plates indicating it was functional in its non-

native subcellular compartment (Fig.3.11). In summary, the lower performance of the
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strain with the cytosolic-localized pathway was due to a rate-limiting step in the pathway

at Ilv3p.

3.4.5 Proteomic analysis revealed a cytosolic-localized isobu-
tanol pathway results in altered sulfur metabolism

To further explore our hypothesis that the Fe-S cluster requiring enzyme was the rate-
limiting step in the cIBA™C6F6 and cIBA'V? strains, we took a closer look at genes
involved in Fe-S cluster synthesis. The protein levels of enzymes in the ISC and CIA
machinery between the engineered strains and WT were relatively unchanged, with the
exception of Atm1p, the mitochondrial X-S intermediate transporter (Table.3.5). Atm1lp
was upregulated approximately 2.0-fold in the cIBA™CF6 and cIBAV? strains at all time
points when compared to WT (Fig.3.5b). Atml1p overexpression is predicted to increase
the number of available clusters in the cytosol by increasing the abundance of the X-S
intermediate used by the CIA machinery for generating cytosolic Fe-S clusters [155]. In
the cytosol, excess Fe-S clusters are sensed by the iron responsive transcription factor,
Yapbp. Yapbp can stably bind to 2Fe-2S clusters, inducing a conformational change that
activates the transcription of genes to help regulate iron storage including CCC1, TWY1,
GRX/4, and CUP1 (Fig.3.5a). Indeed, protein levels of Ccclp, Tywlp, and Grx4dp were
elevated in the cIBA™0E6 and cIBAEV? strains for at least one of the time points with
Tywlp having the highest fold change of 1.7 at hr 10 when compared to WT (Fig.3.5b).
This increase in Yap5p responsive genes indicated there was an increased number of 2Fe-
2S clusters in the cytosol of the cIBA™6F6 and cIBAFV? strains compared to WT, which
was expected with the increased level of Atmlp.

We next asked if the different isobutanol pathways could affect other aspects of the
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strain’s proteome. Pathway enrichment analysis using Funspec [2] was performed on
the statistically significant protein hits from the cIBA™Y6E6 and cIBAY? strains to
identify any enriched patterns. Proteins at a higher abundance compared to WT were
enriched (P < 5E-5) for sulfur-related pathways (methionine biosynthesis [GO:0009086],
cysteine biosynthesis [GO:0019344], and sulfate assimilation [GO:0000103]) (File S5).
The protein abundance of enzymes in sulfate assimilation, sulfate regulation, homoserine
biosynthesis, cysteine biosynthesis, and siroheme biosynthesis pathways were elevated
in the cIBA™C0E6 and cIBA™Y? strains compared to WT (Fig.3.5¢). This response was
largely due to the depletion of intracellular cysteine since MET gene expression is induced
by Met4p under cysteine-limited conditions [156]; in fact, the intracellular cysteine levels

AIva6E6’ and

were depleted in all engineered strains but more significantly in the cIB
cIBALY? strains (Fig.3.5¢). Cysteine is used as the sulfur donor for synthesizing Fe-S
clusters, and we hypothesized the altered sulfur metabolism was related to the 2Fe-2S
cluster requirement of the rate-limiting enzyme, Ilv3p. The elevated levels of Atmlp
in conjunction with the elevated sulfur metabolism suggests that the strains with the
cytosolic pathway are trying to overcome a limitation in the quantity of cytosolic Fe-S

clusters. We hypothesize that the insufficient availability of cytosolic Fe-S clusters causes

the Ilv3p to be the bottleneck in the cIBA™C6E6 and cIBAY? strains.

3.4.6 Increasing iron availability boosts production with a cytosolic-
localized pathway

We next sought to determine if the cIBA 06 and cIBAV? strains’ performance would
benefit from increased Fe-S cluster biogenesis in the cell. This strategy was successful

in increasing the activity of a different cytosolic-localized Fe-S cluster requiring enzyme,
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xylonate dehydratase, in S. cerevisiae [157, 158]. This can be accomplished by increas-
ing the availability of iron in the cell through deregulation of the iron regulon genes.
To test our hypothesis, we disrupted iron homeostasis by deleting the transcriptional
repressor Fra2p (also referred as its standard name Bol2p) of the iron regulon transcrip-
tional activator, Aft1/2p, in the cIBAXYS and mIBAEY? strains (Fig.3.6a) [155, 159]. We
then performed a time-course experiment where extracellular isobutanol production was
monitored periodically and intracellular isobutanol metabolites were measured during
mid-exponential phase (10 hr) and early-stationary phase (26 hr) (Fig.3.6b-c). We ob-
served that the deletion of FRAZ2 significantly altered the isobutanol titer in the cIBA*V?
background strain, but not in the mIBAV? strain; the cIBA*V’fra2/\ strain produced
190 mg/L isobutanol at 48 hr which is 2.4-fold more than the cIBA™? strain (P < 5E-5)
(Fig.3.6b). Furthermore, the titer achieved by the cIBALV?fra2/\ strain surpassed the
isobutanol titer in our previous best producer, mIBAXY? by 1.3-fold (P < 5E-5) indi-
cating a high titer with a cytosolic isobutanol pathway localization can be achieved. We
hypothesize the fra2 deletion had no effect on isobutanol titer in the mIBAY? strain
because the cofactor availability for the mitochondrial-localized Ilv3p was not limited.
We next tested if the deletion of FRAZ2 specifically benefited Ilv3p by looking at
the intracellular metabolite levels of the enzyme’s reactant, DHIV, and product, KIV
(Fig.3.6c). Indeed, the cIBA"Y9fra2/\ strain had lower levels of DHIV compared to the
cIBA’EV? strain indicating the Ilv3p bottleneck was partially relieved; the normalized peak
area (peak area /ODggg) of DHIV was 1.7-fold (P < 0.05) and 2.9-fold (P < 0.005) lower
in cIBA™Y? fra2/\ compared to cIBAFY? at hr 10 and 26, respectively. The KIV level was
also measured, but we did not observe an increased level of KIV in the cIBA™V? fra2A

strain compared to the cIBA*Y? strain as one might expect from relieving the bottleneck
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Figure 3.6: Increasing iron availability improves isobutanol production with
cytosolic-localized pathway a) Schematic demonstrating how Ilv3p activity may
be enhanced by altering iron homeostasis. The transcriptional activator, Aftl/2p, is
negatively regulated by Fra2p. b) Isobutanol titer of engineered isobutanol producing
strains with and without FRA2 deletion. c¢) Normalized peak area (peak area/ODgqg) of
[lv3p’s metabolites (reactant DHIV and product KIV) observed by LC-MS. Samples for
metabolomics were pulled at 10 and 26 h post inoculation. Fermentation was performed
under anaerobic conditions in minimal medium. Error bars represent the standard de-
viation of three biological replicates. Asterisks denote statistically significant differences
by pairwise t-test (*, P < 0.05; ** P < 0.005; *** P < 0.0005).

at Ilv3p. Instead, the KIV level between the engineered strains was not significantly
altered, except at hr 26 where the cIBAV? strain had a 3.5-fold increase in KIV compared
to the cIBAEY?fra2/\ strain (P < 0.05). We suspect an accumulation of KIV was not
seen because KIV is readily consumed in the subsequent step. Taken together, the fra2

AILV5

mutation in the cIB strain resulted in an increase in isobutanol titer, potentially by

partially overcoming the 2Fe-2S cluster cofactor limitation for cytosolic Ilv3p.
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3.5 Conclusions

Here, we combined transcriptomic, proteomic, and metabolomic analyses to generate a
wealth of data on how enzyme pathway localization and redox cofactor-balancing affect
isobutanol biosynthesis and physiology in genetically engineered S. cerevisiae. Localizing
isobutanol pathway enzymes to the mitochondria resulted in higher titers, while cytosolic
localization resulted in much lower titers. Metabolomic analysis uncovered a potential
limitation in cytosolic Fe-S cluster biogenesis. This limitation could be overcome by in-
creasing Fe uptake through deletion of FRA2. This strategy of increasing the availability
of iron in the cell was also successful in increasing the activity of another Fe-S cluster
requiring enzyme xylonate dehydratase; however, this strategy may not be effective for
all Fe-S cluster requiring enzymes as this strategy had no effect on 6-phosphogluconate
dehydratase activity [157, 160]. While we did not observe a beneficial effect in having a
redox cofactor-balanced isobutanol pathway, we hypothesize that the cofactor imbalance
will have to be resolved for the capacity of the isobutanol pathway to be enhanced. Fur-
thermore, any problems caused by an imbalance will be exacerbated when ethanol flux is
displaced to enhance the rate of isobutanol synthesis. Future functional genomics stud-
ies with engineered strains disabled for ethanol production should uncover new genetic

targets for achieving greater isobutanol titers and yields.

3.6 Data availability

The mass spectrometry proteomics data have been deposited to the MassIVE database
with the identifier MSV000088169. The transcriptomics data discussed in this publi-

cation has been deposited in NCBI’s Gene Expression Omnibus [161] and is accessible
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through GEO Series accession number GSE186126 (https://www.ncbi.nlm.nih.gov/ geo/-
query/acc.cgi?acc=GSE186126). Intracellular metabolomics data is available on GitHub
(https://github.com/AmadorNoguezLab/compartmentalized-isobutanol-pathways-in-S.-cerevisiae).
The full isobutanol pathway cassette sequence containing mitochondrial-localized en-
zymes and flanking HO arms is available on GenBank with the identifier MZ541859.
The supplumental files (FileS1-S5) is available on GitHub (https://github.com/Pfleger-

Lab/Theses/tree/main/Francesca%20Gambacorta/Chapter3).
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3.7 Supplemental Information

3.7.1 Supplementary Figures
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Figure 3.7: Graphical description for the construction of the engineered isobu-
tanol producing S. cerevisiae strains. Synthetic isobutanol pathways were inte-
grated via CRISPR/Cas9 editing at the HO locus. Naming convention is as follows:
mitochondrial-localized isobutanol pathway (mIBA), cytosolic-localized isobutanol path-
way (cIBA), NADPH-dependent KARI enzyme (Ilvbp), and NADH-dependent KARI
enzyme (IlvC%6p) (Materials and methods 2.2). HO locus is indicated by an orange
box, promoters are in green boxes, genes are in yellow boxes, and terminators are in red
boxes.
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Figure 3.8: Intracellular metabolite data for engineered strains. Heatmap shows
the average logs fold change of intracellular metabolites (rows) for each strain/timepoint
(columns) relative to WT. Values were normalized by ODgg. The three sampling times
were early-exponential phase (4 hr), mid-exponential phase (10 hr), and early-stationary
phase (26 hr) for strains mIBAEY?| cIBALY? and cIBA™YCE6 grown in minimal medium
anaerobically. Blue denotes higher metabolite levels and red denotes lower metabolite
levels, while white denotes unchanged values.
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Figure 3.9: Aromatic amino acid intermediates altered in engineered strains.
a) Pathway of aromatic amino acid biosynthesis and catabolism in S. cerevisiae. The
red dashed lines indicate feedback inhibition of Aro3p by phenylalanine and Aro4p by
tyrosine. Bolded metabolite names indicate intracellular metabolite levels were quanti-
fied. b) Heat map shows the intracellular metabolite levels of chorismate biosynthesis
intermediates and aromatic amino acids: shikimate (Sh), shikimate 3-phosphate (Sh3P),
tryptophan (Trp), phenylalanine (Phe), and tyrosine (Tyr). Values correspond to average
logs fold change relative to WT at the 3 timepoints (4, 10, and 26 hr). Red denotes lower
metabolite levels, blue denotes higher metabolite levels, and white denotes unchanged
values. Statistical significance (P < 0.05) is indicated by the presence of a number in the
heatmap cell.
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Figure 3.10: Aromatic amino acid supplementation does not boost growth in en-
gineered strain. Growth curve of WT and the cIBA™YF6 strains on minimal medium
with ammonium sulfate (MMAS) supplemented with and without 0.1% wt/v phenylala-
nine and tyrosine. Fermentation was performed under anaerobic conditions in a 24-well
plate for 48 hrs. Error bars represent the standard deviation of three biological replicates.
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Figure 3.11: Growth complementation assay for cytosolic-localized synthetic
Ilv3p. Growth phenotypes of engineered strain cIBA™%F6 with and without the en-
dogenous ILV3 plus mIBAEY? lacking endogenous and synthetic ILV3 (negative control
or mIBAEY%4ly8-null). 10 uL cell suspensions with 10-fold serial dilutions were plated on
a synthetic complete media plate (left) and synthetic complete minus valine medium plate
(right). Pictures demonstrate that the engineered copy of Ilv3p in cIBA™YES which is
localized to the cytosol, is functional as it restores the growth on medium lacking valine.
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3.7.2 Supplementary Tables

Strain Name

Table 3.1: S. cerevisiae strains used in this work

Relevant Genotype

CEN.PK113-5D

WT

mIBAILV5

mIBAlvaﬁE6

CIBAIZUC6E6

CIBAILV5

cIBALV? fra2 A
mIBALYS fra2 A\

mIBALYS i1y 3-null

cIBAWCGES 13,9 N

MATa ura3-52 MAL2-8¢ (REF DOL 10.3303/CET1438078) or
EUROSCAREF collection (www.uni-frankfurt.de/fb15/mikro/euroscarf)

CEN.PK113-5D, ura3:: URAS3

WT With hOA::PADH] —ILVQ— TCYCI‘PPGKZ —ILV3- TTEFQ‘
Prgpo-MLS-adhA?*“8-Trpys-Prprs-MLS-ARO10-Trpr -
Prep-ILV5-Tryp:

WT with hoA::Pappi-ILV2-Toyeoi-Ppaki-ILVS-TrEre-
PTEFQ—MLS—G,dhAQQCS— Trpus-Prprs-MLS-ARO10-TTEE;-
Prppi-MLS-ilvCoE8-Tryp,

WT with hoA::Papgi-ILV2-Tovei-Ppaki-ILVS-Trgre-
Prpre-adhA?CS-Trpps-Prpus-ARO10-Trgrs-
Prgp-ilvC5-Tryp,

WT with hOA::PADHI -ILV2- TCYC]—PPGK] -ILVS- TTEFQ—
Pripe-adhA**“S-Trpys-Prpus-ARO10-Trgr;-
Prepi-ILV5-Trys:

cIBALV? with fra2A::LoxP-hphMX-LoxP
mIBALYS with fra2A:: LoxP-hphMX-LoxP
WT with ilv3A::LoxP, hoA::PApg-ILV2-Teoyos-

PPGKI -LoxP-kanMX-LoxP- TTEFg—PTEFQ—MLS-adhAggCS— TTDHB‘
Prpus-MLS-ARO10-T71Eri-Preri-ILVS-Trup:

cIBAWCOES with w3 A::LoxP
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Table 3.2: Average petite frequencies of the engineered strains and WT. Data was col-
lected from three biological replicates.

Strain Name Petite frequency (%)

WT

0.22 £ 0.26

mIBALVS 1.09 + 1.21
mIBAM™C6EG 3653 + 2.47
cIBA TwC6EG 0.38 + 0.24
cIBATEVS 0.36 + 0.21

Table 3.3: Number of differentially expressed proteins in the engineered strains relative

to WT at an reduced or elevated level for the 3 timepoints (4, 10, and 26 hr).

Hr Strains Reduced Elevated
mIBALVS 0

4 cIBAIWCOEG 311 267
cIBAILVS 174 189
mIBALVS 9 4

10 cIBAWCGEG 913 183
cIBAILVS 239 223
mIBALVS 1 2

26 cIBAIWCGEG 194 320

cIBAILVS 123 194
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Table 3.4: RNA counts of the native and synthetic isobutanol genes at the 3 sample times
(4, 10, and 26 hr). Counts were normalized using Trimmed Means of M-values (TMM).

WT mIBAILV5 cIBAIvab‘Eﬁ CIBAILV5
ILV?2 1199.54+156.6 891.1+162.1  867.5+68.1 729.7+5.3
native ILV5 2578.7+600.5 2088.64+386.4 7863.4+991.7  6654.9+357.5
4 hr ILV3 3054.44+478.4 212241424  3539.7+585.4  3651.94400
ARO10 33.4+6.6 19.943.5 23.545.7 18.2+1.7
mILV?2 0+0 220.44+16.4 0+0 0+0
cILV?2 0+0 0+0 103.240.9 94.3+28
mILV5 0+0 1373.54+131.7 040 040
cILV5 0+0 0+0 0+0 2.242.3
. cllCoEe 040 0+0 7344.3+1375.6  0+0
synthetic
4 e mILV3 040 4286.7+£376.9 040 00
cILV3 040 0+0 1759.24290.4  1738.84+319.5
mARO10 | 040 3091.8+809.3 040 0+0
cARO10 040 0+0 1094.3+149.5  785.14+102.9
mAdhA?98 | 0+0 1207.54+273.4 040 0+0
cAdhA?98 | 0+0 0+0 1360.94+375.8  1275.64+222.3
ILV? 168.5+1.5 249.4+24.3 240.3+6.6 336+14.3
native ILV5 612.14+104 718.8+10.9 2783+137.7 3736.5+588.6
10 hr ILVS 217.1+19.9 319.8444.1 1137.94+176.4  938+82.3
ARO10 23.44+2.3 24.943.5 22.242.5 20.9+5.3
mILV?2 0+0 41.743.9 0+0 0+0
cILV?2 0+0 0+0 35.746.4 33.8+0.2
mILV5 040 449.34+80.9 0+0 040
cILV5 0+0 0+0 0+0 0.540.3
. cllCoF° 0+0 0.14+0.1 3815+658.4 0+0
synthetic
10 hr mILV3 0+0 3167.34383.1 4.1+1.4 1.540.8
cILV3 040 0+0 1832+314.1 1123.5+57.6
mARO10 | 040 1610.34+248.5 040 0+0
cARO10 040 0+0 644.5+61.7 535.74+52.1
mAdhA?98 | 0+0 1581.24+225.5 040 0+0
cAdhA?9¢8 | 0+0 0+0 1278.5+224.8  1126.7+84.7
ILV?2 72.54+10.1 93.249.3 94.5+8.6 108.7+£12.6
native ILV5 596.4436.2 537.14+10.9 831.7+192.4 8754+52.5
26 hr ILV3 137.6+£14.9 177.3+6.7 192.8+18.8 239.14+44.6
ARO10 42404 42.945.8 47.8+11.5 58.1410.1
mILV?2 0+0 113.7498.5 0+0 040
cILV?2 0+0 0+0 100.7+73.8 50.7+9.8
mILV5 040 96+83.6 0.140.1 040
cILV5 0+0 0+0 0+0 340.24481.1
. cllvCoEs 0.140.2 0+0 346.2+180.4 0+0
synthetic
% I mILV3 040 3824+331.9 0+0 0+0
cILV3 040 0+0 393.1+133.6 289.1+49.8
mARO10 | 040 120.54+105.2 040 040
cARO10 0+0 0+0 118.1454.9 99.1+2.4
mAdhA?98 | 0+0 320.44277.6  0+0 0+0
cAdhA??¢8 | 0+0 0+0 324.74+88.9 277+39.3
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Table 3.5: Protein abundance data for proteins involved in synthesizing Fe-S clusters.
Including proteins in the core ISC and CIA machinery, along with accessory proteins.
Values are logs fold change relative to WT at the 3 timepoints (4, 10, and 26 hr). Data

is significant if FDR < 0.05.

4 hr
logs FC relative to WT FDR
Protein mIBA cIBA cIBA | mIBA cIBA cIBA
ILV5 IlwC6E6 ILV5 | ILV5 IWwC6E6 ILV5
Mrs3p 0.27 1.22 0.81 0.73 0.07 0.14
Iron sensing Mrsdp 0.00 0.09 -0.17 | 1.00 0.65 0.38
and regulation Ccclp -0.06 0.16 0.13 0.58 0.10 0.24
Smf3p | -0.08 -0.43 -0.63 | 0.81 0.15 0.10
Nfslp -0.10 -0.08 -0.01 | 0.55 0.44 0.89
Isd1lp | 0.28 0.05 -0.10 | 0.25 0.54 0.48
Arhlp | -0.14 -0.07 0.01 0.61 0.22 0.95
Yahlp | -0.58 -0.26 -0.17 | 0.31 0.02 0.26
Ythlp -0.05 -0.05 -0.27 | 0.86 0.60 0.16
Isulp -0.08 0.02 -0.23 | 0.81 0.94 0.36
Core 15C Isu2p | 042  -0.06 019 036 071 0.31
Ssqlp -0.05 0.11 0.18 0.76 0.13 0.30
Jaclp 0.27 0.37 0.45 0.63 0.35 0.28
Mgelp | 0.22 -0.04 0.02 | 0.41 0.77 0.85
Grx5p | -0.16 -0.03 -0.12 | 0.54 0.89 0.67
Ssclp 0.42 0.07 0.09 0.17 0.26 0.34
ISC Isa2p 0.18 0.15 0.03 0.70 0.28 0.88
targeting Iba57p | 0.40 0.05 0.10 0.22 0.78 0.38
Nfulp -0.10 0.28 0.31 0.59 0.09 0.07
Cfdlp -0.05 0.12 0.01 0.81 0.57 0.96
Nbp35p | 0.01 0.13 0.19 0.97 0.39 0.09
Narlp -0.20 0.15 0.04 0.67 0.23 0.68
Core CIA Cialp -0.06 0.08 0.03 0.73 0.43 0.77
Dre2p -0.08 0.21 0.09 0.71 0.07 0.24
Met18p | 0.02 0.07 -0.01 | 0.95 0.27 0.95
Tah18p | -0.18 -0.15 -0.12 | 0.26 0.14 0.22
Iron Grx3p | -0.02 0.02 0.00 0.95 0.80 0.96
trafficking Grx4p 0.16 0.44 0.52 0.23 0.02 0.02
ISC X-S Atmlp | -0.40 0.80 0.84 0.21 0.01 0.04
export Ervlp -0.12 0.04 0.02 0.73 0.67 0.88
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10 hr
logz FC relative to WT FDR
Protein mIBA cIBA cIBA | mIBA cIBA cIBA
ILV5 IlwC6E6 ILVS5 | ILV5S IWwC6E6 ILVS
Mrs3p -0.68 0.27 -0.19 | 0.69 0.70 0.81
Iron sensing Mrsdp 0.59 -0.65 -0.73 | 0.26 0.16 0.07
and regulation Cecclp 0.00 0.61 0.53 0.99 0.02 0.06
Smf3p 0.23 -0.67 -0.78 | 0.31 0.03 0.05
Nfslp 0.12 -0.17 -0.06 | 0.28 0.21 0.39
Isd11p 0.17 -0.08 -0.21 | 0.83 0.87 0.66
Arhlp 0.09 | -0.11 -0.13 0.33 0.12 0.09
Yahlp -0.37 -0.20 -0.34 | 0.20 0.36 0.17
Ythlp -0.29 -0.07 -0.48 | 0.45 0.65 0.23
Isulp 0.59 0.32 0.14 0.76 0.81 0.92
Core I5C Tsu2p 1.69  0.96 1.15 | 008  0.04 0.16
Ssqlp 0.02 -0.07 0.00 0.91 0.48 0.97
Jaclp 0.02 0.14 0.13 0.96 0.47 0.70
Mgelp 0.05 0.01 0.05 0.57 0.92 0.43
Grx5p -0.20 0.12 0.09 0.60 0.36 0.78
Ssclp 0.23 -0.04 -0.03 | 0.11 0.52 0.80
ISC Isa2p 0.08 0.00 -0.05 | 0.69 1.00 0.46
targeting Ibab7p 0.25 -0.14 -0.06 | 0.33 0.48 0.64
Nfulp -0.29 0.21 0.30 0.20 0.12 0.06
Cfdlp -0.11 0.15 0.06 0.65 0.37 0.75
Nbp35p -0.07 -0.20 0.14 0.73 0.22 0.30
Narlp -0.41 0.40 0.25 0.74 0.64 0.78
Core CIA Cialp -0.01 0.22 0.19 0.93 0.14 0.18
Dre2p 0.05 0.42 0.43 0.90 0.13 0.11
Met18p 0.01 -0.01 0.00 0.92 0.84 0.98
Tah18p -0.01 0.11 0.13 0.97 0.31 0.23
Iron Grx3p -0.11 -0.05 -0.02 | 047 0.55 0.73
trafficking Grx4p 0.21 1.00 0.91 0.33 0.05 0.07
ISC X-S Atmlp -0.31 1.00 0.94 0.31 0.01 0.05
export Ervlp -0.23 -0.08 -0.11 | 0.37 0.69 0.43




26 hr
logz FC relative to WT FDR
Protein mIBA cIBA cIBA | mIBA cIBA cIBA
ILV5 IlwC6E6 ILV5 | ILV5 ITlwC6E6 ILVS
Mrs3p 0.11 0.03 0.26 0.91 0.96 0.62
Iron sensing Mrsdp 0.67 0.29 0.52 0.21 0.24 0.11
and regulation Ccclp 0.05 0.50 0.52 0.62 0.02 0.03
Smf3p 0.60 0.74 0.65 0.18 0.04 0.05
Nfslp -0.03 -0.19 -0.30 | 0.78 0.17 0.08
Isd11lp | 0.07 -0.24 -0.96 | 0.84 0.25 0.33
Arhlp 0.06 0.06 -0.02 | 0.58 0.58 0.91
Yahlp | 0.20 0.04 0.00 0.48 0.65 0.99
Ythlp -0.33 -0.35 -0.83 | 0.64 0.51 0.14
Isulp 0.65 -1.19 -0.65 | 0.18 0.05 0.38
Core 15C Isu2p | 4.31 1.99 140 039  0.48 0.61
Ssqlp 0.06 0.23 0.10 0.74 0.19 0.58
Jaclp -0.06 -0.12 -0.51 | 0.61 0.25 0.36
Mgelp | -0.31 -0.24 -0.27 | 0.33 0.12 0.09
Grxbp | -0.24 -0.24 -0.22 | 0.59 0.40 0.11
Ssclp 0.07 -0.18 -0.31 | 0.42 0.11 0.17
ISC Isa2p 0.28 -0.23 -0.16 | 0.51 0.30 0.40
targeting Ibab7p | 0.32 0.05 -0.05 | 0.32 0.74 0.80
Nfulp -0.21 -0.03 -0.20 | 0.38 0.83 0.16
Cfdlp 0.20 0.25 0.14 0.48 0.25 0.41
Nbp35p | -0.03 -0.15 -0.37 | 0.89 0.32 0.38
Narlp 0.53 2.72 2.88 0.58 0.08 0.07
Core CIA Cialp 0.24 0.56 0.67 0.49 0.04 0.07
Dre2p 0.00 -0.34 -0.84 | 1.00 0.41 0.29
Met18p | 0.14 0.45 0.48 0.66 0.03 0.03
Tah18p | 0.50 0.59 0.57 0.43 0.21 0.21
Iron Grx3p | -0.01 -0.07 -0.13 | 0.95 0.48 0.35
trafficking Grx4p -0.15 0.15 -0.03 | 0.71 0.50 0.77
ISC X-S Atmlp | -0.14 1.06 1.17 0.46 0.00 0.04
export Ervlp 0.01 -0.18 -0.24 | 0.95 0.15 0.07
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4.1 Introduction

Isobutanol is a branched chain four-carbon alcohol targeted by many as a biofuel. Isobu-
tanol can be produced biologically from pyruvate through five enzymatic reactions: aceto-
lactate synthase (ALS), ketol-acid reductoisomerase (KARI), dihydroxyacid dehydratase
(DHAD), a-ketoacid decarboxylase (KDC), and alcohol dehydrogenase (ADH) (Fig.4.1a).
Although there have been numerous efforts in engineering Saccharomyces cerevisiae for
isobutanol production, the titers, rates, and yields achieved by academic researchers have
remained below the threshold for industrial feasibility. This is due to the fact that isobu-
tanol production is overpowered by S. cereiviase’s native pyruvate-to-ethanol flux. Efforts
to eliminate ethanol production by deleting either the complete set of three pyruvate de-
carboxylase enzymes (PDC1, PDC5, and PDC6) or the set of six alcohol dehydrogenases
(ADH1, ADH2, ADHS3, ADH}, ADH5, and SFA1) has proven challenging since strains
lacking these enzymes experience severe physiological defects. These defects are due to
the fact that ethanol production, under aerobic and anaerobic conditions, plays an es-
sential role in replenishing the NAD™ cofactor which is required for glycolysis and cell
growth.

Metabolic modeling suggests that isobutanol can theoretically replace ethanol as a
product since it is redox balanced with glycolysis (i.e. requires 2 reducing equivalents)
[57]. However, while isobutanol production is redox balanced with glycolysis, its cofactor
specificity may not be. Naturally, most KARI’s have a higher specificity towards NADPH
which would result in a NADPH shortage and NADH excess [92]. This can be overcome
by supplying a means for converting glycolytic NADH into NADPH, changing the KARI-
cofactor specificity through protein engineering, or using a naturally NADH-dependent

KARI enzyme.
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Figure 4.1: Strategy for identifying a highly active isobutanol pathway cas-
settes. a) Shows the 5-key enzymes responsible for isobutanol production from pyruvate:
acetolactate synthase (ALS), ketol-acid reductoisomerase (KARI), dihydroxyacid dehy-
dratase (DHAD), a-ketoacid decarboxylase (KDC), and alcohol dehydrogenase (ADH).
b) Combinatorial isobutanol pathway library design. There are 25 ALS homologs, 31
KARI homologs, 25 DHAD homologs, 18 KDC homologs, and 17 ADH homologs; each ho-
molog is expressed with either a strong (green), medium (yellow), or weak (red) strength
promoter in a high-copy (2u) plasmid containing uracil as a selectable marker. c¢) High
throughput growth-coupled screening strategy for identifying highly active isobutanol
pathway cassettes. The expression library is transformed into a fermentation-deficient
strain (PDC-null). Cells that contain a functional isobutanol pathway cassette can grow
due to the regeneration of NADT via ADH and/or KARI. High producers can then be
sequenced to identify the cassette.

In order for us to establish isobutanol as the predominant product in yeast, we must
supply a balanced isobutanol pathway that can support the high carbon flux typically
seen by ethanol production. To date, the optimal isobutanol pathway enzymes and
their expression level to achieve this remains to be elucidated. In this study, we used
bioinformatic methods to identify a diverse set of isobutanol enzyme homologs. We then
built a combinatorial pathway library that had diversity in CDSs and expression levels
by combining the bioprospected enzymes with varying strength promoters. By screening

the combinatorial pathway library with a high-throughput growth-coupled strategy, we
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identified a high-flux isobutanol cassette, designated as #3. We achieved an isobutanol
titer of 364 mg/L and a yield of 36 mg isobutanol / g glucose under aerobic conditions
in our Pdc strain harboring the #3 cassette, sJD107.

In attempt to see if this #3 cassette could support anaerobic growth, we uncovered
a limitation with this cassettes’s capacity to replenish NAD™ from a redox-cofactor im-
balance between the engineered pathway and glycolysis. To overcome this limitation, we
changed the cofactor preference of the KARI enzyme in the #3 cassette from NADPH
to NADH-dependent, but the resulting pathway neither enabled anaerobic growth nor
improved titers aerobically. We suspect this is due to the reduced specific activity of
the engineered enzyme resulting in a bottleneck at the KARI node. In summary, while
we were able to identify a high-flux pathway, additional engineering is needed to further
enhance pathway flux to allow for the rapid regeneration of NAD™ equivalents to achieve
anaerobic growth. Our findings contribute towards improving the metabolic engineering

designs for building further improved isobutanol producing Pdc™ strains.

4.2 Materials and methods

4.2.1 Media

Defined synthetic complete media minus uracil contained 6.7 g/L yeast nitrogen base
(YNB) without amino acids with ammonium sulfate, 1.52 g/L drop-out mix synthetic
minus uracil and leucine, 380 mg/L leucine, and 20 g/L dextrose. Solid media also

contained 2.5% agar.
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4.2.2 Computational methods

Sequence similarity networks were created for each of the IBA enzymes (ALS, KARI,
DHAD, KDC, and ADH) using Enzyme Function Initiative-Enzyme Similarity Tool
(EFI-EST) [162] and visualized using Cytoscape [163]. The input for EFI-EST were
either sequences or protein family: ALS from Lactobacillus plantarum (Uniprot ID:
AOAO0GIFA99), KARI from pfam PF01450 and PF07991, DHAD from S. cerevisiae
(Uniprot ID: P39522), KDC from S. cerevisiae (Uniprot ID: Q06408), and ADH from S.
cerevisiae (Uniprot ID: P38113). A diverse set of variants was chosen from the resulting
network by a) gathering homologs from clusters known to contain active enzyme vari-
ants and b) bioprospecting the network to identify diverse sequences from a variety of
kingdom /phylum (fungi, ascomycota, firmicutes, proteobacteria, and actinobacteria). A
simple Hamming distance calculation was used to maximize diversity. To ensure we had
a fully cytosolic compartmentalized isobutanol pathway, the sequences were run through
Mitoprot [164] and any predicted mitochondrial localization sequences were removed.
Pairwise amino acid identity between the proteins in each grouping was found using

ClustalOmega [165]. See File S6 for sequences and File S7 for percent identity matrix.

4.2.3 Library construction

Library construction was performed by the DOE Joint Genome Institute (JGI). In brief,
codon-optimized enzyme coding sequences (CDS), promoters, and terminators were first
cloned into a pENTR vector to generate the parts vectors. Transcription units (promoter-
gene-terminator sets) were generated by Golden Gate assembly of the parts vectors. The
combinatorial library (5 gene isobutanol cassettes) was then assembled in a pooled fashion

(one-pot) using Gibson into a high copy vector, pCC1FOS, which had URA3-selection.
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Specifically the one-pot mixture consisted of 116 ORFs (25 ALS homologs, 31 KARI
homologs, 25 DHAD homologs, 18 KDC homologs, and 17 ADH homologs), 15 promoters
(3 ALS promoters, 3 KARI promoters, 3 DHAD promoters, 3 KDC promoters, and
3 ADH promoters), and 1 terminator (1 ALS terminator, 1 KARI terminator, 1 DHAD
terminator, 1 KDC terminator, and 1 ADH terminator) . This yielded 1.44 billion unique
13 kb isobutanol pathway cassettes (35%25%*31%25%18*17). The pooled library underwent

Pacbio sequencing to determine library diversity and fidelity.

4.2.4 Library screening

Screening strain was generated by deleting URAS in GG570 [28] by CRISPR/Cas9.
In brief, a sgRNA sequence targeting the CDS was identified by CRISpy-pop (sgRNA
= geacacggtgtggtgggcee) and cloned into the pXIPHOS (NatMx) plasmid as described
previously [133]. The CRISPR/Cas9 plasmid was transformed along with a PCR repair
template of the homology flanking the targeted gene and plated on NatMx. Gene deletion
was confirmed by PCR of gDNA and Sanger-sequencing (Table.4.3).

The JGI library was then electroporated into FVG454, GG570ura3/\, as previously
described [166] and plated on SCD-ura + 0.71 mM sodium acetate. Plates were incubated
at 30°C for ~1 month. 28 randomly selected colonies from the initial screen were selected
for fermentation experiments. Fermentation was performed under aerobic conditions in
24-well plates in synthetic complete media containing 2% glucose and 2% ethanol for 4

days.
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4.2.5 Protein expression and purification

The wild-type LbKARI gene and its variants were cloned into pET-28a (from EMD
Biosciences) with a C-terminal 6xHis tag. The pET28-LbKARI, pET28-LbKARIPP,
and pET28-LbKARIPPY plasmids were transformed into E. coli BL21(DE3) (from New
England Biosciences or NEB). Cultures were grown at 37°C with shaking in LB sup-
plemented with 50 mg/L kanamycin until the ODggg reached 0.8. Flasks were cooled
in a 16°C bath, induced with 100 M isopropyl-5-d-thiogalactopyranoside (IPTG), and
incubated overnight at 21°C. Cells were harvested by centrifugation (8000 rpm at 4°C
for 15 minutes) and flash frozen as pellets in liquid nitrogen. The frozen cell pellets were
broken by sonication (Fisher 550 Sonic Dismembrator, amplitude = 30%, time = 10 min
with 1 sec on/ 1 sec off) while on ice in Buffer A (20 mM Tris pH 7.4, 30 mM imidazole,
100 mM NaCl, 10 mM MgCly). The lysate was cleared by centrifugation (12000 rpm
at 4°C for 30 minutes) and filtered with a 0.4 pM filter. The proteins were purified by
immobilized metal affinity chromatography (IMAC) over 5 mL Histrap High Performance
(HP) columns (Cytiva, Sweden), using an AKTA Start system( d). All purification steps
were performed at 4°C. The proteins were eluted with a linear gradient from buffer A to
100% buffer B (20 mM Tris pH 7.4, 500 mM imidazole, 100 mM NaCl, 10 mM MgCl, ,
and 1 mM DTT (added before use). Fractions containing the protein were pooled, buffer
exchanged, and concentrated into Buffer C (8 mM Tris pH 7.4, 20 mM NaCl, 1 mM
MgCl, , and 5 wt% glycerol) using Amicon Ultra centrifugal filters. Aliquots were stored

at -80°C and used within 1 month.
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4.2.6 Kinetic assay

Lb-IlvC activities were assayed by monitoring NAD(P)H consumption at 340 nm on
a Nanodrop. The assay buffer contained 250 mM potassium phosphate pH 7, 1 mM
DTT, 200 uM NADPH or NADH, 10 mM 2-acetolactate, 10 mM MgCl,, and 1500 nM
purified enzyme. The concentrations of the purified enzymes were determined using the

Nanodrop.

4.3 Results and discussion

4.3.1 Combinatorial isobutanol pathway library design

In order to identify an isobutanol pathway capable of supporting high flux we constructed
a combinatorial isobutanol pathway library. Variability was introduced on 2 levels: coding
sequences (e.g. gene variants via homologs) and gene dosage (e.g. translational control
via promoters). We identified homologs of each enzyme within the isobutanol pathway
by the use of bioprospecting. A diverse set of variants were chosen from the EFI-EST
[162] sequence similarity map by a) gathering homologs from clusters known to contain
active enzyme variants and b) bioprospecting the network to identify diverse sequences
from a variety of kingdom/phylum (fungi, ascomycota, firmicutes, proteobacteria, and
actinobacteria) (see section 4.2.2). Specifically, 25 ALS homologs, 31 KARI homologs,
25 DHAD homologs, 18 KDC homologs, and 17 ADH homologs were chosen (Fig.4.1b).
To ensure we had an entirely cytosolic localized isobutanol pathway, any predicted mi-
tochondrial localization sequences were removed and each homolog was expressed under
a strong, medium, or weak promoter. The resulting transcriptional units were used to

build the final pooled plasmid library which consisted of 1.44 billion unique combinations
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(Fig.4.1b). Validation that the library was sufficiently diverse was performed by counting
all the occurrences of promoters and CDSs after assembly using PacBio sequencing. All
promoters and CDSs in the library were represented and their distribution is summarized
in File S8. Overall, the sequencing results indicate that the library achieved maximum

diversity.
FVG454

IBA pathway strength

sJD189 sJD107 sJD195
107

103
10*

10°

SCD-Ura

Figure 4.2: Growth complementation assay to validate high-throughput screen-
ing approach. An empty vector (e.v.) and two isobutanol pathway cassettes with
varying strengths were transformed in FVG454 resulting in strains sJD189, sJD107, and
sJD195, respectively. The strains were grown up and 10 pL cell suspensions with 10-fold
serial dilutions were spot plated on synthetic complete media minus uracil with 2% glu-
cose as the primary carbon source (SCD-Ura). After 14 days of growth under aerobic
conditions, the plates were imaged, and the strains harboring the isobutanol pathways
exhibited more growth than the empty vector control.

4.3.2 Using a growth-coupled strategy for high-throughput li-
brary screening

Due to the library size, a high-throughput screening strategy was used (Fig.4.1c). We
opted for a growth-coupled approach since there is not currently a eukaryotic biosensor
that senses isobutanol directly. For the growth-coupled method, we started with a strain
designated GG570 [28] which had reactions corresponding to ethanol production deleted
(Pdc1 A, Pdc5 A, and Pdc6 /) and deleted URAS resulting in strain FVG454 (Table.4.3).

With the main fermentative pathway in FVG454 deleted, cell growth is dependent on
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having a functional pathway for NAD™ regeneration during glucose catabolism; in the
isobutanol pathway, NADH can be recycled by the ADH enzyme and the KARI enzyme
(if NADH-dependent). Growth coupling can be achieved under aerobic conditions since
S. cerevisiae undergoes glucose repression caused by the Crabtree-effect when glucose
concentrations are high thus preventing sufficient NAD™ regeneration through oxidative
phosphorylation (See Section 2.1.2). To validate this method, we performed a growth
complementation assay by transforming an empty vector control and two isobutanol path-
way cassettes with varying strengths into FVG454 resulting in strains sJD189, sJD107,
and sJD195, respectively. The strains were grown up and spot plated on synthetic com-
plete media minus uracil with 2% glucose as the primary carbon source (SCD-ura). After
14 days of growth under aerobic conditions, the plates were imaged and indeed the strains
harboring the stronger isobutanol pathways exhibited more growth than the empty vector
control thus validating the screening strategy (Fig.4.2).

The combinatorial isobutanol pathway library was transformed into FVG454 via elec-
troporation, plated onto synthetic complete media minus uracil with 2% glucose and
70 mM acetate, and allowed to grow aerobically at 30°C for 1 month. Approximately,
5x10* unique genotypes were screened (estimated library coverage of 0.0035%). A com-
prehensive screen was not possible due the limited transformation efficiency (10? cfu/ug)
of the screening strain and the large plasmid size 25.3 kb. The isobutanol production
of 28 randomly selected colonies was tested by performing a fermentation experiment
in synthetic complete media minus uracil with 2% glucose and 2% ethanol for 4 days
(Fig.4.3). 14/28 colonies produced isobutanol with the highest titer being 633 mg/L
which validated our growth-coupled approach to isolate high isobutanol producers. The

top 10 isobutanol pathway cassettes were isolated and sequenced by Sanger sequencing
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Figure 4.3: High-throughput growth-coupled screening results. Isobutanol titer
from 28 randomly selected colonies from the initial screen. Fermentation was performed

under aerobic conditions in 24-well plates in synthetic complete media with 2% glucose
and 2% ethanol for 4 days.

to identify the homologs and expression level of each enzyme in the cassettes (Table.4.1).

While our initial screening strategy demonstrated the feasibility of the growth-coupled
approach to isolate high isobutanol producers, high ethanol producers were also identi-
fied. A subset of the 28 initial colonies were subjected to a 2°¢ round of fermentations in
synthetic complete media lacking ethanol so we could accurately measure ethanol produc-
tion (Fig.4.4). Interestingly, of the 6 cassettes tested, 4 produced significant amounts of
ethanol; specifically, the highest producers were the F1 and F2 cassettes which produced
53 and 42-fold more ethanol than isobutanol, respectively. We hypothesize that the KDC
homologs in the F1 and F2 cassettes had activity on pyruvate thus allowing the strain
to regenerate NAD™ via ethanol production. To test this hypothesis, we conducted a
growth complementation assay by expressing the KDC homologs on a high copy vector

and transforming them into the Pdc™ strain, FVG454, to observe which ones could re-
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Table 4.1: Homolog and expression level identification of the top 10 isobutanol producers
from Fig.4.3 via Sanger sequencing. Green, yellow, and red box represents a strong,
medium, or weak strength promoter, respectively (See File S6 for uniport IDs).

IBA enzyme Cassette | P Homolog
14 Psacs Trichoderma gamsii
3 Psace Trichoderma gamsii
33 Psacs Talaromyces stipitatus
40 Pyrps Brevibacterium linens
ALS F2 Psacs Oidiodendron maius Zn
F1 Psacs Streptomyces viridochromogenes
12.17 Psacs Aspergillus nomius
12.12 Psacs Bifidobacterium mongoliense
12.13 Psace n.d.
12.5 Ppeki n.d.
14 Prrps Olsenella scatoligenes
3 Prprs Lachnospiracae bacterium
33 PrNR2 Brevundimonas vesicularis
40 Pryre Streptomyces griseorubiginosus
F2 PrNR2 Shewanella sp.
KARI F1 PrNR2 Shewanella sp.
12.17 Pypry Clostridium populeti
12.12 PrNR2 Slackia exigua
12.13 Puuro n.d.
12.5 Prygr2 Alphaproteobacteria bacterium
14 Prero Hypozylon sp.
3 PriTo Jeotgalibaca sp.
33 Prprisg  Saccharomonospora marina
40 Prprisg  Acidimicrobiaceae bacterium
DHAD F2 Prprisg  Lactococcus piscium MKES,7
F1 Prprisg  Methanobrevibacter smithii
12.17 Pryps Methanosphaera stadtmanae
12.12 Prprisg  Arthrobacter alpinus
12.13 PRpngB n.d.
12.5 Prrps Thiohalobacter thiocyanaticus

store growth on medium containing glucose. As expected, the KDC homologs in cassettes

F1 (KDCO7 from Helicobacter ailurogastricus) and F2 (KDC09 from Enterococcus rotai)

exhibited robust growth confirming their activity on pyruvate (Fig.4.5).

To validate the isobutanol titers of our top 2 producers, designated #3 and #14,

a fermentation experiment was performed. Specifically, we re-transformed the isolated

plasmids, #3 and #14, back into the base screening strain, FV(G454, resulting in strains

sJD107 and sJD195, respectively. The stains were cultivated aerobically (test tube)
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Table 4.1: Homolog and expression level identification of the top 10 isobutanol produc-
ers from Fig.4.3 via Sanger sequencing. Green, yellow, and red box represents a strong,
medium, or weak strength promoter, respectively (See File S6 for uniport IDs) (CON-
TINUED).

IBA enzyme Cassette | P Homolog
14 Ppops Dermatophilus congolenis
3 Parps Frondihabitans sp.
33 Prgr;  Enterococcus rotai
40 Prgr;  Helicobacter ailurogastricus
KDC F2 Preri  Enterococcus rotas
F1 Prgr;  Helicobacter ailurogastricus
12.17 Prgr;  Enterococcus rotai
12.12 Prgr;  Enterococcus rotas
12.13 Prgrp; n.d.
12.5 PTEFI n.d.
14 Ppap: Lactococcus lactis
3 Ppap:  Gluconacetobacter diazotrophicus
33 Ppap; Acetobacter indonesiensis
40 PTEFQ n.d.
ADH F2 Prnr:  Tanticharoenia sakaeratensis
F1 Ppap;  Chlamydia trachomatis
12.17 Ppap; n.d.
12.12 Pryr: Tanticharoenia sakaeratensis
12.13 Ppap; n.d.
12.5 PPABI n.d.
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Figure 4.4: Ethanol and isobutanol production from select colonies from
Fig.4.3. a) ethanol and b) isobutanol titers from select colonies from the initial screen
in Fig.4.3, FVG454 + IBA cassettes (#3, F1, F2, 12.12, 12.17, or #14). Fermentation
was performed under aerobic conditions in synthetic complete media with 2% glucose
and 0.71 mM acetate for 4 days.

and semi-anaerobically (serum vial) at 30°C (Fig.4.6). sJD107 outperformed sJD195
under both semi-anaerobic and aerobic conditions. Specifically, the highest producer was

sJD107 under aerobic conditions which produced 364 mg/L isobutanol and had a yield
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cassette: F1 F2 #3 #14

Figure 4.5: Growth complementation assay to determine which KDC homologs
have activity on pyruvate. The KDC homologs from cassettes F1, F2, #3, #14 and
S. cerevisiae PDC1 (positive control) were cloned into a high copy ura-selectable vector
with a strong promoter. All were transformed into the FVG454 strain along with an
empty vector (negative control or NC). 10 uL cell suspensions of 1:100 diluted culture
were spot plated on synthetic complete media minus uracil with 2% glucose (SCD-Ura).
After 4 days of growth under aerobic conditions, the plates were imaged and the strains
containing KDC homologs that have activity on pyruvate grew indicating that NAD™
was regenerated via ethanol production. Spot plate was done in biological triplicate.

of 36 mg isobutanol / g glucose which corresponds to 8.8% of the theoretical maximum
yield. sJD107 also performed well under semi-anaerobic conditions where it produced 50
mg/L isobutanol and had a yield of 27.3 mg isobutanol / g glucose which corresponds to
6.6% of the theoretical maximum yield.

To further explore why the #3 and #14 cassettes were so successful (i.e. high isobu-
tanol producers) we took a closer look at the homologs and expression level of the isobu-
tanol pathway enzymes in these cassettes. The KARI promoter and the KDC homolog
stood out. The gene dosage for the KARI homolog in both the #3 and #14 cassettes was
high (strong promoter), while the weaker isobutanol pathway cassettes (#33, #40, F1,
F2,12.17, 12.12, and 12.5) had a low gene dosage (weak/medium promoter) (Table.4.1).
The strong strength promoter being required for KARI in our top 2 producers suggests

that KARI is a limiting enzyme in the isobutanol pathway; this result is in agreement with
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Figure 4.6: Validation of high-throughput growth-coupled screening results.
Validation of isobutanol production a) titer b) yield from the top 2 producers in Fig.4.3.
An empty vector, #3, and #14 plasmids were re-transformed into FVG454 resulting
in strains sJD189, sJD107, and sJD195. Fermentations were performed under aerobic
and semi-anaerobic conditions in synthetic complete media minus uracil with 2% glucose
and 2% ethanol. Aerobic fermentations were conducted in test tubes for 3 days while
semi-anaerobic fermentations were conducted in serum vials for 10 days. Under aerobic
conditions, sJD107 produced the highest isobutanol titer of 364 mg/L and yield of 36
mg isobutanol/ g glucose which corresponds to 8.8% of the maximum theoretical yield.
Error bars represent the standard deviation of the 3 biological replicates.

previous conducted studies in F. coli where KARI required the highest level of enzyme
expression [135]. Additionally, the KDC homologs in the #3 (KDC15 from Frondihabi-
tans sp.) and #14 (KDC16 from Dermatophilus congolenis) cassettes were characterized
as having minimal activity on pyruvate (Fig.4.5); this is as expected since sJD107 and
sJD195 produced no ethanol during fermentation in Fig.4.6 and instead consumed it from
the media (ethanol was provided as a C2-compound) (data not shown). Taken together,
both the isobutanol pathway homologs and promoter strength are important factors for

production.



92

4.3.3 Anaerobic growth unachievable after balancing NADH/NAD™
between glycolysis and isobutanol production

We next aimed to test our best isobutanol producer, sJD107, under industrially relevant
anaerobic conditions. Under these conditions, cell growth is completely dependent on
isobutanol production for NAD™ regeneration as oxidative phosphorylation cannot occur
anaerobically. We hypothesized that the capacity of the strain to replenish NAD™ by the
isobutanol pathway may be limited by a redox cofactor imbalance between the engineer-
ing pathway and glycolysis; this is a result of the KARI enzyme from our #3 cassette
(Lachnospiracae bacterium orthlog) being an NADPH-dependent enzyme. We set out
to switch the cofactor preference of the Lachnospiracae bacterium KARI enzyme from
being NADPH-dependent to NADH-dependent. The specific residues required for this
switch have been previously determined and this strategy was successful in increasing
isobutanol production of a different engineered isobutanol pathway in E. coli [63, 92].
We generated 2 KARI variants, Lb-1lvCPP and Lb-1lvCPPV | and confirmed our variants
exhibited a changed cofactor preference (from NADPH to NADH) by purifying the pro-
teins and measuring the specific activity with either NADH or NADPH. Specifically, the
in vitro assay consisted of monitoring the consumption of NAD(P)H over time at 340
nm when the substrate, 2-acetolactate, was in excess. The Lb-1lvCPP and Lb-1lvCPPY
variant exhibited a ratio of NADH/NADPH activity (in U/mg) of 4.7 and 5.1, which is

10.3 or 11.2-fold higher than that for Lb-llvC, respectively (Table.4.2, Fig.4.7a).

Table 4.2: Specific activity ratio of Lb-IlvC variants on NADH/NADPH with 2-
Acetolactate as substrate in excess.

Enzyme Mutations U/mg Ratio (NADH/NADPH)
Lb IlvC - 0.46
Lb_IlvCDD  Ser53Asp, Ser55Asp 4.72

Lb_IlvCDDV  Serb3Asp, Serb5Asp, Ile87Val 5.09
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Once we validated the Lb-1lvCPP and Lb-l1lvCPPV variants cofactor preference was
switched, we cloned them into the #3 cassette in place of the wild-type Lb-llvC and
transformed them into the FVG454 strain resulting in strains sFVG612 and sFVG613,
respectively. We then performed a fermentation experiment under anaerobic conditions
and unfortunately, the strains could not support anaerobic growth indicating that the
isobutanol pathway cassette does not support a high enough carbon flux to rapidly re-
plenish the NAD™ equivalents needed for glycolysis (i.e. isobutanol production is too low

to meet the cellular maintenance energy requirement) (data not shown).
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Figure 4.7: Characterization and production of Lb-IlvC variants. a) Specific
activities of Lb-IlvC variants using NADPH or NADH, with 2-acetolactate as substrate
in excess. All enzymes were purified prior to characterization. Each value represents
the average of three independent measurements. The enzyme activities were determined
in 250 mM potassium phosphate pH 7 with 1 mM DTT, 200 mM NADPH or NADH,
10 mM 2-acetolactate, and 10 mM MgCl,. The concentrations of the purified enzymes
were determined using the nanodrop. b) Aerobic isobutanol titer of strains sJD189,
sJD107, sFVG612, and sFVG613. Fermentations were performed in synthetic complete
media minus uracil containing 2% glucose and 0.41% ethanol. Isobutanol production was
measured after 3 days. sJD107 produced the highest isobutanol titer of 280 mg/L and
a yield of 14.2 mg isobutanol / g glucose which corresponds to 3.45% of the maximum
theoretical yield. Error bars represent the standard deviation of the 3 biological replicates.

We next asked if the Lb-1lvCPP and Lb-l1lvCPPV variants would perform better un-

der aerobic conditions. We conducted a fermentation experiment with sJD189, sJD107,
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sFVG612, and sFVG613 for 3 days in synthetic complete media minus uracil with 2%
glucose and 0.41% ethanol aerobically. sFVG612 and sFVG613, containing either of
the NADH-dependent variants, Lb-1lvCPP and Lb-1lvCPPV, did not outperform sJD107
with the wild-type, NADPH-dependent Lb-1lvC. sJD107 produced 280 mg/L isobutanol,
which is 4.0 and 1.8-fold higher than the sSFVG612 and sFVG613, respectively (Fig.4.7b).
We suspect the lower isobutanol titer with the Lb-1lvCPP and Lb-1lvCPPV variants was
due to a reduced specific activity of the KARI enzyme; the Lb-1lvCPP and Lb-1lvCPPV
variants exhibited a 2-fold reduction in catalytic activity (catalytic efficiency of using
NADH) relative to Lb-llvC when using NADPH (Fig.4.7a). While sJD107 produced the
highest isobutanol titer, that strain, along with all the other engineered strains, excreted
significant amounts of pyruvate (0.7-1.6 g/L) indicating overflow metabolism at the pyru-
vate node (Fig.4.8). Additional work is needed to enhance flux through the isobutanol
pathway to prevent overflow metabolism and allow for the rapid regeneration of NAD*

equivalents to develop a truly anaerobic isobutanol fermentative pathway for S. cerevisiae.

4.3.4 Comparisons to the literature

To date, an anaerobically growing isobutanol producing Pdc™ strain has not been reported
on in academic literature [57, 104]. While we were also unable to achieve anaerobic
growth, our yields semi-aerobically exceeded previous similar approaches; our FVG454
strain harboring the #3 cassette, sJD107, achieved a yield of 27.3 mg isobutanol / g
glucose which is ~3.7-fold higher than Milne et. al [57] who achieved a yield of 7.4 mg
isobutanol / g glucose with a Pdc strain harboring a cytosolic localized pathway under
micro-aerobic conditions (serum vial cultivation). Our yields under aerobic conditions

also come close (1.7-fold lower) than the highest yield reported in literature by Wess
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Figure 4.8: Pyruvate titers from aerobic production of #3 cassettes with
Lb-llvC and variants. Fermentations were performed with strains sJD189, sJD107,
sFVG612, and sFVG613 under aerobic conditions in synthetic complete media minus
uracil containing 2% glucose and 0.41% ethanol. Pyruvate was measured after 3 days.
All strains excreted pyruvate at an elevated level indicating that the cell is experiencing
overflow metabolism at the pyruvate node due to the isobutanol pathway cassette not
supporting the high carbon flux occurring through glycolysis. Error bars represent the
standard deviation of the 3 biological replicates.

et. al. of 59.55 mg isobutanol / g glucose [90]; this was achieved in a strain with a
cytosolic-localized isobutanol pathway and by blocking a number of non-essential isobu-
tanol competing pathways, JWY23 (ilv2A; bdh1/; bdh2A; leuq NN; leud/\; ecm31N;
vl Ny adh1 Ny gpdl A\; gpd2/A; ald6AN). The strain in Wess et. al., JWY23, also pro-
duced 3-fold more ethanol (~6 g/L) than isobutanol (~2 g/L), while FVG454 strain
harboring the #3 cassette, sJD107, strains produced no ethanol. Overall, high-yielding
isobutanol producing strains have been reported in industry, however, the strategies re-
main elusive to academic researches as pathway intermediate buildup and by-product

formation still remain a major challenge to developing a high flux pathway.
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Table 4.3: S. cerevisiae strains used in this study

Strain Name Description

GG570 [28]  T2-3D, Pdci A, Pdc5 A, Pdc6 A

FVG454 GGH70, AURAS3

sJD189 FVG454 + ev. (pCCIFOS)

sJD107 FVG454 + #3 cassette

sJD195 FVG454 + #14 cassette

FVG612 FVG454 + #3 cassette with Lb-1lvCPP
FVG613 FVG454 + #3 cassette with Lb-1lvCPPY

4.4 Conclusions

Here, we used a combinatorial library design, high-throughput growth coupled screen,
and protein engineering to generate an isobutanol producing Pdc™ S. cerevisiae strain.
First, a diverse set of isobutanol pathway enzyme homologs were identified by building a
similarity network for each of the five enzymes in the pathway and sampling across the
sequencing space. The library was then built by combining those bioprospected enzymes
with varying strength promoters in a pooled fashion. By the use of a high-throughput
growth-coupled screen that relied on having a functional isobutanol pathway for NAD™
regeneration during glucose catabolism (NADH can be recycled by the ADH enzyme and
the KARI enzyme (if NADH-dependent)), we isolated a high producer, #3. The #3
cassette however could not support anaerobic growth, due to a redox-cofactor imbalance
between the engineered pathway and glycolysis. To overcome this limitation, we changed
the cofactor preference of the KARI enzyme in the #3 cassette from NADPH to NADH-
dependent but we did not observe a beneficial effect. We hypothesize that the capacity
of the isobutanol pathway must be further enhanced to achieve anaerobic growth.

The work performed here leaves several opportunities for further improvement. First,
it should be noted that our screening method can select for both high isobutanol and

high ethanol producing strains so additional screening methods are required to eliminate
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the false-positive hits or extra care must be taken when selecting KDC homologs. Ad-
ditionally, work to develop a eukaryotic isobutanol biosensor will expand the number of
library members that can be screened as it would eliminate the need to transform into
a Pdc strain which has low transformation efficiency. Furthermore, continued efforts in
developing a stable multi-copy integration system will aid in the need for enhancing copy
number to achieve anaerobic growth. Finally, process optimization in terms of balancing

gene expression and media formulations may increase production.
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5.1 Introduction

In Chapters 3 and 4 we focused on enhancing isobutanol production from medium con-
taining glucose. In this Chapter, we will move away from glucose only medium and
focus on the engineering required to generate a S. cerevisiae strain capable of growth
on lignocellulosic hydrolysates. The main challenges with working with lignocellulosic
hydrolysates are the fact that it contains unusable fermentable sugars and inhibitory
compounds from the biomass pretreatment and chemical hydrolysis steps (see section
2.3). The Great Lakes Bioenergy Research Center (GLBRC) is interested in GVL pro-
cessed switchgrass hydrolysates. In GVL hydrolysate, xylose accounts for 30-50% of the
total fermentable sugars [81] and inhibitory compounds (GVL, LA, and HMF) account
for ~10% of the total carbon recovered. Improving S. cerevisiae’s utilization of xylose
and enhancing tolerance to inhibitory compounds is necessary to increase the yield and

economic viability of fermentations using lignocellulosic feedstocks.

5.2 Materials and methods

5.2.1 Media

Defined synthetic complete medium minus uracil contained 1.7 g/L yeast nitrogen base
(YNB) without amino acids without ammonium sulfate, 5 g/L ammonium sulfate or 1 g/L
MSG, 1.52 g/L drop-out mix synthetic minus uracil and leucine, 380 mg/L leucine, and
20 g/L dextrose. SC* additionally contained 19.5 g/L MES, 4 mL/L 250X tween/ergos-
terol stock (62.5 mL Tween80 + 625 mg Ergosterol in 187 mL 95% ethanol) and was pH
adjusted to 5.5. Solid media also contained 2.5% agar. 200 pg/mL Geneticin (US Biologi-

cal, Swampscott, MA), 200 pg/mL Hygromycin B (US Biological, Swampscott, MA), 100
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ng/mL Nourseothricin (Jena Bioscience, Jena, Germany), or 200 png/mL Zeocin (Thermo
Fisher Scientific, Waltham, MA) were added for maintenance of expression constructs

where needed. 1 g/L 5’FOA was added to solid media plates where needed.

5.2.2 LoxP and CRISPR/Cas9 mediated genome editing

Deletions of TMA29, ALD6, ECM31, PDC6, BAT2, and PDC5 were obtained by integra-
tion of PCR products generated from LoxP-KanMX-LoxP (pUG6) [132], LozP-HphMX-
LozP (pUGT5) [167], LozP-bleMX-LoxzP (pUG66) [167], or LoxLE-HphMX-LoxRE (pZC3)
[168] plasmid templates and primers containing 60-80 bp of homology flanking the tar-
geted genes. PCR products were purified, transformed into the appropriate strains, and
selected for growth on the appropriate antibiotic selection marker. Deletion of URAS,
BDH1/2, and PDC1 were achieved via CRISPR/Cas9-mediated genome editing. In
brief, an sgRNA sequence targeting the gene of interest was designed via CRISpy-pop
(URA3, geacacggtgtggtggeccee; BDHI1/2, getgegggtgtgeagagege; PDC1, caaaatgtctgaaat-
tactt) and cloned into the pXIPHOS (NAT®R) or pFVG531 (URA-selection) plasmid as
described previously [133]. pFVG5H31 was generated by replacing the Nat CDS in pX-
IPHOS with the URAS CDS from [153]. For pdcl, a LoxLE-HphMX-LoxRE antibiotic
marker with 500 bp of flanking homology was commercially synthesized and used to
replace the PDC1 ORF. For bdhi1/2 and ura3, a PCR product containing 40-250 bp
of flanking homology was used to replace the respective ORF. PCR products were pu-
rified, transformed into the appropriate strains along with the CRISPR/Cas9 plasmid
(pXIPHOS or pFVG531), and selected for growth on the appropriate selection marker
(antibiotic, auxotroph, or both). All gene deletions were confirmed by PCR of gDNA

and Sanger-sequencing. Antibiotic markers were rescued by cre-recombinase-mediated
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excision as described elsewhere [132] using pSH65 (ZEO®) [132], pSH66 (NATR) [167], or
pFVG5H33 (URA-selection). pFVG533 was generated by inserting the CRE-recombinase
from pSHG65 into pJD25 (high copy, uracil selection plasmid) generated from MoClo
toolkit parts [153]. pXIPHOS CRISPR/Cas9 plasmid was cured out via passaging the
cells in YPD or YPGE (non-selection media) and pFVG531 CRISPR/Cas9 plasmid was

cured out via plating on SC-5'FOA.

5.2.3 Yeast fermentations with GVL

Yeast cells were grown aerobically in YPD until stationary phase ~12 h. The cultures
were then diluting to ODggp 0.2 in YPD and allowed to reach exponential phase ~8.5 h.
The cells were washed once with sterile water and then used to inoculate a 24-well plate
at ODgo 0.2 with SynBase medium (refered to as SynH without inhibitors in [169]) with
0, 1, 2.5 and 5% GVL that was degased for >12 h prior to use. Anaerobic growth was
then performed in a 30°C Coy anaerobic chamber (10% Ha, 10% CO,, and 80% N,) for

66 hours in a Tecan Spark-stacker.

5.2.4 Cloning pFVG153

The pFVG153 plasmid was made by first amplifying the CDS of lvaA, lwvaB, lvaC, lvaD,
and lvaE from the P. putida gDNA with multiple primer sets. The CDS were then cloned
in frame with promoters (P) and terminators (T) from the MoClo toolkit [153] resulting in
the following pairs: Praper-lvaA-Tenor; Psace-lvaE-Tssa; Pryro-lvaD-Trnos; Ppapi-
lwaB-Tgno2; Prere-lvaC-Trpy;. The transcriptional units (promoters-gene-terminator
pairs) were then assembled in a high copy (2u) vector with Kan-resistance via golden

gate cloning also made from parts in the MoClo toolkit [153]. Sanger sequencing was
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used to confirm the construct.

5.2.5 Yeast fermentations with LA

Yeast cells were grown aerobically in YPD until stationary phase ~12 h. The cultures
were then diluting to ODggp 0.2 in YPD and allowed to reach exponential phase ~8.5
h. The cells were then used to inoculate a 24-well plate at ODggo 0.2 with YPD or YP
with varying concentrations of LA (0, 0.5, 1, 1.5, 2, 2.5, 3 g/L) and G418 for selection
as needed. Fermentation was performed under aerobic conditions in a 24-well plate in a

Tecan Spark.

5.3 Engineering a base S. cereivisae strain for isobu-

tanol production from glucose and xylose

5.3.1 Selecting a highly active isobutanol pathway cassette to

drive the carbon-to-isobutanol flux

In order to build an isobutanol pathway cassette capable of supporting high flux, we
first screened existing patent and literature articles for highly active isobutanol path-
way enzyme homologs. We identified an acetolactate synthase (alsS, from Lactobacillus
plantarum [41]), a ketol-acid reductoisomerase (ilvCT?P1-A1 from Escherichia coli [92]), a
dihydroxyacid dehydratase (ilvD**%V_ from Streptococcus mutans (93] or ilvD, from Strep-
tococcus macacae [93]), an ketoacid decarboxylase (kdcA, from Lactococcus lactis [94]),
and an alcohol dehydrogenase (adhA®’“S| from Lactococcus lactis [95]). Each open reading

frame was codon-optimized, synthesized commercially, and cloned in frame with promot-
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ers (P) and terminators (T) resulting in the following pairs: Ppgri-alsS-Trck1; Pumre-
o CP*PIAL_Tpy 00y Prpus-iloD*V-Trpyy; Prpus-ilvD-Trpus; Prepi-kdcA-Tapus; Prers-

adhA 2908 TSSAI .

Table 5.1: Homologs and promoters used for isobutanol pathway cassettes.

IBA enzyme Promoter 2.3 Homolog 2.4 Homolog

ALS Ppoki Lactobacillus plantarum Lactobacillus plantarum
KARI Puurs Escheveria coli P2D1-A1  Escheveria coli P2D1-A1
DHAD Prups Streptococcus macacae Streptococcus mutans L85V
KDC Prer; Lactococcus lactis Lactococcus lactis

ADH Preps Lactococcus lactis 29C8 Lactococcus lactis 29C8

A DNA cassette containing four out of the five isobutanol genes was assembled: Ppgg ;-
alsS-Tpex1; P HHFQ-ilUCPQDI'AZ-TENOQ; Prgri-kdcA-Tapui; P rEre-adhA*-Tgga;. From
this cassette, we constructed 2 complete IBA pathway cassettes designated as 2.4 and
2.3 which added the last IBA pathway enzyme iluD*%?V from Streptococcus mutans [93]
and ilvD from Streptococcus macacae [93], respectively (Table.5.1). We then performed a
fermentation experiment to test isobutanol production by transforming the cassettes, 2.3
and 2.4, into the fermentation-deficient strain FVG454 (T2-3D:pdc1 A\, pdc5 A\, pdc6 A,
ura3/\) resulting in strains sFVG600 and sFVG601, respectively. For an isobutanol
production reference, we included sJD107 and sJD195 which are strains with previously
characterized IBA pathway cassettes #3 and #14, respectively from Section 4.3.2. The
fermentation was performed under aerobic conditions in SC-ura + 0.71 mM acetate and
isobutanol production was measured after 3 days. sFVG601 outperformed all the other
engineered strains and produced 350 mg/L isobutanol which corresponds to a yield of 37
mg isobutanol / g glucose or 9% of the theoretical maximum yield (Fig.5.1). sFVG601
also performed ~2-fold better than sEVG600 indicating that ilvD*%V from Streptococcus
mutans has a higher activity than ilvD from Streptococcus macacae. Overall, the 2.4

cassette performed the best and was used in future studies.
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Figure 5.1: Isobutanol production of varying isobutanol pathway cassettes. An
empty vector (e.v.) and four isobutanol pathway cassettes (#3, #14, 2.3 and 2.4) were
transformed in FVG454 resulting in strains sJD189, sJD107, sJD195, sFVG600, and
sFVG601, respectively. A fermentation experiment was performed under aerobic con-
ditions in synthetic complete medium minus uracil containing 2% glucose and 0.71 mM
acetate. Isobutanol a) titer and b) yield were measured after 3 days. Error bars represent
the standard deviation of the biological replicates.

5.3.2 Improving isobutanol production by deleting non-essential
competing pathways in an industrially relevant strain

Next, to further streamline the flux to isobutanol, we build a base S. cerevisiae strain
that was deficient in pathways that compete with isobutanol production. We started
with an industrial relevant strain with the capability to consume both glucose and xylose
(GLBRCY 1625, provided by Trey Sato). We then iteratively deleted key enzymes in com-
peting pathways responsible for ethanol, acetoin/2,3-butanediol, 2,3-dihydroxy-2-methyl
butanoate, valine, pantothenate, and isobuytric acid production: PDC1/5/6, BDH1/2,

TMA29, BAT2, ECM31, and ALDG respectively (Table.5.2, Figure.5.2).
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Figure 5.2: Isobutanol competing pathways in S. cerevisiae. Pathways can be
eliminated by deleting key enzymes: PDC1/5/6 for ethanol, BDH1/2 for acetoin/2,3-
butanediol, TMA29 for 2,3-dihydroxy-2-methyl butanoate, BAT?2 for valine, ECM31 for
pantothenate, and ALD6 for isobuytric acid production.
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To investigate the effect of the deletions on isobutanol production, a fermentation
experiment was performed. Each strain was transformed with the 2.4 cassette and cul-
tivated at 30°C in SC* (synthetic complete medium minus uracil with tween/ergosterol)
anaerobically. End products were analyzed after 120 h (Table.5.3). Strain FVG624 was
not included as it could not grow anaerobically; additionally, FVG525, FVG522, and
FVG520 were not included due to inconsistent growth. Of the strains cultivated, ethanol
yield was not altered; this is as expected since all of the engineered strains had an intact
PDC1 gene (Table.5.3). Of the gene deletions tested, the BDH1/2 and TMA29 dele-
tions had no effect on isobutanol production, while the ALD6 deletion boosted isobutanol
titers by ~1.4-fold; the isobutanol enhancement from the ALDG6 deletion is in agreement
with [90]. Further characterization of the deletion strains is needed to determine if the

results hold true with xylose as a carbon source (see section 6.2.3).

Table 5.3: Isobutanol and ethanol yield from fermentation experiment. Plasmid 2.4
harboring an isobutanol cassette or empty vector (e.v.) were transformed into the KO
strains in Table.5.2. Fermentation was performed under anaerobic conditions in SC*

medium for 120h. Error represent the standard deviation of three biological replicates.
Strains FVG624, FVG525, FVGH22, and FVG520 were not included.

Strain mg isobutanol / g glucose g ethanol / g glucose
FVG537+e.v. 0.57£0.07 0.56£0.02
FVG537+2.4 0.784+0.23 0.56+0.02
FVG539+2.4 0.67£0.02 0.58+0.03
FVG541+2.4 0.6440.09 0.57%0.01
FVG518+2.4 1.09+£0.26 0.58+0.04

FVGH27+42.4

0.27+0.03

0.58+0.03




109

5.4 Attempts to confer S. cerevisiae with the ability

to attenuate lignocellulosic inhibitor toxicity

5.4.1 Improve S. cerevisiae’s Tolerance to GVL

v-valerolactone (GVL) is a green solvent effective at solubilizing biomass, however, resid-
ual amounts in hydrolysate can be toxic to fermenting microbes (compromises membrane
integrity). Chemical genomics or chemogenomic profiling is a pooled fitness experiment
that uses a barcoded yeast library and their response to different chemical inhibitors to
identify genes important for tolerance. In the assay, the strain abundance of each mutant
is compared before and after growth on inhibitors by deep sequencing of DNA barcodes
(BarSeq). The relative abundance of each mutant strain is dependent on the impact of
the underlying gene to tolerance. If a gene deletion library is used, negative gene fitness
values indicate the gene is important for growth while a positive value indicates the gene
is detrimental to growth. There has been one GVL chemogenomic profiling experiment
conducted with a gene deletion library [170] aerobically at the half-maximum inhibitory
concentration of 270 mM or 2.3% GVL in YP galactose medium. Tolerance genes iden-
tified were related to ergosterol accumulation (padl A and fdc1 /) [107], however, the
deletion’s tolerance benefit was not transferable to different fermentation conditions; un-
der industrially relevant anaerobic conditions, the final ethanol production and ODggq
were fairly unchanged in the Apadi Afdcl strain compared to the wild-type (control)
(see supplemental information 3 from [107]). We sought out to repeat the GVL chemoge-
nomic profiling experiment under anaerobic conditions and then compare the results to
the Bottoms et. al. [107] paper.

A GVL chemogenomic profiling experiment under anaerobic conditions in 1.5 % GVL
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SynBase medium (refered to as SynH without inhibitors in [169]) was performed as de-
scribed previously [107]. 1094 genes showed a statistically significant (FDR < 0.05) al-
tered fitness score when deleted: 506 had a negative fitness score and 588 had a positive
fitness score. Enrichment analysis using Funspec [2] was performed on hits to identify
any enriched patterns. Genes that led to a negative gene fitness value were enriched
in amino acid biosynthesis, phosphatidylcholine biosynthesis, microtubules, regulation of
Rho signaling, and cellular response to hypoxia. Genes that led to a positive gene fitness
value were enriched for cation homeostasis, ribosomal subunits, and trehalose/glycerol/c-

itrate/arsentite biosynthesis/transport.

Table 5.4: Select chemical genomics profiling results with GVL. 3 genes associated with
enhanced fitness and 3 genes associated with reduced fitness were selected for further
verification.

Gene Putative Function Log,FC
GCN20 regulation of translational elongation 1.97
SEY1 endoplasmic reticulum organization 1.74
SLX8 protein sumoylation 2.24
LAS21  integral plasma membrane protein -5.94
SEC28  late endosome to vacuole transport -11.44
DID2 late endosome to vacuole transport -1.65

Three genes associated with enhanced fitness (gnc20A, seyl A, and slz8/\) and three
genes associated with reduced fitness (las21 A\, sec28/\, and did2/\) were selected for
verification (Table.5.4) along with the hits identified from [107], padlA and fdc1A.
Growth inhibition was monitored by performing a fermentation experiment under anaer-
obic conditions in SynBase media with 1, 2.5 and 5% GVL for 66 hr in 24-well plates and
comparing the final ODggo to the 0% GVL control (Table.5.5). As expected, the padl A
and fdc1 A did not consistently improve GVL tolerance as seen in Bottoms et. al. [107].
Additionally, the gnc20/A\, sey1/\, and slz8 /A strains and showed an increased tolerance
to GVL with gnc20/\ and seyl/\ performing the best and exhibiting robust growth in

both duplicates in 2.5% GVL.
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While the gnc20/ and seyl /A led to the highest tolerance improvement, additional
work is needed to confirm if the tolerance enhancement is transferable to a industrially-
relevant background strain. Additionally, the deletion’s affect on fermentation conditions
(biomass accumulation, glucose/xylose consumption, and ethanol production) should be
tested (see section 6.2.2). While Bottoms et. al saw that ergosterol accumulation im-
proved GVL tolerance aerobically, ergosterol biosynthesis is an oxygen-dependent process
and thus under anaerobic conditions the cells likely use a different mechanism to over-
come toxicity. Additional work is needed to uncover the exact mechanism for detoxifying

GVL under anaerobic conditions (i.e. uncover the effect of the gnc20A and seyl A).

5.4.2 Levulinic acid bioconversion to central carbon metabolites

LA is a 5-carbon ~-keto acid produced from the degradation of cellulose and hemicellulose
during biomass conversion to lignocellulosic hydrolysate [106]. The amount of LA present
in hydrolysate can vary depending on the pretreatment process and biomass used; for
example, in GVL processed switchgrass hydrolysate, LA consists of 2.5% of the total
carbon recovered [108], while in weak acid processed spruce hydrolysate, LA is present at
2.6 g/L [106]. S. cerevisiae’s growth is severely inhibited by concentrations of LA higher
than 1.5% (Fig.5.3) so inhibitor toxicity must be overcome for successful fermentations.
Biodetoxification is an environmentally attractive and cost-effective approach to mitigate
the effect of hydrolysate inhibitors; this strategy has been successful in detoxifying furan

derivatives (HMF and furfural) from corn stover hydrolysates [171, 172].

To test if biodetoxification was a valid strategy for levulinic acid, we engineered a S.
cerevisiae strain with the LA catabolic pathway from P. putida [173]. A DNA cassette for

expressing the five genes was created by cloning the CDSs in frame with promoters (P)
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Figure 5.3: 1.5% LA inhibits S. cerevisiae’s growth. Growth curve of S. cerevisiae
on YPD with increasing concentrations of LA (0, 0.5, 1, 1.5, 2, 2.5, 3%). Fermentation
was performed under aerobic conditions in a 24-well plate for 24 hrs.

and terminators (T) resulting in the following pairs: Pgrapgr-lvaA-Tenois; Psace-lvak-
Tssar; Prynro-lvaD-Tgnos; Ppapi-lvaB-Tgnos; Prere-lvaC-Trpy;. The DNA cassette
was assembled in a high copy (2u) vector resulting in pFVG153 and transformed in S.
cerevisiae CEN.PK113-5D. A growth experiment was then performed to evaluate and
compare the engineered strain and wild-type’s growth in the presence of LA. The strains
were cultured aerobically in YP with 0 or 1.5% LA at 30°C and by the end of the fermen-
tation, the growth of the CEN.PK strain harboring pFVG153 was reduced compared to
the control (CEN.PK + empty vector) (Fig.5.4). Additionally, the LA concentration at
the end of the fermentation was measured and it remained unchanged for the CEN.PK
strain harboring pFVG153 indicating that the catabolism pathway was non-functional.
We hypothesize that the enzymes are either not being expressed or that LA is not actively
transported into the cell. Additional experiments such as shotgun proteomics and crude

cell lysate assays are therefore needed to uncover the mechanism of inactivity.
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Figure 5.4: LA catabolism pathway non-functional in S. cerevisiae. Growth

curve of CEN.PK113-5D with pFVG95 (e.v.) or pFVG513 (lvaABCDE) on YP + G418
+ 0 or 1.5 % LA. Fermentation was performed under aerobic conditions in a 24-well plate

for 24 hrs.
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6.1 Summary of thesis research

The yeast S. cerevisiae has long been an important species to humans, from its use
in brewing and baking to its role as a model organism for studying eukaryotic biology.
The work presented here aims to expand our knowledge of the organism and gain an
understanding on how its metabolism could be rewired for isobutanol production. This
is a difficult challenge due to S. cerevisiae’s dominate native flux to ethanol.

In Chapter 1, we introduced the tools and strategies that were used in this thesis
to enhance isobutanol flux. Specifically, we touched on establishing the desired pathway
using characterized parts (manipulating DNA, RNA, and protein) and then we focus on
enhancing isobutanol production using metabolic flux optimization approaches such as
the push-pull-block strategy and systems-level multi-omics.

In Chapter 2, we learned that isobutanol can replace ethanol as a fermentation prod-
uct if flux through the pathway is sufficiently high for NADT regeneration. Unfortunately
though, the strategies to create high-yielding isobutanol producing strains remain elusive
to academic researchers.

In Chapter 3 and Chapter 4, we focus on on 2 different metabolic engineering ap-
proaches to enhance the carbon-to-isobutanol flux. Specifically, in Chapter 3, we investi-
gated how pathway localization and redox cofactor-balancing affect the performance and
physiology of isobutanol producing strains. We equipped yeast with isobutanol cassettes
which had either a mitochondrial or cytosolic localized isobutanol pathway and used
either a redox-imbalanced (NADPH-dependent) or redox-balanced (NADH-dependent)
ketol-acid reductoisomerase enzyme. Then through a multi-omic analysis, we uncovered
that the cytosolic-localized isobutanol pathway had low performance due to a limita-

tion in the supply of Fe-S clusters, which are required cofactors for the dihydroxyacid
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dehydratase enzyme. We then demonstrated that this cofactor limitation may be par-
tially recovered by disrupting iron homeostasis with a fra2 mutation, thereby increasing
cellular iron levels. This was an important finding as a cytosolic-localized isobutanol
pathway is preferable when growing under industrially relevant conditions such as high
glucose concentrations or anaerobic growth. This is in part because the mitochondria are
known to enter a minimal energy-requirement mode under those conditions and thus we
want to avoid localizing our pathway to that compartment [98, 99]. Additionally, a cy-
tosolic localization would eliminate any bottleneck associated with the need to transport
intermediates in/out of the mitochondria.

In Chapter 4, we investigate if flux through the isobutanol pathway can be en-
hanced by identification of highly active isobutanol enzyme homologs and balancing their
expression. Taking our findings from Chapter 3, we constructed a fully cytosolic combi-
natorial isobutanol pathway library that had variability introduced on 2 levels: coding
sequences (homologs) and gene dosage (promoters). Then through a high-throughput
growth-coupled screen, that relied on having an active isobutanol pathway for NAD™
regeneration, we identified and characterized a high-flux isobutanol cassette. We then
aimed to balance the high-flux cassette’s cofactor specificity with glycolysis via protein
engineering, but the resulting pathway’s flux was too low to achieve anaerobic growth.
This study motivates future research on enhancing the copy number of the isobutanol
pathway enzymes within the cell to boost production.

In Chapter 5, we begin to look at the variables associated with using biomass as a
carbon source. Specifically, we focus on generating a xylose-to-isobutanol platform strain
and improving the tolerance to 2 inhibitors, ~-valerolactone and levulinic acid. While

we were unable to engineer S. cerevisiae with a biodetoxificaiton strategy to overcome
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levulinic acid toxicity, we did identify 2 gene deletions, Agnc20 and Aseyl, associated
with improved ~-valerolactone tolerance using a chemical genomic study. Future work is
still needed to combine the findings here with the isobutanol pathway cassettes developed
in Chapter 3 and 4 and to validate the benefit of these deletions when growing on real
hydrolysate.

Overall, future work is still required to rewire S. cerevisiae’s metabolism for isobutanol
production. Pathway intermediate buildup and by-product formation still remain a major
challenge and flux through the pathway must be further enhanced to achieve anaerobic

growth.

6.2 Future directions

There are several aspects of the work in this document that can be extended. The

following section will describe these opportunities and highlight the challenges.

6.2.1 Multi-copy genomic integration

In Chapter 4, we attempted to create an anaerobically growing, isobutanol producing
S. cereiwisae strain. However, anaerobic growth could not be achieved since the isobu-
tanol pathway cassette did not support a high enough carbon flux to rapidly replenish the
NAD™ equivalents needed for glycolysis (i.e. isobutanol production is too low to meet the
cellular maintenance energy requirement). The capacity of the pathway can be enhanced
by integrating multiple copies of the cassette in the genome in addition to expressing the
cassette on a high-copy episomal plasmid (2 origin). The most common existing ap-
proach for achieving multi-copy integrations is integrating into the transposable elements,

long terminal repeats (LTR), however, this approach is unstable without a selection pres-
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sure. I propose implementing the newly developed method, HapAmp, which relies on
coupling the dosage of a haploinsufficient gene to cell fitness; this is accomplished by re-
placing the native promoter with a weaker one and coupling it to expression of your gene
of interest along with a autonomous replication sequence (ARS). The ARS will facilitate
amplification of the cassette as the yeast evolve towards faster growth and this results in
a genetically stable integration (up to 47-copies using construct 4) [174]. To implement
this, the isobutanol pathway cassette, #3 with Lb-1lvCPPV needs to be cloned in place
of the gene of interest in construct 4 (pILGFP3AA5) from [174]. Then the cassettes can
be transformed into the strain of interest, FVG454 (T2-3D:pdc1 /A, pdec5 A\, pdc6 /A, and

ura3/\) and tested for anaerobic growth.

6.2.2 GVL tolerance study in an industrial relevant strain

In Chapter 5, we identified two gene deletions, Agnc20 and Aseyl, that improved S.
cerevisiae’s tolerance to 2.5% GVL under anaerobic conditions. The original study was
conducted using a hypersensitive lab strain background, and future work is needed to
test if the tolerance enhancement can also be seen in an industrially relevant strain
background, Y22-3. I propose using the engineered Y22-3 background strain that has
the capacity to consume both glucose and xylose (GLBRC Y1327, provided by Trey
Sato [175]) and deleting GCN20 and SEY1. The resulting strains along with the parent
(control) should be subjected to a fermentation experiment under anaerobic conditions
in synthetic hydrolysate without inhibitors (SynH) [169] spiked with 3% GVL. Growth,
xylose consumption, glucose consumption, and ethanol production should be monitored

and compared.
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6.2.3 Hydrolysate-to-isobutanol

In Chapter 5, we constructed a platform production strain that had the capacity to
consume both glucose and xylose. In brief, we started with GLBRCY1625 and deleted key
enzymes in pathways that compete with isobutanol production. Preliminary experiments
involving the knock out strains with a redox-balanced, high-flux isobutanol pathway
cassette reveled a low glucose-to-isobutanol flux. Further characterization is needed to
determine the xylose-to-isobutanol flux. I propose the characterization be performed with
the engineered strains along with the parent (control). The fermentation experiments
should be performed under anaerobic conditions in SC* (see section 6.2.5.1) with 25 g/L
xylose. Growth, xylose consumption, and ethanol production should be monitored and

compared.

6.2.4 Overcoming the C2-auxotroph in PDC" S. cerevisiae strains

Pdc strains are auxotrophic for C2-compounds due to their inability to produce cy-
tosolic acetyl-CoA with the native pyruvate dehydrogenase (Pdh) bypass consisting of
pyruvate decarboxylase (Pdc), acetaldehyde dehydrogenase (Ald), and acetyl-CoA syn-
thetase (Acs) (Fig.2.1). In the work presented in this thesis, C2-compounds (ethanol and
acetate) were supplemented into the media to overcome this auxotroph. Alternatively,
the C2-auxotrophy can be circumvented by providing a heterologous synthesis pathway
such as the phosphoketolase (PK)/phosphotransacetylase (PTA) pathway [33, 34].

In efforts to implement this pathway in S. cerevisiae the open reading frame of PK
from Leuconostoc mesenteroides and PTA from Bacillus subtilis were codon-optimized,
synthesized commercially, and cloned in frame with promoters (P) and terminators (T)

resulting in the following pairs: Prer;-PK-Tapni; Prepi-PTA-Tapg; [176]. The tran-
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scriptional units (promoters-gene-terminator pairs) were then assembled in a low copy
(cen/ars) vector with Kan resistance made from parts in the MoClo toolkit resulting in
pFVG199 [153]. Next steps include testing the construct to ensure enzyme expression
(shotgun proteomics). Additionally, characterization of the cassette in a PDC™ back-
ground strain is needed. I propose transforming pFVG199 and the empty vector control,
pEFVGI5, into FVG624 (see section 5.3.2) and performing a fermentation experiment. The
experiment should be performed under aerobic conditions in SC 2% glycerol medium +
G418 with and without C2-supplement (2% ethanol); if the PK/PTA pathway is active,
the strain should grow faster in medium without C2-supplementation. Strain GG570

(T2-3D:pdc1 A, pde5 A\, pdc6/AN) cannot be used as it is Kan/G418 resistant [28].

6.2.5 Gene deletions required for adaptive laboratory evolution
experiments

ALE is a powerful tool that relies on natural selection for achieving a desired phenotype in
the presence of a selection pressure. Cell growth can be coupled to isobutanol production
under anaerobic conditions if other fermentative pathways in S. cerevisiae are deleted (i.e
isobutanol production reoxidizes the NADH produced from glycolysis). Ethanol is the
main fermentative pathway in S. cerevisiae however its deletion alone is not sufficient to
achieve growth-coupling. We performed an anaerobic ALE experiment by transforming
a redox-balanced isobutanol pathway cassette designated as 2.4 (see section 5.3.1) into
FVG454, a Pdc strain. Over the course of 6-passages, the strain lost its ability to
produce isobutanol and instead reverted to a lactate producer; at the end of the 6"
passage, the evolved strain was producing lactate at 40% of the theoretical maximum

yield (Table.6.1). Future work can involve sequencing the resulting evolved strain using
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next-generation sequencing (NGS) to uncovering the genotypic changes related to the
increased lactate production. Furthermore, to prevent this result from occurring in future
ALE experiments, additional gene deletions are required to eliminate lactate (did1A),
malate (mls1A), glycerol (gpd1/2/\), and succinate production (iclA) production to

achieve strict growth coupling.

Table 6.1: Lactate and isobutanol production from ALE strain. Lactate and isobutanol
data reported as % theoretical yield.

Passage Isobutanol Lactate

I 3 29
2 N/A N/A
3 0 23
4 0 37
5 0 18
6 0 39

6.2.5.1 Methods- ALE

Yeast cells were grown aerobically in SCGE-Ura for ~26 h. The cultures were then diluted
to ODggo 0.2 in SC* and allowed to reach exponential phase ~24 h. The cells were diluted
for anaerobic growth to ODggg 0.2 in SC* medium that was degassed for >12h prior to
use. Anaerobic growth was then performed in a Coy anaerobic chamber (5% Hs, 5%
COg, and 90% Ny) with stir bars on a magnetic stir plate to prevent flocculation. Cells
were continually diluted into fresh SC* media after reaching exponential phase ~ 3 days.
7 passages were completed. Samples were pulled periodically for HPLC analysis.
Defined SC* medium contained 1.72 g/L yeast nitrogen base (YNB) without amino
acids or ammonium sulfate, 1.54 g/L drop out mix complete minus leucine and uracil, 19.5
g/L MES, 20 g/L dextrose, 5 g/L ammonium sulfate, 380 mg/L leucine, 4 mL/L 250X
tween/ergosterol stock (62.5mL Tween80 + 625mg Ergosterol in 187 mL 95% EtOH), 4.1

mL/L 200 proof ethanol and pH adjusted to 5.5 with HCI.
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6.2.6 Challenges with utilizing a pathway that contains a Fe-S
cluster requiring protein

There are several biotechnologically relevant pathways that contain Fe-S cluster depen-
dent enzymes and working with these enzymes can be challenging as there are many
factors that can influence activity. Pathways that utilize Fe-S cluster requiring enzymes
include xylose catabolism (XylD or D-xylonate dehydratase) [158], isoprenoid synthesis
(IspG or 2-C-methyl-D-erythritol-2, 4-cyclodiphosphate reductase and IspH 4-hydroxyl-
3-methylbut-2-enyl diphosphate reductase [177], Entner-Doudoroff pathway (PGDH or
6-phosphogluconate dehydratase) [160], adipic acid synthesis (ER or enoate reductase)
[178], nitrogen fixation (NifH or dinitrogenase reductase) [179], and isobutanol synthesis
(DHAD or dihydroxy-acid dehydratase). In Chapter 3, we saw that the availability of the
Fe-S cluster itself was a limiting factor and thus reduced the activity of our Fe-S cluster
requiring protein, Ilv3p. While we could relieve the bottleneck in our pathway by in-
creasing Fe-S biogenesis, this solution cannot be generalized to any Fe-S cluster requiring
protein in a pathway; for example, increasing the availability of iron in the cell had no
effect on another Fe-S cluster requiring protein, 6-phosphogluconate dehydratase [160].
Thus, increasing Fe-S cluster biogenesis via increasing the availability of iron in the cell
is only a valid strategy if cytosolic Fe-S cluster availability is a limitation. Other factors
that can influence the activity of an Fe-S cluster requiring enzyme is the environment
where the enzyme is localized (pH, reducing potential, oxygen level etc.) and whether the
enzyme is recognized for cluster incorporation; these challenges are thoroughly reviewed
here [180].

The obvious choice to avoid the challenges associated with expressing an Fe-S cluster

requiring protein is to find an alternative enzyme that catalyzes the desired reaction but
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utilizes a different cofactor such as Mg?*. There have been attempts to identify an enzyme
that catalyzes the DHIV to KIV reaction in the isobutanol pathway without success; Oki
et. al. attempted to modify the binding pocket of a sugar acid dehydratase via protein
engineering but the resulting variants had no activity with the desired substrate, DHIV
[181]. It is worth looking into if there is an alternative starting base other than the
sugar acid dehydratase. This can be done by first identifying metabolic reactions that
“look similar” to the DHAD reaction, then checking if any of the identified enzymes are
characterized as not Fe-S containing. The BridglIT, a BNICE-related tool, and the Rhea

reaction database are good places to start.
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