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Preface
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of Technology, Goteborg, Sweden. The research project described in this thesis was carried
out in the Systems Biology group under the supervision of Professor Jens Nielsen and
cosupervisor Dr. Verena Siewers. In this project, the yeast Sacharomyces cerevisiae has been
metabolically engineered to enable the heterologous biosynthesis of alkanes and olefins. The
project has been funded by FORMAS, Vetenskapsradet and the European Research Council
(grant no. 247013).
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Metabolic engineering of the yeast Saccharomyces cerevisiae to enable biosynthesis of long-
chain alkanes and olefins

Nicolaas A.A. Buijs
Department of Biology and Biological Engineering, Chalmers University of Technology

Abstract

Industrial-scale production of renewable transportation biofuels has been developed as an
alternative to fossil fuels. During the last decade, ethanol has become the most prominent
biofuel and yeast has been the production organism of choice. However, ethanol has a lower
energy content then fossil fuel derived diesel and kerosine. Therefore it is less applicable to
heavy-duty and maritime transportation as well as aviation. Therefore, new types of more
advanced biofuels are being developed. These advanced biofuels can ideally be used as drop-
in fuels and substitute gasoline, diesel, and kerosine. A specific type of advanced biofuels are
alkanes. Alkanes can potentially be manufactured in a renewable fashion through microbial
biosynthesis. Thus far, examples of microbial synthesis of alkanes have been mostly limited to
(cyano)bacteria. This is remarkable because yeast has been the production organism of choice
for industrial biofuel production.

This thesis addresses this knowledge gap and describes introduction of a heterologous
metabolic pathway for the biosynthesis of long-chain alkanes by the yeast Saccharomyces
cerevisiae. We show that efficient synthesis is obstructed by parts of endogenous lipid and
aldehyde metabolism. Elimination of the fatty aldehyde consuming hexadecenal
dehydrogenase Hfd1 proved essential. Furthermore, expression of a redox system is shown to
be required for alkane biosynthesis in yeast. Deletion of HFD1 together with expression of an
alkane biosynthesis pathway resulted in the production of the alkanes pentadecane, and
heptadecane. Furthermore, we evaluated a compartmentalization strategy to improve alkane
biosynthesis, and extended this strategy towards an alternative pathway leading to the synthesis
of olefins.

In conclusion, this thesis provides a proof of principle for biosynthesis of long-chain alkanes
in the industrial workhorse S. cerevisiae. We anticipate that these findings will be important
for further engineering of the alkane biosynthesis pathway, and important for yeast engineering
to enable industrial production of alkane based drop-in biofuels. Such a development could
allow the biofuel industry to diversify beyond bioethanol.

Key words: biofuels, advanced biofuels, yeast, metabolic engineering, Saccharomyces
cerevisiae, fatty acids, fatty acid derived biofuels, alkanes, alkenes, olefins.
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Introduction

Part I: Prologue

Introduction

Biofuels

Renewable biofuels have emerged as an alternative energy source over the past decade in an
effort to move away from fossil based transportation fuels. The most prominent biofuel at the
moment is ethanol and it is not a good substitute for conventional gasoline due to intrinsic
disadvantages. Ethanol usage as a fuel requires engine modifications and it has a lower energy
density than fossil oil derived gasoline. This lower energy density prohibits application in
heavy duty and maritime transportation, as well as aviation. Furthermore, restrictions on
blending with gasoline (i.e. the blend wall) currently limit the commercial success and further
development of ethanol into a carbon neutral biofuel (Peplow, 2014). Therefore, new types of
biofuels are being developed to overcome such limitations. Biofuels that can be used as drop-
in fuels and replace the whole plethora of fossil transportation fuels. This new category of
biofuels is often referred to as advanced biofuels (Fairley, 2011).

Advanced biofuels such as alkanes are similar to the high energy components of fossil
transportation fuels (Sheppard et al., 2016). Alkanes can be used as gasoline, kerosine, or
diesel. Their applicability as different fuel types would depend on the alkane chain length
distribution, with increasing combustion energy per molecule with increasing chain length.
Besides alkanes, there are many other types of molecules that can be synthesized by
microorganism and are being pursued as such. These moleculs have been excellently reviewed
(Liao et al., 2016) and are partially covered in Paper IV, but will not be further discussed here.

Microbial alkane synthesis

Microorganisms, plants, and several insects can synthesize non-isoprenoid alkanes from fatty
acids, which in turn can be constructed de novo by the organism from a carbon source such as
glucose. Microorganisms such as cyanobacteria synthesize long-chain alkanes (Ladygina et al.,
2006; Valderrama, 2004), possibly to maintain redox balance and partitioning during
adaptation to low temperatures (Berla et al., 2015). Plants and insects have been shown to

produce very-long chain alkanes (waxes) to avoid dehydration or to act as pheromones
(Valderrama, 2004).

Fatty acids are ultimately decarboxylated to yield a hydrocarbon. The fatty acid saturation state
will determine whether the reaction(s) yield an alkane or alkene. In this thesis, to both products
will be referred when mentioning alkanes, unless stated otherwise.

From the fatty acid precursor there are three known biosynthetic routes to alkanes (Beller et
al., 2015). Of these only the first two are of interest for heterologous biofuel production since
the third route leads only to very long-chain, wax-like, alkanes. The three metabolic routes to
non-isoprenoid alkane biosynthesis in microorganisms are listed below and the first two will
be discussed in more depth in the following sections.

1. Fatty acid reduction followed by deformylating oxygenation (releasing formate) or
decarboxylation (releasing CO or CO,) by cyanobacterial and plant enzymes (Bernard
etal., 2012; Choi and Lee, 2013; Schirmer et al., 2010). The fatty acids can be free fatty
acids or the activated fatty acyl-CoA or —ACP form.
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2. Fatty acid decarboxylation, or elongation followed by decarboxylation by a
cyanobacterial P450 decarboxylase or polyketide synthase (PKS), respectively
(Mendez-Perez et al., 2011; Rude et al., 2011).

3. Fatty acid head to head condensation by a (cyano)bacterial OleABCD complex which
results in very-long chain alkenes (Beller et al., 2010; Beller et al., 2011; Frias et al.,
2011a; Frias et al., 201 1b; Sukovich et al., 2010a; Sukovich et al., 2010b).

The existence of a non-decarboxylative pathway through fatty aldehyde and fatty alcohol
intermediates has been claimed in the bacterium Vibrio furnissii M1 (Park, 2005), but this study
has been refuted (Wackett et al., 2007).

Pathway 1: Pathway 2: Pathway 3:
glucose glucose glucose
fatty acyl-ACP/CoA fatty acyl-ACP/CoA fatty acyl-CoA
NADPH + H* HZO
FAR TES
NADP* CoA-SH fatty acyl-CoA
fatty aldehyde free fatty acid OleABCD
NADP* € 0, Malonyh-CoA H,0, 2 CoA-SH + CO,
FAD(O) PKS oleT
formate co
NADPH + H* - 2
. €0, v
alkane/ alkene vic alkene
alkene (olefin)

Figure 1: Straight-chain alkanes and alkenes can be synthesized by microorganisms through various routes. Three
routes utilizing (activated) fatty acids have been described in literature. The first route involve a fatty acid
reduction, catalysed by a fatty acyl-ACP/CoA reductase (FAR). In addition, fatty acid reductases have been
described that can utilize free fatty acids instead of fatty acyl-ACP/CoA (not shown). The second step involves
either fatty acid deformylation, decarboxylation or decarbonylation (FAD(O)) reaction of the fatty aldehyde and
this yields an alkane or alkene, which depends on the saturation state of the fatty aldehyde. The fatty aldehyde
deformylating oxygenase is shown as an example. The second route involves a hydrogen peroxide dependent
P450 decarboxylase or a polyketide synthase (PKS). The latter extends the fatty acid followed by decarboxylation.
The third route involves head-to-head condensation of two fatty acids, which leads to the synthesis of very long
chain alkenes. A PKS that has recently been described by Liu ez al/ (2015) has not been included in the figure.
This PKS utilizes malonyl-CoA as substrate and produces an alkene as final product through several iterations of
chain elongation.
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Pathway 1: alkane and alkene biosynthesis

In 2010, the landmark study on heterologous alkane biosynthesis by Schirmer et al was
published(Schirmer et al., 2010). This study was very important for the progression of the field
because it identified soluble non-membrane bound proteins in cyanobacteria from the first
pathway (as listed above and shown in Figure 1). The soluble character of these proteins meant
that they could easily be expressed in other microbial hosts. The described biosynthetic process
proceeds via a two-step reduction/deformylation metabolic pathway. This pathway consisted
of the Synechococcus elongatus PCC7942 fatty acyl-ACP reductase (FAR) and fatty aldehyde
deformylating oxygenase (FADO). Expression of these two enzymes in Escherichia coli
enabled de novo biosynthesis of long-chain alkanes from glucose. The introduction of Bacillus
subtilis FabH2 and the S. elongatus PCC7942 FAR and FAD in E. coli by Harger et al (2012)
enabled the synthesis of even-chain alkanes(Harger et al., 2013). Subsequently, others have
expressed alternatives enzymes in E. coli to synthesize long-chain alkanes: Akhtar et al (2013)
utilized a Mycobacterium marinum fatty acid reductase and a Synechocystis species PCC 6803
fatty aldehyde decarbonylase (in vitro), and Howard et a/ (2013) utilized the Photorhabdus
luminescens LuxCDE fatty acid reductase complex and a Nostoc punctiforme fatty aldehyde
deformylating oxygenase (Akhtar et al., 2013; Howard et al., 2013). Choi and Lee (2013)
modified the fatty acid pool composition by means of expressing a mutated thioesterase, and
utilized the Arabidopsis thaliana fatty aldehyde decarbonylase Cerl (Choi and Lee, 2013). The
expression of this thioesterase has enabled the controlled biosynthesis of short and medium
chain alkanes. Substitution of the FAR by a Mycobacterium marinum carboxylic acid reductase
(CAR; as has been described by Akthar et al), expression of the S. elongatus FADO reducing
system, and aeration optimization by Kallio et a/ (2014) enabled the biosynthesis of propane
(Kallio et al., 2014). Following that study, modification of a Clostridial butanol pathway by
expression of a CAR and ADO by Menon et a/ (2015) led to the synthesis of propane (Menon
et al., 2015). The studies by Kallio ef a/ and Menon et al have illustrated the broad substrate
specificity of the fatty aldehyde deformylating oxygenase. Furthermore, based on the crystal
structure of a Procholorococcus marinus FADO, Khara et al (2013) mutated the substrate
binding site and obtained a mutant that preferred shorter chain aldehydes (Khara et al., 2013).
Next, Sheppard et al (2016) have expressed this mutant FADO together with a Nocardia
iowensis CAR in a background strain in which six endogenous aldehyde reductases had been
deleted (Sheppard et al., 2016). Similar to Kallio et a/, this enabled the synthesis of gasoline-
range alkanes. In addition, Sheppard et a/ also introduced the substrate specificity conferring
point mutation in a Nostoc punctiforme PCC73102 FADO, and extended the product profile to
branched chain alkane isopentane. Finally, Rahman et a/ (2014) have been able to boost titers
from 5 to 44 mg/L using the FAR+FADO pathway using a scaffolding strategy (Rahman et al.,
2014).

Biosynthesis of alkanes via the FAR+FADO pathway has also been engineered in the
cyanobacteria Synechocystis, Nostoc punctiforme, Synechococcus, and Anabaena.
Overexpression of the endogenous FAR and FADO in Synechocystic sp. PCC 6803 increased
titers to 26 mg 1" (1.1% of cell dry weight) in photo-bioreactors (Wang et al., 2013). A similar
FAR and FADO overexpression approach in N. punctiforme together with optimization of light
conditions and overexpression of a putative lipase increased the heptadecane content to 12.9%
of cell dryweight (Peramuna et al., 2015). Interestingly, Yoshino ef a/ (2015) have introduced
the S. elongatus FAR+FADO pathway in a Synechococcus sp. NKBG15041c, which contains
a polyketide synthase like protein of the second pathway (see below). The resulting low
observed heptadecane yield has been attributed to the lack of a (overexpressed) reducing
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system, low levels of precursor, and competition with aldehyde dehydrogenases (Yoshino et
al., 2015).

In the past, there have been several reports on alkane biosynthesis involving a fatty aldehyde
intermediate by using crude cell extract of plants. For example, Pisum sativum cell extracts
have been shown to catalyze the conversion of fatty acyl-CoA and the decarbonylation of
octadecanal, thereby releasing carbonmonoxide while consuming oxygen and NADPH
(Cheesbrough and Kolattukudy, 1984; Schneider-Belhaddad et al., 2000). The responsible
enzyme was inhibited by metal chelators and utilizes a copper containing proto-porphyrin IX
to catalyze the carbonyl bond scission (Schneider-Belhaddad et al., 2000). A cobalt proto-
porphyrin prosthetic IX group has also been shown to be involved in very-long chain alkane
biosynthesis by Botyrococcus braunii (Dennis and Kolattukudy, 1991). Unfortunately, the
utilization of proto-porphyrin enzymes for heterologous alkane biosynthesis is challenging
because there is a high-risk of mismetalation of the active site. This mismetalation is due to the
use of scarce metals. Furthermore, these enzymes are typically membrane-bound or -
associated, which makes their expression, isolation and characterization difficult. Interestingly,
the pine tree Pinus jeffrey also possess a pathway for synthesizing heptane from fatty acid
intermediates. This tree uses heptane as a biological weapon against bark beetle. The proteins
involved have not yet been identified (Savage et al., 1996). Lastly, a putative decarbonylase
from Arabidopsis thaliana (SCD2/At4g37470) with homology to thioesterases/hydrolases has
been described in a patent application and has to our knowledge not been further characterized.
Plants with an Scd2 mutant displayed increased aldehyde and reduced alkane levels, and alkane
levels were increased upon SCD2 overexpression (Zeng and He, 2009).

Pathway 2: olefin biosynthesis

The second pathway has not been explored to the same extent as the FADO pathway. The
decarboxylation step results in formation of a terminal double bond and this pathway therefore
yields only 1-alkenes instead of the mixture of alkanes and alkenes that result from the first
(FAR+FADO) pathway. 1-Alkenes, or terminal alkenes, are also called olefins. The second
pathway has been shown to involve a P450 decarboxylase or a PKS like protein. An addition
to these two enzyme has been the nonheme iron oxidase. Such a fatty acid decarboxylating

nonheme iron oxidase from Pseudomonas aeruginosa PA14 yielding medium-chain alkenes
has been described recently (Rui et al., 2014; Rui et al., 2015).

Rude et al (2011) were the first to have described a P450 fatty acid decarboxylase (OleT) from
Jeotgalicoccus sp, and have showed that it is involved in nonadecene formation in that
organism (Rude et al., 2011). OleT is a hydrogenperoxide dependent P450, which makes it
difficult to function efficiently in micro-organism. To circumvent the necessity of
hydrogenperoxide supply, Li et al (2014) have fused OleT to the reductase domain from
Rhodococcus sp. which renders the enzyme NADPH-dependent (Liu et al., 2014b).
Unfortunately this also reduced the enzyme acitivity and did not result in higher titers in vivo.
OleT has also been heterologously expressed in E. coli together with a Thermomyces
lanuginosus lipase to convert fed triacylglycerides into olefins (Yan et al., 2015). Alternatively,
Dennig et al (2015) have shown that in vitro activity of OleT can also be supported by
putidaredoxin CamAB (Dennig et al., 2015). Recently, OleT homologues from different
cyanobacteria have been extensivly characterized and the pathway optimized in S. cerevisiae
(Chen et al., 2015).
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Mendez-Perez et al (2011) have described a polyketide synthase Ols from Synechococcus sp.
Strain PCC 7002, which through elongation and decarboxylation produces nonadecene and
nonadecadiene (Mendez-Perez et al., 2011). Expression optimization of this enzyme did
unfortunately not yield any product in E. coli (Mendez-Perez et al., 2012). There have been no
studies so far describing expression of Ols in yeast. Another iterative PKS has been described
by Liu et al (2015). Expression in E. coli of the Streptomyces iterative PKS SgcE and its
thioesterase components SgcE10 led to the biosynthesis of pentadecane as sole product, after
hydrogenation. (Liu et al., 2014a).

Heterologous alkane biosynthesis in yeast

All the aforementioned studies used (cyano)bacteria while yeast has been the organism of
choice for industrial ethanol production (Hong and Nielsen, 2012). In 2013, industrial interest
as inferred from patent (applications) on microbial alkane synthesis was limited to examples
of alkane biosynthesis in E. coli or cyanobacteria (Baynes et al., 2009; Behrouzian et al., 2009;
Burk and Osterhout, 2011; Friedman and da Costa, 2007; Howard et al., 2012; Hu et al., 2010;
Lee et al., 2010; Reppas and Ridley, 2009a; Reppas and Ridley, 2009b; Rude and Schirmer,
2010; Schirmer et al., 2008; Schirmer et al., 2009; Schirmer and Trinh, 2010). The exception
being expression of OleT in S. cerevisiae for olefin biosynthesis (Alibhai et al., 2007a; Alibhai
et al., 2007b). Before publishing Paper I and Paper II, the only study on alkane biosynthesis in
yeast was carried out by Bernard et al (2012), who described very-long chain alkane
biosynthesis. They expressed the fatty acyl-CoA reductase/decarbonylase complex consisting
of Arabidopsis thaliana CER1 and CER3 in the yeast Saccharomyces cerevisiae (Bernard et
al., 2012). This resulted in very long chain alkane synthesis, which cannot be used directly as
a fuel. Using a lipoxygenase in Yarrowia lipolytica, Blazeck et al (2013) have synthesized 4.98
mg/L of pentane by cleaving linoleic acid (Blazeck et al., 2013). However, this would be an
inefficient way of synthesizing short-chain alkanes since it requires the de novo synthesis of
long-chain fatty acids and leads to a dicarboxylic fatty acid byproduct. Therefore there was still
a need for an advanced biofuel producing yeast strain that can be implemented in existing
(cellulosic) ethanol plants and in addition could allow the biofuel industry to diversify beyond
ethanol.

The aim of this thesis was to explore heterologous long-chain alkane and olefin biosynthesis
by the yeast S. cerevisiae.
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Table 1: studies on (heterologous) biosynthesis of alkanes

Alkane type': Titer (mg I'): Reference:

Studies in bacteria (Escherichia coli)
Long-chain 300 (Schirmer et al., 2010)
Long-chain 440 * (Lennen et al., 2010)
Long-chain 81.3 (Harger et al., 2013)
Long-chain 5 (Howard et al., 2013)
Short- and medium-chain 581 (Choi and Lee, 2013)
Short-chain 0.46 ° (Khara et al., 2013)
Short-chain 32 (Kallio et al., 2014)
Long-chain 44 (Rahman et al., 2014)
Short-chain 34 (Menon et al., 2015)
Long-chain 57 (Coursolle et al., 2015)
Long-chain 256 (Song et al., 2016)
Long-chain 56 ¢ (Yan et al., 2016)
Short-chain 03 ° (Zhang et al., 2016)
Short-chain 4.3 (Sheppard et al., 2016)

Studies in cyanobacteria
Long-chain 23 ¢ (Tan et al., 2011)
Long-chain 47 "7 (Hu et al., 2013)
Long-chain 26 (Wang et al., 2013)
Long-chain 0.01 ’ (Yoshino et al., 2015)
Long-chain 38 7 (Kageyama et al., 2015)
Long-chain 305 7 (Peramuna et al., 2015)

Studies in yeast (Saccharomyces cerevisiae):
Very-long chain 0.43-0.10 ° (Bernard et al., 2012)
Long-chain 0.074 (Foo et al., 2015)

= short-chain: C4-C8, medium-chain: C10-C14, long-chain: C16-C18, very-long chain: 2C20.
= catalytic conversion of fatty acids produced by Escherichia coli

= with supplementation of 72 mg L' butanal in medium.

= assuming 7 gDW L' biomass. Reported value 8.05 mg gDW™' (Yan et al).

=valine derived pathway.

= assuming an OD73 of 14, reported value: 161.562 ug L™ OD73¢" (Tan et al).

= assuming 2.36 gDW L' biomass. Reported values: 0.2% of dryweight (Hu et al), 4.2
ug/gDW (Yoshino et al), 1600 ug gDW™' (Kageyama et al), and 12.9% of dryweight
(Peramuna et al).

5= assuming 5 gDW L' biomass. Reported value 86-19 ug gDW™' (Bernard e al).
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Scope of the thesis

The aim of this study was to enable and improve long-chain alkane biosynthesis by the yeast
S. cerevisiae.

Paper |
This paper is foundational and describes a proof of principle of heterologous biosynthesis of
long chain alkanes in the industrial workhorse S. cerevisiae.

The main contribution of this paper is that it describes the necessity of expression of a reducing
system and elimination of a main competing fatty aldehyde dehydrogenase. Introduction of a
fatty acyl-CoA derived alkane biosynthesis pathway from Synechococcus elongatus initially
did not yield any product. This pathway consisted of a fatty acyl-CoA/ACP reductase (FAR)
and a fatty aldehyde deformylating oxygenase (FADO), and was discovered and expressed in
Escherichia coli by Schirmer et al (2010). Trouble-shooting of the pathway uncovered two
obstacles to alkane biosynthesis. First, we demonstrated that expression of a reducing sytem
from E. coli, consisting of ferredoxin and ferredoxin reductase, is required for functionality of
the last, FADO catalyzed step in the alkane pathway. Second, using fatty alcohols as indicator
for fatty aldehyde accumulation we identified that the fatty aldehyde-consuming enzyme Hfd1
prevented production of alkanes as it efficiently converts fatty aldehydes to fatty acids.

Paper i
This paper studies the pathway from Paper I further and explores a few strategies to increase
alkane biosynthesis.

The results described in the first paper indicated that the first step in the pathway catalyzed by
SeFAR did not contribute much to the overall alkane titer and showed that the fatty alcohol
bypdroduct formation seemed to consume the majority of the fatty aldehyde intermediates.
Furthermore, in the meantime studies in E. coli had shown that an alternative class of enzymes
can synthesize fatty aldehydes from unactivated free fatty acids (Akhtar et al., 2013; Howard
et al., 2013). In addition, expression of the cyanobacterial pathway in the first paper did not
shed light on whether the alkane titer was low because the fatty acyl-CoA and fatty aldehyde
were insufficiently available to the FAR and FADO, or because it was much slower than lipid
metabolic enzymes, promiscuous aldehyde reductases or alcohol dehydrogenases. Therefore,
to separate these factors we considered compartmentalization. By placing the enzymes in an
enclosed environment, they would be shielded off from competing enzymes as well as be in
close proximity to the other enzymes in the pathway. This would allow use to test different
strategies to increase pathway efficiency, and to increase producitivity by increasing the
number of compartments. Other studies have also uncovered the natural redox partner of the
FADO enzyme (Zhang et al., 2013), and expression of a fusion of the native reducing system
to the FADO enzyme in E. coli could improve activity (Wang et al., 2014), and that hydrogen
peroxide inhibits the activity of the FADO (Andre et al., 2013) providing us with several
strategies to test and possibly increase the alkane titer in S. cerevisiae.

The cellular compartment we decided to use was the peroxisome organelle. In yeast, this
organelle is where fatty acids are degraded to acetyl-CoA through B-oxidation. Due to this
function of the peroxisome, we assumed that the transport of fatty acids into this compartment
would not be a limiting factor.



Scope of the thesis

Paper lil

This paper is a commentary in which we describe why biofuels could play a role in a sustainable
solution that replaces fossil fuels.

Paper IV

This paper is a review of the field, in 2012, of advanced biofuel production by the yeast S.
cerevisiae.
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Materials and Methods

The sections below are a description of the experiment carried out for the additional figures
presented in this thesis.

Yeast strains, plasmids and reagents

The background yeast strain S. cerevisiae CEN.PK113-11C (MATa MAL2-8c SUC2 his3A41
ura3-52) was kindly provided by P. Kétter, University of Frankfurt, Germany. The background
yeast strain S. cerevisiae BY4741 (MATa his3Al leu2A0 metl5A0 ura3A0) carrying
HFDI::KanMX was ordered from ThermoFischer Scientific (Stockholm, Sweden). The
AFAAl AFAA4 APOXI strain (YJZ06) and the AHFDI APOXI strain (YJZ54) carrying
genomic integration of Mycobacterium marinum CAR, Aspergillus nidulans npgA,
Synechococcus elongatus ferredoxin and ferredoxin reductase in the GALS0 and ADHS5 loci
was kindly constructed by Y. Zhou (as described in paper II and unpublished data). The
Synechococcus elongatus orf1594 FAR and orf1593 FADO, ferredoxin, and ferredoxin
NADPH reductase, FADO homologues from Nostoc punctiforme PCC73102,
Thermosynechococcus elongatus, Hapalosiphon welwitschii 1C-52-3, Planktothrix agardhii
NIVA-CYA 126/8, Lyngbya aestuarii (strain CCY9616), Crocosphaera watsonii WH 8501,
and Prochlorococcus marinus (strain MIT 9313), Escherichia coli thioesterase TesA’,
Photorhabdus luminescens LuxC, LuxD, and LuxE, Mycobacterium marinum carboxylic acid
reductase, and Aspergillus nidulans npgA were synthesized and codon-optimized for
expression in yeast (Genscript, Piscataway, NJ, USA). All synthetic genes sequences, except
for the FADO homologues, are listed in Buijs ef a/ (Buijs et al., 2013). The cofactor system
encoded by E. coli fldA (NCBI Gene ID: 945293) and fpr (NCBI Gene ID: 12932121) was
amplified from E. coli DH5a. The genes PEX34, TESI, and CTTI were amplified from yeast
genomic DNA. PrimeStar DNA polymerase was purchased from TaKaRa Bio (Segeltorp,
Sweden). Oligonucleotides were custom synthesized by Eurofins (Ebersberg, Germany).
Restriction enzymes, DNA gel purification and plasmid extraction kits were purchased from
ThermoFisher Scientific (Waltham, MA, USA).

Genetic engineering

All the pathways for alkane and olefin production were constructed on the plasmid backbone
pYX212 (FADO homologues) or p423GPD (olefin plasmids) by using a modular pathway
engineering strategy as described before (Buijs et al., 2013). Plasmids were extracted from
single yeast colonies using the Zymoprep Y east Plasmid Miniprep II kit (Nordic Biolabs, Téby,
Sweden) and transformed into E. coli DH5a competent cells. After purification of the plasmid,
verification by restriction analysis, and sequencing, the plasmids were transformed into yeast.
Yeast competent cells were prepared and transformed with 1 pg of plasmid DNA according to
the lithium acetate/single-stranded carrier DNA/polyethylene glycol method (Gietz and
Woods, 2002).

Strain cultivation

Yeast strains for preparation of competent cells were cultivated in YPD consisting of 10 g/L
yeast extract (Merck Millipore, Darmstadt, Germany), 20 g/L peptone (Difco, VWR,
Stockholm, Sweden), and 20 g/L glucose (Merck Millipore). During genetic manipulation,
yeast strains were selected on Synthetic Dextrose (SD) medium, which contained 6.9 g/L yeast
nitrogen base without amino acids (Formedium, Hunstanton, UK), 0.77 g/l complete
supplement mixture without uracil (Formedium), 20 g/L glucose (Merck Millipore) and 20
g/L agar (Merck Millipore). E. coli strains were grown at 37 °C on Luria—Bertani medium (10
g/L tryptone (BD Biosciences, Stockholm, Sweden), 5 g/L yeast extract (Merck Millipore), 10
g/L NaCl (Merck Millipore)) supplemented with ampicillin (80 pg/mL) if required. Agar plates
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were prepared with the corresponding liquid medium supplemented with 15 g/L agar powder
(Merck Millipore).

Shake flask batch fermentations were carried out in minimal medium containing 30 g/L
glucose, 5 g/l (NH4)2SOy4, 3 g/L KH,POy4, 0.5 g/ MgS04.7H,0, and vitamins and 2x trace
metal solutions as has been described by Verduyn et al (1992) and pH 5.6 (Verduyn et al.,
1992). For the FADO homologue comparison experiment the KH,PO4 was raised to 14.4 g/L.
Cultures were inoculated from overnight precultures at 0.1 ODggp in 20 ml minimal medium
supplemented with histidine (40 mg/L; Sigma Aldrich) or uracil (60 mg/L; Sigma Aldrich) in
250 ml shake flasks. The shake flasks were incubated at 30 °C and 200 rpm orbital shaking.
After 72 hours, the cells were harvested by centrifugation (5 minutes; 1000 g) and washed once
with 5 ml phosphate buffer (10 mM KH,PO4, pH 7.5). The supernatant was removed, and the
pellet frozen in liquid nitrogen and freeze-dried (Christ Alpha 2-4 LSC, Martin Christ
Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany) for 48 hours.

Hydrocarbon analysis by GC-MS

Alkanes and olefins were extracted from the freeze dried cell pellets using the lipid extraction
method that has been described before (Khoomrung et al., 2013). The only deviation from that
method was the use of 6 ml CHCl3:MeOH extraction solvent and in the final step extractants
were redissolved in hexane. Hexadecane (0.5 ug/L) was used as an internal standard. For the
extraction method comparison, hydrocarbons were also extracted from liquid cell cultures, cell
pellets, and freeze dried cell pellets using the methods described by Schirmer et a/ (Schirmer
et al., 2010), Rodriguez et al (Rodriguez et al., 2014), and Khoomrung et a/ (Khoomrung et al.,
2012), respectively. Samples were analyzed by gas chromatography (FocusGC, ThermoFisher
Scientific) coupled to mass spectrometry (DSQII, ThermoFisher Scientific) using a Zebron
ZB-5MS Guardian capillary GC column (30 m % 0.25 mm X 0.25 pm, Phenomenex, Verlose,
Denmark). For alkane/alkene analysis the following method was run: initial temperature 50 °C
hold for 5 minutes, ramp by 10 °C per minute to 140 and hold for 10 minutes, ramp by 15 °C
per minute to 310 °C and hold for 7 minutes, inlet temperature 250 °C, mass transfer line 300
°C, splitless flow of 1.0 mL/min, ion source temperature 230 °C, full scan mode 50-650 m/z.
Samples were analyzed by single 2 puL injections. For olefin analysis the following method was
run: initial temperature 50 °C hold for 5 minutes, ramp by 10 °C per minute to 310 °C and hold
for 6 minutes, inlet temperature 250 °C, mass transfer line 300 °C, splitless flow of 1.0 mL/min,
ion source temperature 230 °C, full scan mode 50-650 m/z. Samples were analyzed by single
2 pL injections. Analytical standards for alkanes (Sigma Aldrich) and olefins (TCI Europe,
Zwijndrecht, Belgium) were analyzed during the same run for peak identification and
quantification.

Lipid staining with nile red

Duplicate samples of 0.2 ml cell culture were taken aseptically and prior to staining an
additional 5 ul of culture was checked for contamination by microscopy and plating on
cyclohexamide plates. Next, one set of samples was collected by centrifugation for 3 minutes
at 1200 rcf, supernatant was removed, cells were washed twice with 0.4 ml PBS buffer, and
resuspended in 0.2 ml PBS buffer. Both sets were then stained with 0.5 ul nile red (1 mg ml™
in DMSO) and cells were left in the dark for 30 minutes.
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Results

In the following paragraph a brief overview of the main results from Paper I and Paper II will
be presented and some additional unpublished data are also presented.

Results at a glance: Paper |

Succesful introduction of an cyanobacterial pathway in Saccharomyces cerevisiae proved more
complicated than we anticipated. As Paper I demonstrates, the newly introduced pathway
intersects with endogenous sphingolipid metabolism. Furthermore, intracellular accumulation
of minor quantifities of heptadecane in our background strain required the application of a lipid
extraction method to get the product out. Conventional methods that had been used to detect
alkanes in Escherichia coli (Howard et al., 2013; Schirmer et al., 2010), fatty acids (Khoomrung
et al., 2012) or the branched-chain alkane squalene in yeast (Rodriguez et al., 2014) proved not
applicable. Below the results from Paper I will be briefly highlighted. Subsequently,
unpublished results will be presented on the alkane extraction method we used to get the results
described in Paper I. My contributions to this paper are that I developed the extraction method,
identified Hfd1 as a target after troubleshooting the alkane pathway extensively, performed all
alkane related experiments in the paper, analyzed the data, prepared the figures, and wrote the
manuscript.

The Synechococcus elongatus alkane biosynthesis pathway constists of a fatty acyl-CoA/ACP
reductase (FAR) and a fatty aldehyde deformylating oxygenase (FADO) (see Figure 1, pathway
1). Upon expression of this pathway in a wild-type yeast strain, no alkanes or byproducts could
be detected (Figure 2, and Paper I, Figure 2). Schirmer et a/ (2010) have shown that the FADO
enzyme in vitro requires a reducing system consisting of ferredoxin and ferredoxin NAD(P)H
reductase (F/FNR). At the time of our study, the native redox partners of SeFADO were not
known. Therefore we chose to express the E. coli ferredoxin (Fdx) and ferredoxin NADPH
reductase, which had been shown to work in vivo by Schirmer et al. Subsequent co-expression
of this reducing system with the FAR and FADO resulted in the detection of small amounts of
heptadecane. We suspected that part of the intermediates were consumed by a competing
enzyme due to the absence of C15 products. C15 products were expected because C16 and C18
fatty acids make up the bulk of lipids in a yeast cell (Khoomrung et al., 2012; Khoomrung et
al., 2013). Kaiser et al (2013) have described the importance of deleting the fatty aldehyde
dehydrogenase AIdE in S. elongatus in order to accumulate fatty aldehydes in S. elongatus
(Kaiser et al., 2013). Based on the strong homology of AIdE to Hfd1 (34% identity, E-value
le-69) we therefore decided to eliminate the Hfd1 encoding gene. To circumvent any other
potential problems with the FAR or FADO, we used fatty alcohols as an indicator to test our
hypothesis (Paper I, Figure 2b). Interestingly, deletion of HFDI was enough to supply
endogenous alcohol dehydrogenases and FADO with substrate to synthesize fatty alcohols and
alkanes, respectively. Additional expression of SeFAR in a HFDIA background slightly
increased the fatty alcohol and alkane titers (Paper I, Figure 2a-b).

Extraction method to get to Paper |

In order to measure hydrocarbons, a modified extraction method had to be used. This extraction
method seemed to extract alkanes from the internal membranes of the yeast cells. In Figure 3,
the results of a comparison of four extraction methods are shown. The first three methods have
been applied to extract alkanes from bacteria (Schirmer et al., 2010), squalene and ergosterol
from yeast (Rodriguez et al., 2014), and (esterified) fatty acids from yeast cells (Khoomrung
et al., 2012). The squalene extraction method involves boiling of cells in an alkaline solution
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followed by extraction with dodecane. This method was included because it might have been
a feasible alternative to the laborious lipid extraction method. Squalene accumulates mainly in
lipid droplets (Spanova et al., 2010), and the same has been suggested for alkanes in
cyanobacteria (Peramuna et al., 2015), thus a method that works for squalene could perhaps be
applied to alkanes too. The esterified fatty acid extraction method involves boiling of the dried
biomass samples and simultaneous esterification by methylation, which results in fatty acid
methyl esters (FAMEs). This method was included because the boiling step could break up the
cells and release the alkanes into the hexane solvent; we suspected that this might have been
the problem when applying the first method to yeast. The fourth method is a slightly modified
lipid extraction method that has been used in Paper I and II. The modification is that the final
solvent was changed from chloroform:methanol to hexane to avoid loading lipid into the gas
chromatograph. The unmodified lipid extraction has been described by Khoomrung et a/
(2013) and was originally developed for HPLC-CAD analysis.

As can be seen in Figure 3, the extraction of hydrocarbon from cell cultures with ethyl acetate
did not yield any detectable product. Extraction from a 20 ml liquid cell culture using an equal
volume of ethyl acetate followed by concentration using a rotarory evaporator did not yield
any detectable hydrocarbon (data not shown). However, the strain used in that extraction
experiment was a wild-type background strain expressing the complete FAR+FADO pathway,
meaning that it cannot be excluded that Hfd1 pushed titers below the detection limit. With the
lipid extraction method it was possible to detect heptadecane in that strain (Figure 2, and Paper
I Figure 2). The modified lipid extraction method resulted in detection of both C15 and C17
hydrocarbons.

In Figure 3B and Figure 3C, the detected pentadecane and heptadecane titers are shown for
different starting volumes of cell cultures. Different culture volumes were used to test the
linearity of the extraction method and the lower limit of our method. The numbers are not
corrected for background signal observed in a control strain carrying an empty plasmid. Using
an equal volume of starting cell culture, lipid extraction of samples presented in Figure 3A
resulted in a pentadecane titer of 17.2 + 1.1 ug L™, versus 16.5 + 0.2 ug L™ for the samples in
Figure 3C (n=3), which is not a significant difference. The average percentage of heptadecane
of the combined heptadecane and pentadecane titer was on 15.8 + 0.82%, excluding the 2 mL
samples for which 7.5% was heptadecane.

The data does not show a downward trend at higher culture volumes, which would be expected
if the extraction solvent becomes saturated with product. The strain used for this experiment is
the same strain as shown in Figure 7 carrying the SeFADO and empty pYX212. However, the
strains shown in Figure 7 were cultivated in minimal medium with increased buffer capacity
which resulted in higher final ODgg. Lastly, it should be noted that for Paper I, biomass was
collected by weighing approximately 10-15 mgDW after freeze drying. For the data shown in
Paper II and the additional data presented in this thesis, the amount of biomass was inferred
from the ODggp and a corresponding cell culture volume was freeze dried after removal of the
supernatant.
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Figure 2: Alkane titer data as presented in Paper I, Figure 2. A S. elongatus alkane biosynthetic pathway was
introduced in the yeast S. cerevisiae. This pathway consists of a S. elongatus fatty acyl-CoA reductase (SeFAR)
and a S. elongatus fatty aldehyde deformylating oxygenase (SeFADO). Furthermore, the pathway intersects with
endogenous metabolism of fatty aldehydes by promiscuous aldehyde reductases (ALR) and fatty alcohol
dehydrogenases (ADH) and the hexadecenal dehydrogenase Hfdl (encoded by HFDI/YMRI110C), which
catalyzes the last step in the sphingolipid breakdown pathway. E. coli ferredoxin (EcFdx) and ferredoxin NADPH
reductase (EcFpr), denoted by F/FNR, was introduced to provide the cofactor required for the FADO enzyme.

Results at a glance: Paper Il

From Paper I we had learned that metabolism in yeast is intrinsically more complex than that
of bacterial hosts. Before discovering the role of Hfd1 in the alkane pathway, we suspected that
ferredoxin could be inactive due to its iron-sulphur cluster. The expression of a bacterial
mevalonate pathway in yeast was hampered by difficulties with expression of iron-sulfur
cluster proteins (Carlsen et al., 2013; Partow et al., 2012). Iron-sulfur cluster biosynthesis takes
mainly place in the mitochondria. As such, we had explored localization of the
SeFAR+SeFADO pathway in the mitochondria in an earlier stage of the project. But given the
low amounts and short chain length of fatty acids synthesized by the mitochondrial FAS system
and the resulting complications with detection of heptane, this seemed a dead end. However,
the idea of compartmentalization was interesting and could provide us with a model system to
study our pathway. Therefore moving the pathway into the peroxisomes was a natural extention
of our previous work. My main contribution in this paper is that I performed the olefin
experiments described in the paper. The olefin project was originally initiated by Dr. A.
Boonsombuti, and D. Orol Gémez continued it under my supervison after which I subsequently
completed it.
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Figure 3: (A) comparison of different extraction methods. Heptadecane titers, and Boiling + Do and FAME
pentadecane titers were outside calibration range. (B) extraction of pentadecane from different starting volumes
of yeast cell broth. First data point outside calibration range. (C) extraction of heptadecane using different culture
volumes. First two data points outside calibration range. The yellow square represents the range of biomass
amounts that has been used typically for alkane extraction in our studies. Bars represent average + standard
deviation of triplicate measurements. *= without correction for losses by a cholesterol internal standard,
heptadecane could not be detected.
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Potential problems with moving a pathway into peroxisomes could arise from mislocalization
or inactivity of the enzyme upon addition of a peroxisomal targeting signal (PTS) or
insufficient precursor or NADPH and ATP cofactor supply. Therefore, as in Paper I, we used
fatty alcohol biosynthesis as a model system to verify the feasibility of using peroxisomes for
biosynthesis of fatty acid derived compounds. In Paper I we relied on unidentified endogenous
enzymes for conversion of the fatty aldehyde intermediates into fatty alcohols. However, for
relocalization of the pathway, peroxisomal targeting signals have to be added to the proteins
and therefore we opted for a different approach. We chose to express a fatty alcohol forming
fatty acyl-CoA reductase, which is a type of enzyme that has been shown to be efficient in
converting fatty acyl-CoAs into fatty alcohols (Runguphan and Keasling, 2014; Steen et al.,
2010). As such, a fatty acyl-CoA reductase (FaCoAR) from Marinobacter aquaeolei VT8
(Willis et al., 2011) was targeted into the peroxisome to obtain a proof-of-principle for the
compartmenalization strategy.

The FaCoAR was expected to be directed to the peroxisomes after addition of a C-terminal
PTS. The actual localization of the reductase was studied by expressing an N-terminal fusion
of the enzyme with a green fluorescent protein (GFP). Fluorescence microscopy showed that
the FaCoAR-GFP fusion protein was successfully targeted to the peroxisome (Paper II, Figure
1b); proper localization could be inferred from the colocalization of the fusion protein with a
Pex3-RFP fusion. Pex3 is a peroxisomal membrane protein, and together with Pex19 required
for the import of other peroxisomal membrane proteins (Fang et al., 2004; Hettema et al.,
2000). Peroxisomal compartmentalization of FaCoAR increased the titer, reduced the average
chain length and saturation degree of the fatty alcohols in comparison with the cytosolic
pathway. Elimination of POX1, which encodes the first step of the beta-oxidation (i.e. the main
pathway competing for fatty acyl-CoA in the peroxisome), did not increase the titer further but
moved the average chain length and saturation degree towards that of the cytosolic pathway
(Paper 11, Figure 1c-e).

With the positive result of the fatty alcohol biosynthesis pathway in hand, the next step was to
move an alkane biosynthesis pathway into the peroxisome (Paper II, Figure 2a). First, the
pathway described in Paper I was moved by adding PTSs to the SeFAR, SeFADO, EcF/FNR.
Relocalization of this fatty acyl-CoA dependent pathway improved the heptadecane titer (Paper
I, Figure 2b). Without interference from other pathways due to shielding of the intermediate
by the compartmentalization, several strategies were evaluated to improve the efficiency of the
last step in the peroxisomal pathway. For example, comparison of the E. coli reducing system
with the S. elongatus reducing system showed slightly less variability with the latter system
(Paper II, Suppl. Figure 2). Given this result, and assuming that the FADO would work more
efficient with its natural reducing system, we chose to continue with the SeF/FNR system.
Next, to test whether the SeFAR was limiting, a fatty aldehyde forming Mycobacterium
marinum carboxylic acid reductase (MmCAR) was expressed and localized to the peroxisomes.
This increased the alkane titer in comparison with the cytosolic pathway and the
SeFAR+SeFADO pathway (Paper 11, Figure 2¢). The MmCAR+SeFADO pathway was able to
utilize unsaturated fatty acids and led to alkene synthesis in the presence of Hfdl.
Subsequently, deletion of HFDI increased the alkane titers of both the cytosolic and the
peroxisomal pathway. Interestingly, this deletion did affect the fatty alcohol byproduct titers
differently, with a much lower increase for the peroxisomal pathway (Paper II, Figure 2d).
Elimination of two suspected fatty aldehyde consuming alcohol dehydrogenases encoded by
ADHS5 and SFAI led to a drop in fatty alcohols formed by the strain expressing a cytosolic
pathway, but did not affect the titer of the peroxisomal pathway (Paper II, Figure 2e).
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The next step was to try to increase the number of peroxisomes in the yeast cells by modulating
peroxisome biogenesis. Peroxisome biogenesis is controlled by a class of proteins called
peroxins. These proteins regulate the peroxisome size and numbers. For example, the peroxins
Pex30, Pex31, and Pex32 have been described as negative regulators (Vizeacoumar et al.,
2004), and Pex11 and Pex34 as positive regulators (Huber et al., 2012; Tam et al., 2003; Tower
et al., 2011). Deletion of these three negative regulators and overexpression of the two positive
regulators could shed light on the potential of the pathways and the peroxisome as
compartment. Using FaCoAR again as a proof of principle, deletion of the peroxins Pex31 and
Pex32 increased the fatty alcohol titer produced by the peroxisomal pathway (Paper II, Figure
3b and Suppl. Figure 4). Extending this strategy to the MmCAR+SeFADO peroxisomal alkane
pathway showed an improvement in alkane titer. Overexpression of PEX34 had a positive
effect on the alkane titer, and combined deletion of PEX3/, PEX32, and overexpression of
PEX34 seemed to increase the final titer more than threefold (Paper II, Figure 3¢ and Suppl.
Figure 5-7).

Building up on the positive result of the free fatty acid derived alkane pathway, the
compartmentalization strategy was applied to olefin biosynthesis. Olefins are alkenes with the
double bond at the terminal carbon-carbon bond. Olefin biosynthesis can be achieved by
introduction of a Jeotgalicoccus sp. ATCC8456 fatty acid decarboxylase (OleT), which uses
hydrogen peroxide as cofactor (Rude et al., 2011). A study by Chen et al (2015) has shown
that the productivity of this enzyme benefits significantly from a substantial precursor boost by
FAAI and FAA4 deletion (Chen et al., 2015). Therefore these two deletions were introduced in
the APOXI strain. Peroxisomomal localization of OleT and POXIA would mean that the
hydrogen peroxide levels could be limiting. Liu et a/ (2014) have shown in vitro that OleT can
be supported by flavodoxin (Fld) and flavodoxin (/ferredoxin) NADPH reductase (Fpr) from
E. coli (Liu et al., 2014b). Flavodoxin can be reduced by ferredoxin NADPH reductase (Wan
and Jarrett, 2002), which is the same enzyme that was expressed for the alkane pathway. In the
same study by Liu et a/ (2014), a fusion between OleT and a Rhodococcus sp. P450 reductase
domain has been constructed that renders the enzyme NADPH dependent, instead of H,O,. In
our study, we also expressed this OleT-RhFRED fusion enzyme and targeted it to the
peroxisome. Proper localization verification of this fusion enzyme was not pursued.

Thus we tested the effect of the reducing system on a cytosolically localized OleT (Figure 4,
and Paper II, Figure 4b). The slightly higher titer seems to suggest that OleT can at least
partially be supported by Fld and Fpr in vivo. Next, the pathway was directed to the peroxisome
by adding PTS sequences to each gene. This led to a slight increase in the olefin titer, similar
to what was observed for the alkanes and fatty alcohols. Plasmid based overexpression of
PEX34 reduced the volumetric olefin titers (Figure 4), including the biomass specific titers
(data not shown). Please note that overexpression of PEX34 and PEX11 was achieved by
genomic integration in case of the fatty alcohol and alkane producing strains.
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Figure 4: (A) Olefin data as shown in Paper I, extended with data from supplementary information of Paper II
and unpublished data of plasmid based overexpression of PEX34. The localization of the enzymes is indicated
with C for cytosol and P for peroxisome. Bars represent the mean of triplicate biological clones and error bars
represent the standard deviation. (B) modular pathway constructs that were introduced on a pY X212 2m multicopy
plasmid backbone. OleT, FLD, and FPR denoted with -/* contained an additional peroxisomal targeting signal
(PTS) in case of peroxisomal localization. An OleT fusion with RAZFRED, with and without PTS was expressed
using the same promoter and terminator as OleT. The alkenes 1-pentadecene, 1,7-pentadecadiene, and 1,8-
heptadecadiene could be detected but not reliably quantified.
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Figure 5: GC spectra of olefin producing strain (blue/top trace), a control strain (red/middle trace), and an olefin
standard (black/bottom trace). Subplot A shows the area in a gas chromatography (GC) spectrum where C17
alkenes are eluting. Subplot B shows the area of the GC spectrum were C15 alkenes are eluting. The peaks labelled
peaks represent 1,8-heptadecadiene (I) and 1-heptadecene (II), 1,7-pentadecadiene (II1), and 1-pentadecene (IV).
The C15 and C17 dialkene were assumed based on its expected retention time, as inferred from elution times of
alkane and alkene standards, as well as their mass spectrum. The 1-heptadecene (II) matched the standard retention
time and mass spectrum. The peak areas of the alkenes I, III, and IV could not be quantified because they were
outside the range of the calibration standards. The GC spectra show the spectra for m/z values in full scan mode
in the range of 50-650 m/z.
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Expression of the LuxCDE fatty acid reductase complex
The luminescent bacterium Photorhabdus luminescens applies a fatty acid reductase complex
to provide the fatty aldehyde substrate for its luciferase. This complex is composed of acyl-

protein reductase LuxC, fatty acyl-transferase LuxD, and fatty acyl-protein synthetase LuxE
(Meighen, 1991).

In Figure 6, the results are shown of expression of the PILuxCDE complex in a BY4741
AHFDI background (which does not require expression of F/FNR). The LuxCDE complex
was expressed together with a SeFADO or NpFADO, and E. coli thioesterase TesA’ to increase
the free fatty acid levels. Quantification of the alkane titers were not pursued after it became
apparent that expression in a CEN.PK background would require coexpression of a F/FNR
reducing system. Therefore, LuxCDE became incompatible with single plasmid based pathway
expression, which in our study has space for five genes.

Il IS 1 HFD1 | LuxCDE | SeFADO | NpFADO
=)
$ L N _
2>
‘»
5
£ AL+ +] -
k A A+ -]+
A - - -
14 16 18 20

Retention Time [minutes]

Figure 6: GC spectra of strain expressing the Photorhabdus luminescens LuxCDE fatty acid reductase complex,
E. coli TesA’ and a S. elongatus or N. punctiforme FADO in a BY4741 AHFDI1 background. Shake flask cultures
were incubated for 48 hours in glucose minimal medium, and alkanes extracted. The control strain was carrying
an empty vector pY X212 (bottom trace). A C7-C30 alkane analytical standard (top trace) was used as a reference.
The highlighted peaks labeled with I, II, IS, and III represent tridecane (I), pentadecane (II), hexadecane (IS;
internal standard), and heptadecane (III), respectively. The shown spectra are for the m/z values 184, 212, and
240.

FADO homologue comparison

A recent study by Coates et al (2014) has characterized the hydrocarbon profile of a wide
variety of cyanobacterial species possessing a FAR+FADO pathway or a Ols polyketide
synthase (Coates et al., 2014). Interestingly, their results have shown a range of hydrocarbon
titers and product spectra. In Paper I we demonstrated that the FADO enzyme is not able to
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convert the bulk of the fatty aldehydes, and this study made us curious how these FADO
homologues of Se and NpFADO would affect the product profile and titer in S. cerevisiae.
Therefore we chose to express FADO homologues from Hapalosiphon welwitschii 1C-52-3,
Planktothrix agardhii NIVA-CY A 126/8, Lyngbya aestuarii, and Crocosphaera watsonii WH
8501 described in the Coates ef al study, which represent the different profiles observed in that
study. In addition, we chose to express the Procholorococcus marinus FADO used in a
previous study in E. coli (Sheppard et al., 2016) as well as a Thermosynechococcus elongatus
homologue. The latter homologue would be an interesting candidate for enzyme engineering
due to its ability to operate at high temperatures and associated refolding capabilities/structural
stability (Dr. M. Engqvist, personal communication).

In Figure 7 the results of the FADO comparison are shown. The FADO homologues were
expressed from 2u pY X212 multicopy plasmid from a glucose repressed pGAL1 promoter in
a AGALSO strain carrying single chromosomal integrations of MmCAR, Aspergillus nidulans
NpgA, and SeF/FNR (constructed by Dr. Y.J. Zhou, unpublished data). The low expression of
MmCAR proved important for qualification of pentadecene and heptadecene due to overlap of
these peaks with fatty alcohols and fatty aldehydes. This has also been extensively studied and
described before (Akhtar et al., 2013).
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Figure 7: (A) biomass specific and (B) volumetric hydrocarbon titers of strains YJZ54 (AHFD1 APOX1 AGALS0;
YJ Zhou, unpublished data) expressing a single genomic integration of MmCAR, AnNpgA, SeF/FNR. Different
homologues of the fatty aldehyde deformylating oxygenase were expressed from a GALI promoter on multicopy
plasmid. Titers were corrected for any background signal observed in the control strain. Expressed FADO
homologues were codon-optimized for yeast and derived from S. elongatus (SeFADO), Nostoc punctiforme
PCC73102 (NpFADO), Hapalosiphon welwitschii IC-52-3 (HwFADQO), Planktothrix agardhii NIVA-CYA 126/8
(PaFADO), Lyngbya aestuarii (strain CCY9616) (LaFADO), Crocosphaera watsonii WH 8501 (CwFADO),
Thermosynechococcus elongatus (TeFADO), and Prochlorococcus marinus (strain MIT 9313) (PmFADO). Error
bars represent the standard deviation of three individual biological clones, except for CwFADO for which the
average and standard deviatons of two clones are shown.
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Discussion

In Paper I we have demonstrated that to enable heterologous alkane biosynthesis, the main
obstacle proved to be endogenous aldehyde metabolism by Hfd1. The main byproducts were
found to be fatty alcohols, most likely formed through reduction of fatty aldehydes by
endogenous aldehyde reductases (ALR) and alcohol dehydrogenases (ADH). Subsequently, in
Paper II we used peroxisomal compartmentalization to evaluate the alkane biosynthesis
pathway and improve its titers. In addition, we expressed an olefin forming fatty acid
decarboxylase and showed that its activity can be partially supported by a flavodoxin reducing
system.

In the following sections the results presented and summarized in the previous chapter will be
discussed and placed in a broader context.

glucose

fatty acyl-CoA

NADPH + H*

SeFAR
Hfd1 NADP*
. ALR/ADH
fatty acid < ‘/>/\ fatty aldehyde — » fatty alcohol
NAD(P)H + H* NAD(P)* 4 EcFdx™® NAD(P)H + H* NAD(P)*

2 NADP* o,

EcFpr SeFADO

. formate

2 NADPH + 2 H* " 1 4 EcFdxe

alka/ene

Figure 8: the main conclusions from Paper I were that Hfd1 has to be eliminated to enable biosynthesis of tridecane
and pentadecane. Hfd1 is involved in sphingolipid metabolism, and converts the product of the Dpll catalyzed
reaction into a fatt acid. Furthermore, expression of an E. coli reducing system to support the fatty aldehyde
deformylating oxygenase (FADO) proved essential in a CEN.PK background strain. This reducing system
consisted of ferredoxin (Fdx) and ferredoxin NADPH reductase (Fpr).

Competition for fatty aldehydes by Hfd1 and perhaps other
aldehyde dehydrogenases

In Paper I (Figure 2) we have shown that the main obstacle for alkane biosynthesis by the
cyanobacterial SeFAR+SeFADO pathway was the fatty acid forming fatty aldehyde
dehydrogenase Hfd1 (see Figure 8). Hfd1 has been detected in the mitochondrial and lipid
droplet proteome (Burri et al., 2006; Currie et al., 2014). For its Homo sapiens (human)
orthologue encoded by ALDH3A2 Keller et al (2014) have proposed that it forms dimers and
that it is membrane bound with its active site facing the membrane (Keller et al., 2014). Keller
et al have also shown that a helix controls the enzyme activity by acting like a lid on the active
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site or substrate selection mechanism. This helix starts with a glutamine residue 445 and its
removal diminished the enzyme activity towards hexadecanal without affecting the activity on
dodecanal and octanal. Removing this helix could be a metabolic engineering target to avoid
accumulation of unwanted short chain fatty aldehydes while still being able to produce long-
chain alkanes. Lastly, Kelson et al (1997) have shown that human FALDH encoded by
ALDH3A2 is active on saturated and unsaturated short- to long-chain aldehyde substates
(Kelson et al., 1997).

In retrospect, it should have been obvious that hexadecenal dehydrogenase Hfd1 would be an
obstacle to alkane biosynthesis. However, it is also an example of a blind spot in some genome
scale metabolic models that lack the dept and connectivity to expose such reactions.
Furthermore, Hfd1 orthologs involved in fatty aldehyde metabolism in Yarrowia lipolytica, a
model yeast that can consume alkanes, have been described only recently (Iwama et al., 2014)
thereby complicating troubleshooting of the pathway. Also, industrial interest in Hfd1 at the
time of writing of Paper I was limited to five patent applications describing overexpression or
deletion of HFDI. Overexpression of HFDI has been was claimed to increase saffron
production (Raghavan et al., 2011) or fatty acid production (Beardslee et al., 2011), or as a
putative enzyme that might act on aldehyde intermediates in a 1,3-butanediol biosynthesis
pathway (Burgard et al., 2011). Deletion of HFD1 has been claimed as a possibility to improve
isobutanol formation (Buelter et al., 2010; Lies et al., 2010).

Given the importance of Hfd1 elimination we were curious about which other enzymes could
play a similar role. To get an idea of which other endogenous enzymes could take over Hfd1
aldehyde dehydrogenase activity, Hfd1 was blasted (Altschul et al., 1990) against the yeast
proteome. It was found that Hfd1 shares homology (25-32% identity, E-value < 2¢'") with the
aldehyde reductases Ald2-Ald6, cytoplasmic succinate-semialdehyde dehydrogenase Uga2,
mitochondrial 1-pyrroline-5-carboxylate dehydrogenase Put2, and Msc7. Multiple sequence
alignment of these yeast proteins using Omega Clustal (Sievers et al., 2011) is shown in Figure
9.

The aldehyde dehydrogenases Ald2 and Ald3 are cytoplasmic, NAD" dependent, glucose
repressed, stress induced, and are involved in (-alanine biosynthesis (a precursor to CoA)
(Christie et al., 2004). Ald3 has also been shown to be involved in phenylacetaldehyde
oxidation (Kim et al., 2014). Ald4 is a mitochondrial, NAD(P)" dependent, glucose repressed,
aldehyde dehydrogenase which is required for growth on ethanol. Deletion of ALD4 results in
decreased respiratory growth and sensitivity to oleic acid. ALD4 expression can be induced by
decanoic acid (Legras et al., 2010) and oleic acid (Koerkamp et al., 2002). AldS5 is a
mitochondrial, NADP" dependent, constitutively expressed aldehyde dehydrogenase that is
involved in regulation or biosynthesis of electron transport chain components (Kurita and
Nishida, 1999) and involved in acetate metabolism. Ald6 is a cytosolic and mitochondrial,
NADP" dependent aldehyde dehydrogenase that is involved in acetate biosynthesis. ALD6
deletion results in inability of the yeast to utilize ethanol as carbon source and a reduced growth
rate on complex medium containing glucose (Meaden et al., 1997). Uga2 is involved in
glutamate degradation (via Gdh2, glucose repressed) and utilization of y-aminobutyric acid
(Bach et al., 2009; Christie et al., 2004). Uga2 orthologues from E. coli and Salmonella
typhimurium have been shown to be able to convert short- to medium chain aldehydes into
their acid derivatives. Given their low expression during growth (Bach et al., 2009), Uga2
activity is not very likely to play a big role in fatty aldehyde reduction. Put2 is involved in
utilization of proline as nitrogen source and it has been shown that its substrate binding site has
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some conformational flexibility (Pemberton et al., 2014). Msc7 is a protein with unknown

function though partial disruption seems to indicate a role in meiosis (Thompson and Stahl,
1999).

 E— HFD1_YMR110C 0.3966
L PUT2_YHRO37W 0.39598
r MSC7_YHR039C 0.38091
UGA2_YBR0O06W 0.34859
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— ALD3_YMR169C 0.04467
ALD6_YPLO61W 0.23979

{ ALD4_YOR374W 0.18482
ALDS5_YERO73W 0.18075

Figure 9: multiple sequence alignment using Omega ClustalW of Hfd1 and its homologues in yeast.

The involvement of several of these aldehyde dehydrogenases in important metabolic
processes, such as coenzyme A biosynthesis and NADPH formation, makes them less attractive
deletion targets. Furthermore, as has been shown in Paper I, deletion of HFD/ resulted in over
400 ug/gDW of fatty alcohols, while less than 20 ug/gDW alkanes were formed upon
introduction of SeFADO and F/FNR. Therefore, focusing on avoiding competition with fatty
alcohol forming aldehyde reductases/alcohol dehydrogenases seemed a more promising
approach.
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Figure 10: Typical GC spectrum of AHFD]I strain expressing FAR, FADO, and F/FNR. The labelled peaks
represent tridecane (A), a fatty alcohol and pentadecene (B), pentadecane (C), a fatty alcohol and heptadecene
(D), heptadecane (E), and a fatty alcohol (F).
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Peroxisomal compartmentalization to improve alkane and

olefin biosynthesis

Since different factors seemed to be at play in limiting the alkane biosynthesis,
compartmentalization of the pathway was considered. Compartmentalization could possibly
enable better substrate channeling, concentration of the enzymes, and help to avoid competition
for the substrate and intermediate by other enzymes. In the past, compartmentalization has been
shown to be a useful strategy to increase productivity and has for example been used to improve
isoprenoid (Farhi et al., 2011), isobutanol (Avalos JL et al., 2013), and penicillin biosynthesis
(Herr and Fischer, 2014). Besides improving productivity, shielding the pathway from the
cytosol could provide us with a model system to evaluate different versions of the alkane
pathway.

The compartment of choice was the peroxisome, as it is the organelle in which fatty acids are
degraded and therefore it should have ample supply of (activated) fatty acids (Hiltunen et al.,
2003). One of the first studies employing the peroxisome for fatty acid-derived product
formation has been described by Poirier et al (2001). In that study, compartmentalization was
used as a means to improve medium-chain length polyhydroxyalkanoates (mcl-PHA) (Poirier
et al., 2001). Mcl-PHAs are synthesized by PHA synthases from 3-hydroxyacyl-CoAs
(Huijberts et al., 1994), which are intermediates of fatty acid biosynthesis and an intermediate
of the Pox2/Fox2 catalyzed -oxidation reaction (Hiltunen et al., 2003). In order to tap into the
[-oxidation intermediates in the peroxisome, a PHA synthase from Pseudomonas aeruginosa
was fused to the C-terminal 35 amino acids of a Brassica napus isocitrate lyase (which encodes
a peroxisomal targeting signal). By expressing a mutant of POX2, the mcl-PHA titers could be
increased 7-fold (De Oliveira et al., 2004).

In Paper II we applied compartmentalization to create an enclosed environment in which
different strategies could be evaluated. Given the overlap with Paper I, in the following sections
the results will be discussed topic wise.

Lesson from compartmentalization of the FADO enzyme

The rationale for our compartmentalization strategy was that concentration and shielding off
the enzymes would improve titers. The idea of the FADO enzyme being the bottleneck has
been described before, but in our study we might have shown a way how its activity can be
improved. The higher increase in alkane titer of the peroxisomal versus the cytosolic pathway
seems to suggest that proximity to a membrane and accumulation of fatty aldehydes in them
stimulates the turnover by the FADO.

The idea of a membrane controlling the formation rate of a hydrophobic product has been
observed for the yeast fatty acid synthase (Sumper, 1974; Sumper and Tréuble, 1973). Sumper
et al have shown that the yeast fatty acid synthase can only work efficiently (in vitro) if the
hydrophobic substrate can be released into a membrane. This can be explained by the product
being hydrophobic while the enzyme is surrounded by a hydrophilic environment. A sharp drop
in activity, as observed without membrane presence, shows similarity to the in vitro activity of
the FADO. For the latter enzyme, Li et al/ (2012) have observed an initial burst in product
formation followed by a slowing down of the reaction to a steady state rate (Li et al., 2012).
This slowing down seems to occur at the moment the product titer reaches its maximum
solubility. For example, in case of heptanal the slow-down sets in after formation of 0.1-0.2
mM (as measured by the formation of formate). Deformylating oxygenation of heptanal leads
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to formation of hexane, which has a solubility of 0.11 mM in water. In addition, Peramuna e¢
al (2015) have suggested that high alkane titers upon FAR+FADO overexpression in
cyanobacteria are supported by lipid droplet mediated alkane trafficking. According to that
study, this was supported by the observation that the FAR (Npun-F1710) is most abundant
when the N. punctiforme cells accumulate small lipid droplets in which the alkanes are
presumably deposed (Peramuna et al., 2015). It is interesting that the Pisum sativum
decarbonylase has been shown to require the presence of phospholipid phosphatidylcholine
(PC) for reaching its potentially maximum activity (Schneider-Belhaddad et al., 2000).
Furthermore, it has been suggested before that substrate availability is also limiting turnover
(Das et al., 2013; Warui et al., 2011). This is probably because of the low solubility of long-
chain fatty aldehydes and their tendency to form micelles, something which has been observed
by Warui et al. Observations by Buer ef al seem to support this hypothesis further since part of
the long-chain substrate extends into the solvent (Buer et al., 2014), thereby creating an
unfavorable environment for the fatty aldehyde compared to being inside a membrane.
Furthermore, it has been shown that substrate delivery can be accommodated by addition of
catalytic amounts of BSA (Eser et al., 2011; Eser et al., 2012). All this points in the direction
of the transfer of the intermediate and product to and from the FADO enzyme as being a rate-
limiting step. Part of this problem is solved by the FAR+FADO complex itself. Warui et a/
(2014) have shown that the FAR and FADO strongly interact and that this leads to efficient
channeling of the (fatty) aldehyde intermediate (Warui et al., 2015). A solution could be to
target the enzyme complex to an organelle membrane, or to place it on scaffold in the vicinity
of it. Scaffolding has already been applied to increase the turnover of the FAR+FADO pathway
(Rahman et al., 2014). Yeast cells control the ability of phosphatidate phosphatase Pahl to
access its phospholipid substrate by phosphorylation of its membrane anchor (Karanasios et
al., 2010). When the anchor, which is an N-terminal helix, is phosphorylated, then Pahl cannot
dock onto the ER membrane. Without ER docking Pahl cannot access its hydrophobic
substrate and thus its activity is diminished. By adding for example such a helix (without the
phosphorylation site) to SeFAR and SeFADO, the activity of the alkane pathway might be
increased.

Interestingly, E. coli reaches much higher alkane titers compared to yeast. The E. coli plasma
membrane contains mainly (75%) zwitterionic phosphatidylethanolamine and anionic (20%)
phosphatidylglycerol (Cronan and Rock, 2008; Raetz and Dowhan, 1990). To the contrary, the
yeast plasma (inner) membrane has been described to contain around 55% negatively charged
phospholipids (Zinser et al., 1991), while the ER and mitochondria contain relatively more
neutral/zwitterionic phosphatidylcholine (see (van Meer et al., 2008) for a review), similar to
bacteria. This higher level of neutral/zwitterionic lipids might explain the accumulation of
aldehyde and alkanes intracellularly and the effectiveness of Hfd1.

The low impact of peroxisomal targeting of the olefin pathway to the peroxisome pathway
could contradict this explanation. However, a plausible explanation for the observation that the
olefins showed a much smaller benefit is that the hydrogen peroxide substrate is the main
limiting factor. This has also been observed by Chen ef a/ (2015), who reported a big increase
in titer upon hydrogen peroxide supplementation to the medium. Furthermore, in our study
overexpression of cytosolic catalase C77T/ diminished titers for the cytosolic OleT (data not
shown).

At the moment this is merely a hypothesis and more research is required to support it, but given
its potential it could be a very interesting follow-up study. A feature setting the alkane pathway
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apart from other biofuels such as isobutanol and ethanol is that those products are fairly water
soluble, even hygroscopic in case of ethanol. Furthermore, hydrophobic isoprenoid pathways
typically make use of endogenous enzymes for precursor supply and eukaryotic terpene
synthase (Tippmann et al., 2013), which could make their compatability with yeast less of an
issue. In conclusion, the idea of a soluble cytosolic alkane plugin pathway might be misguided
and transfer and deposition of the substrates and products should be considered in a subcellular
contained environment, such as an or anelle
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Figure 11: Peroxisomal compartmentalization as it has been applied to the terminal alkene pathway in Paper II.
OleT is a decarboxylase that utilizes hydrogen peroxide (H,0,) as a cofactor. Flavodoxin (Fld) and flavodoxin
NADPH reductase (not shown in figure) were tested as an alternative reducing system for OleT. H,O, is degraded
by cytosolic catalase Cttl and the peroxisomal catalase Ctal. Import of long-chain fatty acyl-CoAs (Ic-FA-CoA)
into the peroxisome is facilitated by the transporters Pxal and Pxa2. Import of medium-chain (mc) free fatty acids
occurs through Pex11 and activation by Faa2. Fatty acyl-CoA (FA-CoA) can be hydrolysed by peroxisomal
thioesterase Tes1. Free fatty acid titers were boosted by deletion of the genes encoding fatty acyl-CoA synthetases
Faal and Faa4, and the oxidase Pox1. Targetting to the peroxisomes of OleT and flavodoxin was achieved by
addition of a PTS, as denoted with a *.
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The F/FNR reducing system of FADO

Paper I showed the importance of a reducing system for the FADO reaction in yeast. In paper
II we tested S. elongatus and E. coli ferredoxin homologues in parallel and did not observe a
significant difference (Paper II, SI Figure 2). This seems to indicate that the redox partner is
not a limiting factor. However, this comparison was done in a APOX] strain, meaning that
presence of Hfdl could mask a beneficial effect of the reducing system from E. coli or S.
elongatus. To our knowledge other studies have not compared both reducing systems in vivo
by overexpression. Thus far, it has only been demonstrated that overexpression of the S.
elongatus F/FNR is beneficial in E. coli (Kallio et al., 2014; Menon et al., 2015; Péasztor, 2015).
Given its importance it might be interesting to discuss a publication by Schultz et al (2000) and
the types of ferredoxin cofactors.

As has been described by Schultz et al, ferredoxin homologues can be divided into
photosynthetic and heterotrophic classes for phototrophic organisms (Schultz et al., 2000). This
classification was originally based on the tissue where the enzyme is expressed and whether it
is regulated by light. Heterotrophic ferredoxin variants are more efficient at accepting electrons
from NADPH than photosynthetic variants, which are more efficient at the reverse reaction
(Schultz et al., 2000, and references therein). Schultz et al showed that for various plant acyl-
ACP desaturases, which are structural homologues of the FADO (Krebs et al., 2011; Waugh,
2015), the activity was increased up to 20-fold in vitro by utilizing heterotrophic ferredoxin
homologues. In that study, the heterotrophic Impatients balsamina ferredoxin supported
roughly a two-fold higher cytochrome C reduction rate than heterotrophic Anabaena sp.
ferredoxin. However, the Anabaena sp. ferredoxin supported a two-fold higher in vitro
desaturase activity than the /. balsamina ferredoxin in some cases.

Zhang et al (2013) have identified petF and observed a 26.6% higher pentadecane yield in vitro
by FADO supported by PetF in comparison with Spinacia olera ferredoxin, a photosynthetic
ferredoxin (Zhang et al., 2013). The latter has been used in vitro by Schirmer et al to show that
the FADO requires a cofactor (Schirmer et al., 2010). PetF was identified by screening for
essential ferredoxin genes in S. elongatus. Screening for essential genes most likely results in
detection of the phototropic ferredoxin homologue since that cofactor will be involved in
essential electron transfer during photosynthesis. Multiple sequence alignment using Omega
Clustal (Sievers et al., 2011) of the ferredoxin homologues described by Schulz et al, and the
ferredoxin homologues used in paper 2 (E. coli Fdx and S. elongatus PetF1) is shown in Figure
12. The sequences of E. coli ferredoxin clusters together with the uncharacterized S. elongatus
petF2 and the other heterotrophic ferredoxins. The S. elongatus petF clusters in its own branch,
similar to the Anabaena sp. ferredoxin.

In light of the observations by Schultz et al and since the E. coli F/FNR has been ascribed a

heterotrophic role (Wan and Jarrett, 2002), it might be beneficial to express other ferredoxin
candidate genes from S. elongatus, or for example the Impatiens balsamina ferredoxin.
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— I Escherichia_coli_fdx 0.48205
| S Synechococcus_sp._petF2 0.30146

—I: Oryza_sativa_Ferredoxin 0.11005
Zea_mays_Ferredoxin-6 0.13995

Zea_mays_Ferredoxin-3 0.15635

_: Raphanus_sativus_Ferredoxin_B1_ 0.05051
Raphanus_sativus_Ferredoxin_B2_ 0.07193
— Impatiens_balsamina_ferredoxin 0.18922

| Citrus_sinensis_Non-photosynthetic_ferredoxin 0.16649
Synechococcus_elongatus_petF1 0.14433 ]

Spinacia_oleracea_Ferredoxin-1 0.17942
[—: Spinacia_oleracea_Ferredoxin-2 0.07831
; Solanum_lycopersicum_Ferredoxin-1 0.17624
Zea_mays_Ferredoxin-1 0.09853
_E Zea_mays_Ferredoxin-5 0.08666
Zea_mays_Ferredoxin-2 0.1372
Oryza_sativa_Ferredoxin-1 0.14034
Raphanus_sativus_ 0.10695
—E Arabidopsis_thaliana_Ferredoxin-2 0.0672
Raphanus_sativus_Ferredoxin_A_ -0.01511

Pisum_sativum_Ferredoxin-1 0.16375
Anabaena_Nostoc_sp._petF 0.1078

Figure 12: Multiple sequence alignment with Omega Clustal of ferredoxin homologues. E. coli ferredoxin fdx and
S. elongatus petF1 have been expressed in our studies and are marked with green boxes.

Increasing peroxisome size and number

After compartmentalization of the alkane pathway had resulted in improved titers, we sought
to increase the number and size of peroxisomes. A study by Vizeacoumar et al (2004) has
investigated the effect of PEX30, PEX31, and PEX32 deletion on these parameters for cells
grown on oleate (Vizeacoumar et al., 2004). In that study they have found that these three
peroxins are negative regulators of peroxisome size and numbers. Pex11 (alias Pmp27) is
considered to be a positive regulator of peroxisome number. This has been concluded from the
observation that APEX1] show few and enlarged peroxisomes (Erdmann and Blobel, 1995),
and strains overexpressing PEX]] contain more but smaller peroxisomes (Marshall et al.,
1995). Furthermore, overexpression of the PEX7 1 homologues pexK and PEX11 in Aspergillus
nidulans and Penicillium chrysogenum, respectively, increased the number of peroxisomes and
increased penicillin production on lactose over twofold (Herr and Fischer, 2014; Kiel et al.,
2005). PEX34 overexpression has been shown to increase the number of peroxisomes when
cells are grown on glucose, while it does not lead to obvious peroxisome size differences
(Tower et al., 2011). In our study, overexpression of PEX34 had a negative effect on the
biomass yield (Paper II, SI Figure 5), possibly due to increased energy expenditure on
peroxisome generation.

Pex11 has also been shown to be essential for short and medium chain fatty acid degradation
(Van Roermund et al., 2000), which suggests that it acts as a transporter for the substrate of
acyl-CoA synthethase Faa2. This dual role as a transport protein has been confirmed by
Mindthoff et a/ (2016), who have shown that Pex11 forms a membrane channel (Mindthoff et
al., 2016). Transport through this channel has been proposed to be controlled by
phosphorylation since it controlled the rate of p-oxidation. Phosphorylation of Pex11 is also
required for its activity as promoter of peroxisome proliferation and phosphorylation has been
shown to be induced by glucose presence (Knoblach and Rachubinski, 2010). Induction of
phosphorylation by glucose has been explained from the higher growth rate of cells on this
substrate and the need for peroxisome proliferation to keep up with cell division. Pex11
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phosphorylation is mediated by the kinase Pho85 and its overexpression has been shown to
enhance peroxisome proliferation and elongation in glucose and oleate containing medium
(Knoblach and Rachubinski, 2010). Another mechanism of Pex11 activity regulation is
oligomerization with other peroxins and inhibition of dimer formation has been described to
stimulate peroxisome proliferation (Marshall et al., 1996). Marshall et al also have
demonstrated that a point-mutation in Pex11 could disrupt homo-oligomerization of Pex11 and
this subsequently leads to hyper-proliferation of peroxisomes. Pex11 transcription is repressed
by glucose (Knoblach and Rachubinski, 2010), which could explain the positive effect of
PEXI1 overexpression observed in our study.

In our experiments, PEX/I overexpression in combination with PEX34 reversed the increase
observed in an alkane producing strain overexpressing PEX34 alone. Pex34 is known to
interact with other peroxins, including Pex11 (Tower et al., 2011). Given the role of
oligomerization in the control of Pex11 activity, the similar titers in the PEX// and PEX34
overexpressing strain compared to the reference could possibly be explained by formation of
heterodimers, which would deactive Pex34. This supports the observation that biomass and
product titers recover to the levels of the control strains without PEXII or PEX34
overexpression. The results presented in Paper II Figure 3 represent an attempt to increase
titers, and above all to study the pathway dynamics by increasing the number of peroxisomes.
Based on titer data and limited fluorescence images alone not much can be concluded about
the exact influence that the deletions and overexpressions have on the peroxisomes.

Extending the story towards olefins

At the start of this project, two pathways had been described in detail by Schirmer ez al (2010)
and Rude et a/ (2011) that could be expressed in yeast to enable hydrocarbon biosynthesis. The
first one being the FAR+FADO pathway, yielding alkanes and alkenes, and the second the
OleT catalyzed pathway, yielding olefins. We initially started with both projects but failed to
detect products for the olefin pathway. After we had solved the problems with the FAR+FADO
pathway we decided to pick up the work on the OleT pathway again. Given the promising
results with the alkane pathway in the peroxisome we chose to apply the same strategy to the
OleT (Figure 11). Furthermore, a study by Liu et a/ (2014) had shown that OleT could
potentially be supported by flavodoxin, which could be an important improvement of this
reaction (Liu et al., 2014b).

In another recent study using E. coli, the olefin forming fatty acid decarboxylase OleT has been
shown to convert free fatty acids (FFA) released by an extracellular lipase into the medium
(Yan et al., 2015). FFA levels have been increased in S. cerevisiae by deletion of FAAI and
FAA4 (Leber et al., 2014; Scharnewski et al., 2008). Furthermore, Chen ef a/ (2015) have
applied the same strategy in S. cerevisiae to OleT and were able to boost olefin titers by 8-fold
to 383 ug L' (Chen et al., 2015). In addition, these deletions have been shown to result in fatty
acid accumulation and excretion, followed by reimport during the stationary phase
(Scharnewski et al., 2008). Therefore, with the study by Chen et a/ in mind, we decided to use
a AFAAI AFAA4 APOXI as a background strain for the evaluation of the OleT enzyme in the
cytosol and peroxisomes.

In Figure 4 and Paper II Figure 4 the results are shown for expression of OleT with or without
a supporting flavodoxin reducing system consisting of E. coli flavodoxin (F1d) and flavodoxin
NADPH reductase (Fpr). The main olefin produced by the yeast was 1-heptadecene, suggesting
a preference for C18:0 fatty acids. This is in agreement with what has been observed by Rude
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et al (2011), who have shown that OleT prefers C18:0 fatty acids over C18:1 and C16:0. In
addition, it is in agreement with the results obtained by Chen et al, who have found that C17:0
is the main olefin in a AFAA1 AFAA4 background. Chen ef al have also described detection of
C19:0 olefins, we have not quantified C19 alkenes. The beneficial effect of flavodoxin seems
to indicate it can support activity of OleT. However, based on our data it can not be excluded
that this could be through generation of hydrogen peroxide by a reversed electron transfer
reaction of its flavin mononucleotide group with oxygen. Furthermore, in our study the
observed titers did not reach similar levels as in E. coli or as observed by Chen et al. The
cytosolic and the peroxisomal OleT yielded less than half the titer described in the latter study.
The difference between the titer observed by Chen ef al can perhaps be partially explained by
the different type of medium used (synthetic dropout medium, 1% raffinose, 2% galactose).
Elimination of the main fatty acyl-CoA synthetases had the expected effect of releasing the
fatty acid substrate into the medium, but the uptake did not seem take place. As shown in Figure
13, extracellular FFAs clouded the medium and formed vesicles that could be stained with nile
red. A difference between yeast and bacteria might be that components excreted by the yeast
increase the solubility of the hydrophobic compounds in the medium by acting as surfactants
(Heeres et al., 2015), thereby making it easier for fatty acids to diffuse into the medium from
the cell membrane. Interestingly, it has been shown that a large fraction of fatty acids adsorp
to glass (shake flasks) or move to the water air interface (Vorum and Brodersen, 1994), thereby
complicating reuptake by cells. In summary, deletion of fatty acyl-CoA synthetases is not an
efficient solution for increasing free fatty acid levels for OleT in yeast.

Relocalization of OleT to the peroxisome led to a small improvement in olefin titer (Figure 4
and Paper II Figure 4), and additional expression of a peroxisomal targeted flavodoxin reducing
system could increase the titer similar to what has been observed in the cytosol (data not
shown). Overexpression of PEX34 in case of the peroxisomal pathway lowered volumetric
titers almost threefold. Furthermore, overexpression of the peroxisomal fatty acyl-CoA
thioesterase TESI had no significant effect on the olefin titer either (data not shown). This
suggests that OleT is not limited by its substrate, nor benefits from compartmentalization as
discussed earlier for the FADO, and that the bottleneck may be elsewhere. Perhaps increasing
the number of peroxisomes dilutes the substrate and enzyme, thereby reducing the overall
efficiency of the enzyme. An alternative strategy could be to improve OleT activity by
increasing levels of its cofactor and cosubstrate prior to overexpressing PEX34. This is again
supported by the study of Chen et al (2015), who have demonstrated that olefin titers are
boosted by heme and hydrogenperoxide supplementation.

Interestingly, Dennig et a/ (2015) have suggested that OleT could also act as a monooxygenase,
utilizing O, instead of H,O, as a cosubstrate. Oxygen as possible cosubstrate could fit with our
observation that expression of cytosolic OleT still results in olefin formation in a strain
overexpressing the cytosolic catalase C77T/ (data not shown), and the observation that
peroxisomal OleT yields only slightly lower titers in the presence of peroxisomal catalase Ctal
and absence of the flavodoxin reducing system (data not shown). The latter would still require
confirmation by overexpression of CTAI, since its expression has been found to be repressed
by glucose (Hortner et al., 1982). Another reasonable explanation could be the presence of an
unknown cofactor. Lastly, in our study we expressed OleT, flavodoxin, and
flavodoxin/ferredoxin NADPH reductase from constitutive promoters (pTDH3, pPGK1, and
pTEF1, respectively). Expression levels could affect the activity of OleT as has been shown by
Dennig et al who observed that the ratio of a putidaredoxin reducing system CamAB versus
OleT affects the amount of 1-heptadecene formed in vitro (Dennig et al., 2015). In their study,
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in which OleT was extensively characterized, Dennig et al observed a drop of over two-fold in
olefin formation after increasing the CamAB level ten-fold. In addition, Chen et a/ (2015) have
demonstrated that expression of OleT from a high-copy plasmid is detrimental to the olefin
titer in comparison with a low-copy plasmid.

Figure 13: Nile red staining of KB111 (YJZ06 AFAAI AFAA4 APOXI + empty pY X212 vector) cell cultures.
The top left photo shows stained cells in focus, the bottom photo shows stained cells and droplets with the droplets
in focus, the top right figure shows cells that were washed with PBS prior to nile red staining. The extracellular
droplets that were observed could be stained by nile red and droplets dissappaered after washing cells with PBS
buffer before staining. Cultures were checked for contamination by plating and microscopy.
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The LuxCDE fatty acid reductase complex and FADO

comparison

The Photorhabdus luminescens LuxCDE fatty acid reductase complex is an alternative to the
MmCAR utilized in Paper II. The complex consists of a fatty acyl reductase LuxC, fatty acyl
transferase LuxD, and acyl-protein synthetase LuxE. LuxE activates free fatty acids using ATP
to form an fatty acyl-AMP intermediate. This intermediate subsequently acylates LuxE, a
reaction that releases AMP. This bound acyl group is then transferred from LuxE to the
reductase LuxC. However, LuxC acylation can also by fatty acyl-CoA and LuxC can also
reduce acyl groups bound to LuxE. The reduction is NADPH-dependent and the acylation step
controls the reaction rate (Wall et al., 1986). There is still some ambiguity regarding the
function of LuxD. LuxD has been described as a myristoyl-ACP thioesterase that acts as an
acyl transferase and a study has suggested its involvement in the stability of the LuxC-LuxE
complex (Howard et al., 2013; Li et al., 2000). The free fatty acids titers that have been detected
by Howard et al seem to suggest that LuxD is not a very efficient thioesterase, in comparison
with for example E. coli thioesterase TesA’ overexpression (Xu et al., 2013). To avoid that the
substrate could become limiting we chose to express E. coli thioesterase TesA’, together with
the P. luminescens LuxCDE complex, and either SeFADO or NpFADO.

In Figure 6 the results are shown of expression of the Lux pathway. These results demonstrate
the functionality of this pathway in a BY4741 AHFD1 background. Its application for alkane
biosynthesis in E. coli has been described by Howard et al (2013). In that study, the observed
titers of 5 mg L™ were lower than what has been found by Schirmer et a/ (2010) with a
FAR+FADO pathway. However, Howard et al have observed that the LuxCDE+NpFADO
pathway did lead to an approximately threefold higher titer than a NpFAR+NpFADO pathway.
Interestingly, addition of tetradecanoic acid to the medium resulted to a sharp decrease in
alkane formation and increased fatty alcohol titers. We abandoned the idea of utilizing
PILuxCDE because it requires expression of at least three genes, while for MmCAR only
AnNpgA needs to be coexpressed. Therefore titers were not quantified in a CEN.PK
background strain.

In Paper II we used MmCAR instead of SeFAR as it seemingly resulted in higher titers. Part of
the low activity of SeFAR (beside it not being the preferred substrate) could come from
competition for fatty acyl-CoA, as has been shown for FaCoAR in Paper II. Unfortunately we
could not obtain a fatty acyl-CoA overproducing strain (Valle-Rodriguez et al., 2014) that also
contained an AHFDI, complicating further engineering of strains with a SeFAR+SeFADO
pathway.

In Figure 7, alkane titers are shown as observed for strains expressing various FADO
homologues. None of the FADOs displayed a significantly higher titer than the SeFADO that
has been used thus far in our studies. The NpFADO, PaFADO, and LaFADO performed worse
than the reference strain. It should be noted that expression was induced during the ethanol
phase, which had a severe negative effect on the overall titer. The observation that the PAFADO
produces much less pentadecane seems to conflict with the hydrocarbon profile that has been
obtained for the strain Planktothrix agardhii NIVA-CYA 126/8 (Coates et al., 2014). In that
study this species was the only one showing pentadecane accumulation (approximately 12%
of total hydrocarbon content). Possibly, efficient functioning of the FADO requires
coexpression of its FAR counterpart, as it has been shown to form a complex (Warui et al.,
2015).
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Results in context of other studies on alkane biosynthesis
The only other point of reference regarding heterologous long-chain alkane synthesis by yeast
is the recent study by Foo et a/ (2015). The biosynthesis of very-long chain alkanes has been
described by Bernard et a/ (2012). The study by Foo et al was interesting since it took an
alternative route to alkane biosynthesis. To avoid competition for NADPH by a FAR, and to
have the flexibility to add fatty acids as a feedstock, they chose to express an a-dioxygenase
to catalyze the conversion of free fatty acids into fatty aldehydes (Foo et al., 2015).
Dioxygenases catalyse the first reaction in the a-oxidation cycle of fatty acids (presumably
absent in S. cerevisiae). This reaction requires only oxygen and leads to the formation of a 2-
hydroperoxy fatty acid intermediate, which spontaneously degrades into a fatty aldehyde with
the loss of one carbon in the form of CO, (Kaehne et al., 2011). In addition to a Oryza sativa
a-dioxygenase, a S. elongatus FADO was expressed to subsequently convert the fatty
aldehydes into alkanes. Foo ef a/ did not express a reducing system. Since they used a BY4741
background strain this is consistent with our observation that alkanes could be detected in this
background without expression of the EcF/FNR (Paper I, SI Figure 3), in contrast with a
CEN.PK background.

Initially, the yeast constructed by Foo et a/ produced less than 3 ug/L alkanes during growth
in medium supplemented with 200 mg/1 fatty acids. By increasing the medium pH to 7.0, titers
were shown to increase to approximately 350 ug/L. This increase in titer has been explained
by the authors by the increased in pH, which should raise the solubility of fatty acids. To
synthesize alkanes without addition of fatty acids, Foo et al have subsequently expressed the
alkane pathway in a AFAAl AFAA4 knock-out strain. This did not yield any alkanes, even
though a similar strain expressing only the dioxygenase was reported to accumulate 1.2 mg/L
fatty aldehydes. The authors have speculated that this could be because of accumulation of
reactive aldehydes intermediates. Expression of the FADO from a constitutive promoter and
the aDOX from a galactose inducible promoter resulted in 73.5 ug/L alkanes, though the
control strain with a nonfunctional FADO produced around 42 ug/L. No extracellular alkanes
were detected (Foo et al., 2015).

A recent study on odd-chain fatty alcohol biosynthesis in S. cerevisiae could give an idea of
how the aDOX pathway compares to the FAR pathway in an HFDI background strain. In a
recent study, Jin et a/ (2016) have expressed Oryza sativa a-dioxygenase (DOX) in a CEN.PK
AFAAl AFAA4 AHFDI background to synthesize odd-chain fatty alcohols (Jin et al., 2015).
Remarkably, deletion of HFDI in a CEN.PK AFAAI AFAA4 strain was shown to lead to an
overall decrease in fatty alcohol titer in comparison with its ancestor (from 20.9 to 12.9 mg/L).
Only the titer of C15:0 fatty alcohols increased in the triple deletion strain and the apparent
increase is in the same range as observed in Paper 1. The decrease in titer is an interesting
observation, because fatty acyl-CoA synthetases are downstream of Hfd1 in the spingholipid
metabolic pathway. Jin ef al have speculated that Hfd1 may play a key role in the metabolism
of unsaturated fatty acids. The AFAA41 AFAA4 strain expressing aDOX showed a 75% growth
inhibition compared with a strain carrying an empty plasmid. Therefore, another explanation
could be that the increased fatty aldehyde levels decrease cell growth further and thereby
decrease the overall fatty aldehyde and alcohol titers. This hypothesis is supported by the
observation by Nakahara et a/ (2012) that C16 fatty aldehyde accumulation in a 2.5-5 uM range
and above is toxic to HFDI knock-out strains. The AFAAIl AFAA4 oDOX expressing strain
was shown to accumulate approximately 25 uM and 50 uM of pentadecanal and pentadecenal
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(please note that the dioxygenase reaction leads to a carbon loss). Furthermore, Foo et al have
also observed a detrimental effect on product titer with high expression levels of aDOX.

As mentioned in the introduction, Bernard et a/ (2012) have described the biosynthesis of very-
long chain alkanes. In their study they have expressed the Arabidopsis thaliana fatty aldehyde
reductase/decarbonylase CERI and CER3 and cytochrome b5 in a very-long chain fatty acid
overproducing strain. This led to the biosynthesis of 19 ug/gDW very-long chain alkanes,
which is similar to the 22 ug/gDW long-chain alkanes that were detected in our study (Paper
I, Figure 2). In the study by Foo et al (2015), the even-chain alkanes tetradecane and
hexadecane have been observed to be synthesized de novo by the yeast expressing a aDOX
and SeFADO. This is consistent with detection of pentadecane and heptadecane in our strains
expressing the FAR+FADO, LuxCDE+FADO, and MmCAR+SeFADO pathway. The long-
chain alkane titer in the AHFD1 is a significant improvement over the titer observed for the
background strain, but still low in comparison with (cyano) bacteria. To put this in perspective,
a recent study has described a naturally occurring Aureobasidium pullulans var. melanogenum
yeast excreting 32.5 g L™ of alkanes (Liu et al., 2014c). Further work should focus on
improving the FADO reaction.
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Future Directions

From the results discussed in the previous chapter and current literature it can be concluded
that the alkane titers are mostly limited by the FADO enzymes.

Avenues for increasing FADO activity

Activity of the FADO depends on iron being present in its active site. Schirmer et a/ have
shown that titers could be boosted from approximately 25 mg L™ to over 300 mg L™ by utilizing
a modified medium. In this medium, among other things, the Fe(III)CI concentration has been
increased over threefold to 0.1 mM and surfactant Triton X 100 added. Jia et al (2014) have
shown that increasing the iron content in the growth medium (complex medium +2 mmol 1!
(NH4),Fe(S0O4),-6H,0) affects the ratio of enzyme with bound iron. However, they have also
observed that it was very hard to obtain proteins with two iron atoms bound, most likely
because of flexibility of the FADO’s iron binding pocket. Interestingly, an abandoned patent
application has claimed overexpression of a component of a siderophore (iron scavenger)
synthesis to improve fatty aldehyde biosynthesis (Hu and Greenfield, Derek L. Arlagadda,
2011).

Long-chain fatty aldehyde do not completely fit in the active site of the FADO, which leaves
them exposed to the hydrophilic environment (Andre et al., 2013; Buer et al., 2014). In
addition, Buer et al/ have shown that the substrate can enter the active site in different
orientations, including an orientation in which the aldehyde extends into the solvent, and
through an alternative channel which would inhibit the enzyme. Waugh (2015) has suggested
to create a hybrid enzyme in between the methane monooyxgenase and FADO (Waugh, 2015).
Such a hybrid could accommodate the difficulties with substrate loading and product
offloading. As discussed in the previous section, substrate and product transfer could possibly
be accommodated by bringing the FAR+FADO complex in the vicinity of organel membranes.

Improving extraction and detection method

As described in the Results section, a lipid extraction method was used to extract intracellular
alkanes from yeast. The main problems with the current extraction and measurement method
is that it co-purifies fatty acids and fatty alcohols together with the hydrocarbons, and that the
recovery of the internal standard is poor. The presence of of fatty acids pollutes the GCMS
analytical system. The reason that we chose to accept this is that initially the titers were so low
that a derivatization method would push the titers below the detection limit. Furthermore,
reliable quantification of pentadecadiene and heptadecadiene would require verification with
analytical standards to remove any possible doubt of their levels and presence. As a way
forward lipid extraction could be followed by an additional FAME derivatization.

Screening methods for improved fatty aldehyde and alkane

biosynthesis

The current extraction method does not allow for high-throughput screening due to the
requirement of relatively high culture volumes (4-8 mL). Therefore, a screening method based
on intracellular product levels would be a big improvement. A screening method for alkane
synthesis could be based on the alkane sensing mechanism of the yeast Yarrowia lipolytica,
which has been studied in some detail. In this organism, the expression of alkane metabolic
genes are controlled by the transcription activators Yasl and Yas2 (Endoh-Yamagami S et al.,
2007; Yamagami et al., 2004), and the transcriptional repressor Yas3 (Hirakawa et al., 2009;
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Kobayashi et al., 2013). The transcriptional activators bind to alkane response elements (AREs)
in the promoter of several Y. lipolytica alkane catabolic genes (lida et al., 2000). Others have
applied prokaryotic alkane responsive transcription factors to construct heterologous alkane
biosensors in E. coli. For example, the transcription factors Pseudomonas putida AlkS (Reed
et al., 2012) and Acinetobacter baylyi ADP1 AlkR (Wu et al., 2015) have been used to detect
short- to medium-chain, and medium- to long-chain alkanes, respectively.

Besides alkanes, a biosensor for the fatty aldehyde intermediate could help to improve the FAR
reaction in absence of an efficient FADO. The fatty aldehyde intermediate is also part of the
bacterial bioluminescence pathway (Meighen, 1991) of which the first half was used by
Howard et al (2013). For example, fluorescence by the fatty aldehyde consuming Vibrio
fischeri lucifarase has been applied to show functionality of the a-dioxygenase in E. coli
(Kaehne et al., 2011).
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Conclusion

The aim of this project was to engineer a Saccharomyces cerevisiae yeast strain to enable de
novo alkane biosynthesis from glucose. To this end, a cyanobacterial alkane biosynthesis
pathway was introduced in yeast. This cyanobacterial pathway from Synechococcus elongatus
consisted of a fatty acyl-CoA/ACP reductase (FAR) and a fatty aldehyde deformylating
oxygenase (FADO).

As described in Paper I, we discovered upon expression in yeast that the FADO requires the
additional expression of a reducing system consisting of ferredoxin and ferredoxin NADPH
reductase (F/FNR). Interestingly, this F/FNR reducing system was not required in a BY4741
background. Besides the reducing system, we also found that the heterologous alkane
biosynthesis pathway intersect with sphingolipid metabolism at the fatty aldehyde
intermediate. This had the consequence that a hexadecenal dehydrogenase Hfdl had to be
deleted to enable conversion of C16 and shorter fatty aldehydes into alkanes by the FADO
enzyme. The main detected byproducts were fatty alcohols, which were possibly formed by
promiscuous endogenous ALRs and ADHs.

In order to avoid such byproduct formation and to create a model system in which we could
evaluate alternative strategies for the alkane pathway, we explored peroxisomal
compartmentalization in Paper II. The results showed that alkane biosynthesis benefited from
the concentration of the pathway enzymes and presence of an enclosing bacterial-like
membrane. Conversion of fatty aldehyde by Hfd1 could not be prevented by localization of the
pathway in the peroxisome, but the fatty alcohol byproduct titer could be reduced. However,
these byproducts were still present at much higher levels than the hydrocarbons and further
strategies need to be developed to overcome these challenges.

The compartmentalization strategy was also extended to olefin biosynthesis. Olefin
biosynthesis proceeds through a one-step reaction from fatty acids, catalyzed by Jeotgalicoccus
sp fatty acid decarboxylase OleT. This enzyme did not benefit to the same extent as the alkane
pathway from compartmentalization, but we could show that OleT could utilize the cofactor
flavodoxin in vivo in addition to its natural cosubstrate. However, more work is required to
establish its role as a redox partner.

In conclusion, this thesis describes the first example of heterologous alkane biosynthesis in the
yeast Saccharomyces cerevisiae. Future work should focus on improving the FADO catalyzed
reaction as it was shown to be the main rate-limiting enzyme. This can possibly be achieved
by facilitating the transfer of the hydrophobic intermediates and products of the pathway into
lipid membranes.
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ABSTRACT: In the past decade industrial-scale production of
renewable transportation biofuels has been developed as an
alternative to fossil fuels, with ethanol as the most prominent
biofuel and yeast as the production organism of choice. However,
ethanol is a less efficient substitute fuel for heavy-duty and
maritime transportation as well as aviation due to its low energy
density. Therefore, new types of biofuels, such as alkanes, are being
developed that can be used as drop-in fuels and can substitute
gasoline, diesel, and kerosene. Here, we describe for the first time
the heterologous biosynthesis of long-chain alkanes by the yeast
Saccharomyces cerevisiae. We show that elimination of the
hexadecenal dehydrogenase Hfd1 and expression of a redox system
are essential for alkane biosynthesis in yeast. Deletion of HFDI
together with expression of an alkane biosynthesis pathway resulted
in the production of the alkanes tridecane, pentadecane, and
heptadecane. Our study provides a proof of principle for producing
long-chain alkanes in the industrial workhorse S. cerevisiae, which
was so far limited to bacteria. We anticipate that these findings will
be a key factor for further yeast engineering to enable industrial
production of alkane based drop-in biofuels, which can allow the
biofuel industry to diversify beyond bioethanol.
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biofuels, ethanol is the most prominent fuel type, but it is not an
optimal fuel due to its low energy density. Furthermore, restrictions
on blending of ethanol with gasoline (i.e. the blend wall) also limit
the further expansion on the use of this biofuel (Peplow, 2014). As a
consequence, new types of biofuels are being developed that can be
used as drop-in fuels; these fuels are often referred to as advanced
biofuels (Fairley, 2011). Medium- and long-chain alkanes, a specific
type of advanced biofuels, are of interest as kerosene and diesel
substitutes because of their high similarity to fossil oil derived
transportation fuels (Lennen and Pfleger, 2013). The first example
of de novo heterologous production of alkanes was achieved in
Escherichia coli by the introduction of a cyanobacterial fatty acyl-
ACP/CoA reductase (FAR) and a fatty aldehyde deformylating
oxygenase (FADO) (Schirmer et al., 2010), which resulted in an
alkane titer of approximately 25mg/L. Subsequently, alternative
FAR and FADO enzymes have been expressed in E. coli (Akhtar
et al., 2013; Howard et al., 2013; Kallio et al., 2014), with a highest
reported titer of 580 mg/L (Choi and Lee, 2013). So far, these studies
have been limited only to bacteria and the feasibility of long-chain
alkane production in yeast has not been explored, despite yeast
being the organism of choice for industrial ethanol and isobutanol
production (Buijs et al., 2013). For the purpose of alkane
biosynthesis, yeast has only been used to elucidate the very long
chain alkane biosynthesis pathway found in plants (Bernard et al.,
2012). Such alkanes are of little interest from a biofuel perspective
because of their long chain length. Furthermore, several studies
have described the successful production of other alternative fatty
acid-derived biofuels and chemicals, such as fatty alcohols and fatty
acid ethyl esters by yeast (Zhou et al., 2014). This makes the absence
of a proof of principle of long-chain alkane biosynthesis by yeast
even more peculiar. Therefore, there is an urgent need for an alkane
producing yeast strain that will allow the biofuel industry to
diversify beyond ethanol by producing a direct substitute for fossil
oil based transportation fuels.

This study delivers a proof of principle of heretofore unexplored
alkane biosynthesis in the yeast Saccharomyces cerevisiae. We
demonstrate this metabolic capability by expression of an alkane
biosynthetic pathway consisting of a FAR encoded by Synechoccocus
elongatus orf1594, and a FADO encoded by S. elongatus orf1593
(Fig. 1). However, upon the first instance of expression of the SeFAR
and SeFADO in a S. cerevisiae CEN.PK background, no alkanes could
be detected (Figure 2A, KB16). We suspected that an explanation
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Figure 1. Alkane biosynthetic pathway and fatty aldehyde metabolism in Saccharomyces cerevisiae. A heterologous alkane biosynthetic pathway, consisting of a S. elongatus
fatty acyl-CoA/ACP reductase (SeFAR; encoded by orf1594) and a S. elongatus fatty aldehyde deformylating oxygenase (SeFADO; encoded by orf1593), was introduced in the yeast
S. cerevisiae. This pathway intersects with endogenous metabolism of fatty aldehydes by promiscuous aldehyde reductases (ALR) and fatty alcohol dehydrogenases (ADH) and the
hexadecenal dehydrogenase Hfd1 (encoded by HFD1/YMR110C), which catalyzes the last step in the sphingolipid breakdown pathway. The E. coli ferredoxin (EcFdx)/ferredoxin
reductase (EcFpr) system was introduced to provide the cofactor required for the FADO enzyme. The endogenous ferredoxin and ferredoxin reductase homologues Yah1 and Arh1,

respectively, are localized to the mitochondria.

for the absence of alkanes could be the lack of a compatible redox
partner that is required by the FADO enzyme in the CEN.PK
background strain.

For the FADO enzyme, it has been shown in vitro that it requires
ferredoxin (F) and ferredoxin NADP+ reductase (FNR) to supply
electrons (Schirmer et al., 2010). S. cerevisiae possesses the
ferredoxin and the ferredoxin reductase homologs Yah1 and Arhl,
respectively. But these proteins reside in the mitochondria (Lill
et al., 2006), which makes them inaccessible as redox partners for
the cytosolic alkane pathway. Thus to provide a cytosolic reducing
system, we chose to co-express the E. coli ferredoxin (F) Fdx and
ferredoxin NADP+ reductase (FNR) Fpr since E. coli was able to
support in vivo alkane production.

The co-expression of the EcF/FNR reducing system resulted in
the biosynthesis of 2.7 = 0.9 wg/gDW heptadecane (Fig. 2A, KB17)
and no detection of pentadecane. This result is in contrast with the
alkane profile that was found in E. coli as well as the fatty acid profile
of S. cerevisiae, in which C16 and C18 are the predominant fatty acid
species (Khoomrung et al., 2013). We speculated that there might be
a problem with the supply of Cl6 fatty aldehydes for the
deformylation reaction.

Limited fatty aldehyde availability for the FADO reaction could be
a result of low efficiency of the FAR reaction and/or competing
reactions. Therefore, we chose to verify the fatty aldehyde synthesis
by the FAR to ensure efficient functionality of the pathway. To confirm
the supply of fatty aldehydes, fatty alcohol synthesis was used as an
indicator. The detection of fatty alcohols as byproducts of alkane
biosynthesis has been observed in E. coli (Schirmer et al., 2010) and
is suspected to be a result of the activity of endogenous promiscuous
aldehyde reductases and alcohol dehydrogenases (Rodriguez and
Atsumi, 2014). S. cerevisiae contains around 40 homologues of such

Biotechnology and Bioengineering, Vol. 9999, No. xxx, 2015

reductases and dehydrogenases, and fatty alcohol synthesis was
consequently expected to occur after the introduction of the FAR.
Nevertheless, when we overexpressed SeFAR in the background yeast
strain, it yielded only trace amounts of fatty alcohols (Fig. 2B).

These results indicated that there could be an additional
(irreversible) reaction, not present in E. coli, which competes for the
fatty aldehyde substrate. In the case of S. elongatus, it has recently
been shown that such an enzyme is present and that overexpression
of FAR results in fatty acid secretion due to the presence of the fatty
aldehyde dehydrogenase AIdE (Kaiser et al., 2013). This enzyme
converts fatty aldehydes very efficiently into fatty acids. Alignment
of AldE against the S. cerevisiae proteome yielded the hexadecenal
dehydrogenase Hfd1 as the primary candidate.

To test the hypothesis that Hfd1 prevents the biosynthesis of fatty
alcohols by converting fatty aldehydes into fatty acids, HFDI was
knocked-out followed by SeFAR overexpression. Remarkably, the
deletion of HFDI alone sufficed to enable fatty alcohol production
(0.43 £ 0.04 mg/gDW, Figure 2B). The fatty aldehydes observed in this
hfdIA strain most likely resulted from the sphingolipid breakdown
pathway in which Hfd1 catalyzes the final step (Nakahara et al., 2012).
The additional overexpression of SeFAR increased the fatty alcohol titer
to 0.52+£ 0.03 mg/gDW. The main fatty alcohol was hexadecanol
(C16:0; 79%), followed by tetradecanol (C14:0; 11%), hexadecenol
(C16:1; 7.3%), and dodecanol (C12:0; 2.8%). The drastic increase of
C16 fatty alcohols illustrates that Hfdl presumably catalyzes the
oxidation of C16 fatty aldehydes toward the corresponding fatty acids.

The detection of heptadecane in strain KB17 carrying SeFAR,
SeFADO, and EcF/FNR, and the absence of the fatty alcohol
octadecanol in the AfdIA SeFAR strain suggests that Hfdl and the
endogenous aldehyde reductases/alcohol dehydrogenases cannot use
octadecanal as a substrate. This is in agreement with the detection of
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very long chain alkanes upon expression of an alkane biosynthesis
pathway from plants without deletion of HFDI (Bernard et al., 2012).
The modest increase in fatty alcohol titer after SeFAR expression in an
hfdIA strain is most likely due to the low affinity of SeFAR for fatty
acyl-CoA. SeFAR prefers fatty acyl-ACP (Schirmer et al., 2010), which
in S. cerevisiae is only available in the mitochondria (Hiltunen et al.,
2010). In light of this, expression of alternative (activated) fatty acid
reductases (Akhtar et al., 2013; Howard et al., 2013) may be worth
pursuing. These results clearly illustrate the importance of HFDI
deletion to enable fatty aldehyde supply.

Subsequently, the SeFADO and the EcF/FNR reducing system were
introduced in the hfdIA strain, as deletion of HFDI alone is sufficient
to provide fatty aldehydes for the upstream part of the alkane pathway
(which had been shown by the increased production of fatty alcohols).
As expected, the alkane production increased drastically to
18.6 £ 1.4 ug/gDW in this hfdIA SeFADO EcF/FNR strain (Figure
2A, KB18). Accumulation of tridecane and pentadecane was observed
together with heptadecane, which had been the sole product in the
wild-type genetic background strain KB17. The chain length profile of
these alkanes is in agreement with those of the observed fatty alcohols.
Additional expression of SeFAR in the hifd 1A strain resulted in a titer of
22.0 % 1.4 pg/gDW. The slight increase in titer suggests again that the
SeFAR has low catalytic efficiency on fatty acyl-CoAs. No alkanes were
detected extracellularly indicating that the alkanes are not excreted,
which is in contrast with the detection of 80% of the produced alkanes
in the extracellular medium in E. coli (Schirmer et al., 2010). An
explanation for this could be the low titer and the hydrophobic nature
of alkanes, which probably stimulates alkane accumulation in the yeast
cell membranes. The observed hydrocarbon titer of 22.0 & 1.4 g/
gDW is in the same range as measured by Bernard et al. 2012, who
observed around 19 ug/gDW of very long chain alkanes after
overexpression of A. thaliana CERI and CER3. The relatively low
hydrocarbon titer compared with the fatty alcohol titer indicates that
the FADO enzyme may be a bottleneck in the alkane pathway.
Elimination of the remaining competing enzymes is thus a promising
engineering target, as has been shown in E. coli (Rodriguez and
Atsumi, 2014). In addition, expression of the cyanobacterial reducing
system (Zhang et al., 2013) instead of the E. coli F/ENR reducing
system might improve the catalytic efficiency of the FADO enzyme.

Similarly, we also realized long-chain alkane production in a
BY4741 background in which HFDI was disrupted. This
commercially available knockout strain was initially used to test
the requirement of Hfdl elimination for alkane biosynthesis.
Interestingly, expression of only SeFAR and SeFADO in this strain
resulted in pentadecane and heptadecane biosynthesis (Supple-
mentary Figure 3), possibly indicating the presence of a reducing
system that is absent in the CEN.PK background strain.

In conclusion, this study provides a proof of principle of
producing long-chain alkanes in the industrial workhorse §.
cerevisige. Our findings could provide an important first step
towards industrial production of alkane drop-in biofuels in current
production facilities. Future work among other challenges should
focus on circumventing the competition with the remaining
(promiscuous) reductases and dehydrogenases, utilization of
alternative fatty acid reductases, and improving the efficiency of
the deformylation reaction for the purpose of higher titers of
alkanes in yeast.

4 Biotechnology and Bioengineering, Vol. 9999, No. xxx, 2015

Materials and Methods

Yeast strains, Plasmids and Reagents

The strains and primers used in this study are listed in the
Supplementary Tables I and 11, respectively. The background yeast
strain S. cerevisiage CEN.PK113-11C (MATa MAL2-8° SUC2 his3A1
ura3-52) was kindly provided by P. Kotter, University of Frankfurt,
Germany. The S. elongatus orf1594 (NCBI Gene ID: 3775018) and
orf1593 (NCBI Gene ID: 3775017) were synthesized and codon-
optimized for expression in yeast (Genscript, Piscataway, NJ, USA).
The cofactor system encoded by E. coli fdx (NCBI Gene ID:
12931590) and fpr (NCBI Gene ID: 12932121) was amplified from E.
coli DH5av. PrimeStar DNA polymerase was purchased from TaKaRa
Bio (Segeltorp, Sweden). Oligonucleotides were custom synthesized
by Sigma Aldrich (Stockholm, Sweden). Restriction enzymes, DNA
gel purification and plasmid extraction kits were purchased from
ThermoFisher Scientific (Waltham, MA, USA).

Genetic Engineering

The HFDI disruption was performed as described previously
(Akada et al., 2006) by using Kluyveromyces lactis URA3 as a
selection marker. The pathways for alkane and alcohol production
were constructed on the plasmid backbone pYX212 by using a
modular pathway engineering strategy as described before (Zhou
et al., 2012). The modular pathways are shown in Supplementary
Figure 1. Plasmids were extracted from single yeast colonies using
the Zymoprep Yeast Plasmid Miniprep II kit (Nordic Biolabs, Téby,
Sweden) and transformed into E. coli DH5a competent cells. After
purification of the plasmid, verification by restriction analysis, and
sequencing, the plasmids were transformed into yeast. Yeast
competent cells were prepared and transformed with 1ug of
plasmid DNA according to the lithium acetate/single-stranded
carrier DNA/polyethylene glycol method (Gietz and Woods, 2002).

Strain Cultivation

Yeast strains for preparation of competent cells were cultivated in
YPD consisting of 10 g/l yeast extract (Merck Millipore, Darmstadt,
Germany), 20 g/L peptone (Difco, VWR, Stockholm, Sweden), and
20g/L glucose (Merck Millipore). During genetic manipulation,
yeast strains were selected on Synthetic Dextrose (SD) media, which
contained 6.9g/L yeast nitrogen base without amino acids
(Formedium, Hunstanton, UK), 0.77g/L complete supplement
mixture without uracil (Formedium), 20g/L glucose (Merck
Millipore) and 20 g/L agar (Merck Millipore). E. coli strains were
grown at 37 °C on Luria — Bertani medium (10 g/L tryptone (BD
Biosciences, Stockholm, Sweden), 5g/L yeast extract (Merck
Millipore), 10g/L NaCl (Merck Millipore)) supplemented with
ampicillin (80 pg/mL) if required. Agar plates were prepared with
the corresponding liquid medium supplemented with 15 g/L agar
powder (Merck Millipore).

Shake flask batch fermentations were carried out in minimal
medium containing 30 g/L glucose (Verduyn et al., 1992). Cultures
were inoculated, from overnight precultures, at 0.1 ODgqg in 25 ml
minimal medium supplemented with histidine (40 mg/L; Sigma



Aldrich) in 250 ml shake flasks. The shake flasks were incubated at
30°C and 200 rpm orbital shaking. After 48 hours, the cells were
harvested by centrifugation (5 minutes; 1000 g) and washed once
with 5ml phosphate buffer (10mM KH,PO,, pH 7.5). The
supernatant was removed and the pellet frozen in liquid nitrogen
and freeze-dried (Christ Alpha 2-4 LSC, Martin Christ Gefrier-
trocknungsanlagen GmbH, Osterode am Harz, Germany) for
48 hours.

Hydrocarbon Aanalysis by GC-MS

Alkanes and fatty alcohols were extracted from the freeze dried cell
pellets as described before (Khoomrung et al., 2013), with the
exceptions that the extracted fraction was dissolved in hexane
(alkanes) or ethyl acetate (fatty alcohols) and that hexadecane
(alkanes) or pentadecanol (fatty alcohols) was used as an internal
standard. Samples were analyzed by gas chromatography (FocusGC,
ThermoFisher Scientific) coupled to mass spectrometry (DSQIIL,
ThermoFisher Scientific) using a Zebron ZB-5MS Guardian
capillary GC column (30 m x 0.25 mm X 0.25 wm, Phenomenex,
Vearlgse, Denmark). The GC-MS conditions are described in the
Supplementary Information. Analytical standards for alkanes
(Sigma Aldrich) and fatty alcohols (Sigma Aldrich) were analyzed
during the same run for peak identification and quantification.
The authors thank Rahul Kumar, Sakda Khoomrung, Paul Hudson (KTH,
Stockholm, Sweden) and Heriberto Velez (KTH, Stockholm, Sweden) for
discussions and suggestions. And the authors would also like to thank
Andreas Eriksson, Anna-Maria Carstensen, Loredana Malafronte, Magnus
Gustafsson, and David Sedarsky for discussion of the manuscript. This
project has been funded by FORMAS, Vetenskapsradet and the European
Research Council (grant no. 247013).

References

Akada R, Kitagawa T, Kaneko S, Toyonaga D, Ito S, Kakihara Y, Hoshida H, Morimura
S, Kondo A, Kida K. 2006. PCR-mediated seamless gene deletion and marker
recycling in Saccharomyces cerevisiae. Yeast 23:399-405.

Akhtar MK, Turner NJ, Jones PR. 2013. Carboxylic acid reductase is a versatile
enzyme for the conversion of fatty acids into fuels and chemical commodities.
Proc Natl Acad Sci USA 110:87-92.

Bernard A, Domergue F, Pascal S, Jetter R, Renne C, Faure J-D, Haslam RP, Napier JA,
Lessire R, Joubes J. 2012. Reconstitution of plant alkane biosynthesis in yeast
demonstrates that Arabidopsis ECERIFERUM1 and ECERIFERUM3 are core
components of a very-long-chain alkane synthesis complex. Plant Cell 24:
3106-3118.

Buijs NA, Siewers V, Nielsen J. 2013. Advanced biofuel production by the yeast
Saccharomyces cerevisiae. Curr Opin Chem Biol 17:480-488.

Choi Y], Lee SY. 2013. Microbial production of short-chain alkanes. Nature 502:
571-574.

Fairley P. 2011. Introduction: Next generation biofuels. Nature 474:52-S5.

Gietz RD, Woods RA. 2002. Transformation of yeast by lithium acetate/single-
stranded carrier DNA/polyethylene glycol method. Methods Enzymol 350:
87-96.

Hiltunen JK, Chen Z, Haapalainen AM, Wierenga RK, Kastaniotis AJ. 2010.
Mitochondrial fatty acid synthesis — An adopted set of enzymes making a
pathway of major importance for the cellular metabolism. Prog Lipid Res 49:
27-45.

Howard TP, Middelhaufe S, Moore K, Edner C, Kolak DM, Taylor GN, Parker DA, Lee
R, Smirnoff N, Aves SJ, Love J. 2013. Synthesis of customized petroleum-replica
fuel molecules by targeted modification of free fatty acid pools in Escherichia
coli. Proc Natl Acad Sci USA 110:7636-7641.

Kaiser BK, Carleton M, Hickman JW, Miller C, Lawson D, Budde M, Warrener P,
Paredes A, Mullapudi S, Navarro P, Cross E, Roberts JM. 2013. Fatty aldehydes in
cyanobacteria are a metabolically flexible precursor for a diversity of biofuel
products. PLoS One 8:e58307.

Kallio P, Pdsztor A, Thiel K, Akhtar MK, Jones PR. 2014. An engineered pathway for
the biosynthesis of renewable propane. Nat Commun. 5:4731.

Khoomrung S, Chumnanpuen P, Jansa-Ard S, Stahlman M, Nookaew I, Borén J,
Nielsen J. 2013. Rapid quantification of yeast lipid using microwave-assisted
total lipid extraction and HPLC-CAD. Anal Chem 85:4912-4919.

Lennen RM, Pfleger BE 2013. Microbial production of fatty acid-derived fuels and
chemicals. Curr Opin Biotechnol 24:1044-1053.

Lill R, Dutkiewicz R, Elsdsser H-P, Hausmann A, Netz DJA, Pierik AJ, Stehling O,
Urzica E, Miihlenhoff U. 2006. Mechanisms of iron-sulfur protein maturation in
mitochondria, cytosol and nucleus of eukaryotes. Biochim Biophys Acta
1763:652-667.

Nakahara K, Ohkuni A, Kitamura T, Abe K, Naganuma T, Ohno Y, Zoeller RA, Kihara
A. 2012. The Sjogren-Larsson syndrome gene encodes a hexadecenal
dehydrogenase of the sphingosine 1-phosphate degradation pathway. Mol
Cell 46:461-471.

Peplow M. 2014. Cellulosic ethanol fights for life. Nature 507:152-153.

Rodriguez GM, Atsumi S. 2014. Toward aldehyde and alkane production by removing
aldehyde reductase activity in Escherichia coli. Metab Eng 25:227-237.

Schirmer A, Rude M, a Li, Popova E, Del Cardayre SB. 2010. Microbial biosynthesis of
alkanes. Science 329:559-562.

Verduyn C, Postma E, Scheffers WA, Van Dijken JP. 1992. Effect of benzoic acid on
metabolic fluxes in yeasts: a continuous-culture study on the regulation of
respiration and alcoholic fermentation. Yeast 8:501-517.

Zhang ], Lu X, LiJ-J. 2013. Conversion of fatty aldehydes into alk (a/e) nes by in vitro
reconstituted cyanobacterial aldehyde-deformylating oxygenase with the
cognate electron transfer system. Biotechnol Biofuels 6:86.

Zhou Y], Gao W, Rong Q, Jin G, Chu H, Liu W, Yang W, Zhu Z, Li G, Zhu G, Huang L,
Zhao ZK. 2012. Modular pathway engineering of diterpenoid synthases and the
mevalonic acid pathway for miltiradiene production. ] Am Chem Soc 134:
3234-3241.

Zhou Y], Buijs NA, Siewers V, Nielsen ]. 2014. Fatty acid-derived biofuels and
chemicals production in Saccharomyces cerevisiae. Front Bioeng Biotechnol
2:32.

Supporting Information

Additional supporting information may be found in the online
version of this article at the publisher’s web-site.

Buijs et al.: Long-chain Alkane Production by the Yeast b

Biotechnology and Bioengineering






Supporting Information

Yeast strains and primer sequences

Supplementary Table I: Yeast strains used in this study.

Name Descrintion Resource

CEN.PK113-11C MATa MAL2-8° SUC2 his341 ura3-52 Kétter, University of Frankfurt, Germany
KB10 CEN.PK113-11C; pYX212(-) This study

YJz01 CEN.PK113-11C hfd1A This study

KB26 YJZ01; pYX212(-) This study

YJz21 CEN.PK113-11C; pY X212+FAR This study

YJZ22 YJZ01; pY X212+FAR This study

KB16 CEN.PK113-11C; pY X212 +FAR +FADO This study

KB17 CEN.PK113-11C; pY X212 +FAR +FADO +F/FNR This study

KB18 YJZ01; pY X212 +FADO +F/FNR This study

KB19 YJZ01; pY X212 +FAR +FADO +F/FNR This study

BY4741 MATa his341 leu2A40 met1540 ura340 ThermoScientific, Germany
KB20 BY4741; pSPGM1(-), plYCO4(-) This study

KB21 BY4741; pSPGM1 +FAR +FADO, plYCO04 +F/FNR | This study

BY4741 6550 BY4741 hfd1A ThermoScientific, Germany
Yiz24 BY4741 6550; pYX212(-) This study

YJz25 BY4741 6550; pY X212 +FAR +FADO This study

YJZ26 BY4741 6550; pY X212 +FAR +FADO +F/FNR This study

YJz27 BY4741 6550; pY X212 +FADO +F/FNR This study




Supplementary Table 11: Primers used for part cloning, module construction, and colony PCR.

Seq Name Sequence (5’-3”)

No.

1 hfd1(up)-F GATTATCAATGTCCCAGTTATACG

2 hfd1(up)-R
CGAAAGGTTACTTATACATCAAATAATTAATTAACCTTAAACATTACGTTCACATGTT
GGTGATAAATTACTATG

3 hfd(dn)-F GAGTACGAGGATCTTGATGAGAC

4 hfd(dn)R CACTTGTTATTGCCATTTCTGTC

hfd1(up)-URA3-R

CGAAAGGTTACTTATACATCAAATAATTAATTAACCTTAAACATTACGTTCACATGTT

GGTGATAAATTACTATG

URA3(hfd1)-F

GGTTAATTAATTATTTGATGTATAAGTAACCTTTCGTTTAAAAATTTCATATGGGCGA

TAATATATCGTGATTCTGGGTAGAAGATCG

URA3(hfd1)-R

CTATTATCTTGTTAATGGTCTCATCAAGATCCTCGTACTCCATCGATAAGCTTGATATC

G

8 SeFAR-F2 CTATAACTACAAAAAACACATACATAAACTAAAAATGTTCGGTTTAATAGGTCAC

9 SeFAR-R2 CTCATTAAAAAACTATATCAATTAATTTGAATTAACTCAGATTGCTAAGGCTAAAG

10 SeADO-F1 CAAGAACTTAGTTTCGAATAAACACACATAAACAAACAAAATGCCACAATTAGAAGC
CTC

11 SeADO-R1 CTTATTTAATAATAAAAATCATAAATCATAAGAAATTCGCTTAGACTGCTGCCAAACC
GTATG

12 EcFd-F1 GAAAGCATAGCAATCTAATCTAAGTTTTAATTACAAAATGCCAAAGATTGTTATTTTG

13 EcFd-R1 CTAAATCATTAAAGTAACTTAAGGAGTTAAATTTAATGCTCACGCGCATGGTTG

14 EcFNR-F1 GACATAACTAATTACATGACTCGAGGTCGACGGTATCTTACCAGTAATGCTCCGCTG

15 EcFNR-R1 GGAAGTAATTATCTACTTTTTACAACAAATATAACAAAATGGCTGATTGGGTAACAG
G

16 FAR COL FW GGATCCAAAACAATGTTCGG

17 FAR COL RV GATTGCTAAGGCTAAAGGTTGG

18 FAD COL FW GCCACAATTAGAAGCCTCCTTAG

19 FAD COL RV CTGCTGCCAAACCGTATGC

20 FFW ATCGAAGCGGCCGCAAAACAATGCCAAAGATTGTTATTTTGC

21 FRV ATCGTCGAGCTCTTAATGCTCACGCGCATG

22 FNR COL FW ATGGCTGATTGGGTAACAGG

23 FNR COL RV ACAGCGGAGCATTACTGGTAA




pTPI tFBA1 tCYC1 pPGK1 pTEF1 tTDH2 tADH1 pTDH3 pHXT7 tpYX212

SeFar EcFpr EcFdx SeFad
pTPI  tFBA1 tCYCH1 pPGK1 pTEF1 tTDH2 tADH1 pTDH3 pHXT7 tpYX212
EcFpr EcFdx SeFad
pTPI tFBA1 tADHA1 pTDH3 pHXT7 tpYX212

) mn) Gum Gum
SeFar SeFad

pTPI  tFBA1 tCYC1 pPGK1 pTEF1 tpYX212

SeFar

Supplementary Figure 1: DNA pathway assembly constructs. Synechoccocus elongatus fatty acyl-ACP/CoA reductase
(SeFar) and S. elongatus fatty aldehyde deformylating oxygenase (SeFad) genes were synthesized and codon-optimized.
Escherichia coli ferredoxin (EcFdx) and E. coli ferredoxin NADP+ reductase (SeFpr) genes were amplified from E. coli
DH5a. The promoter pTPI and the terminator tpY X212 are homologous to the respective promoter and terminator on
the pY X212 plasmid. All four plasmids were constructed using using the modular pathway engineering strategy (Zhou
etal., 2012).

GC-MS analysis

The following program was run for alkane analysis: initial temperature 50°C hold for 5
minutes, ramp by 10°C per minute to 310°C and hold for 6 minutes, inlet temperature 250°C,
mass transfer line 300°C, splitless flow of 1.0 mL/min, ion source temperature 230°C, full scan
mode 50-650 m/z. Samples were analyzed by single 2 pL injections. The following program
was run for fatty alcohol analysis: initial temperature 45°C hold for 2.5 minutes, ramp by 20°C
per minute to 220 and hold for 2 minutes, ramp by 20°C per minute to 300°C and hold for 5
minutes, inlet temperature 300°C, mass transfer line 300°C, splitless flow of 1.0 mL/min, ion
source temperature 200°C, full scan mode 50-650 m/z. Samples were analyzed by single 2 uLL

injections.
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Supplementary Figure 2: Alkane biosynthesis. Gas chromatograms of shake flask cultures incubated for 48 hours in glucose
minimal medium. The lines represent S. cerevisiae CEN.PK113-11C strains that express S. elongatus FAR and FADO as well
as the E. coli reduction system consisting of Fdx (F) and Fpr (FNR). The S. cerevisiae strains carrying an empty vector pY X212
(black and brown traces) are shown as a control. A C7-C30 alkane analytical standard (top trace) was used as a reference. The
peaks highlighted by the blue bars labeled with I, 11, 1S, and 111 represent tridecane (C13), pentadecane (C15), hexadecane
(C16; internal standard), and heptadecane (C17), respectively. The shown spectra are for the m/z values 184, 212, and 240.
The mass spectra for the labeled peaks in comparison with a NIST library standard are shown in the Supplementary Figures
4-6.
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Supplementary Figure 3: A. Gas chromatograms of intracellular hydrocarbons produced by Saccharomyces cerevisiae
BY4741 strain expressing S. elongatus orf1594 (FAR) and S. elongatus orf1593 (FADO) with E. coli Fdx (F) and E. coli Fpr
(FNR) reducing system (top); and a BY4741 control strain carrying an empty plasmid (bottom). B. Gas chromatograms of
intracellular hydrocarbons produced by Saccharomyces cerevisiae BY4741 hfdlA (6550) strains expressing S. elongatus
orf1594 (FAR) and S. elongatus orf1593 (FADO) without reducing system (top); S. elongatus orf1593 with E. coli Fdx (F)
and E. coli Fpr (FNR) reducing system (2" from top); S. elongatus orf1594 and S. elongatus orf1593 with the F/FNR reducing
system (2" from bottom); and a control strain carrying an empty plasmid (bottom). The peak in the left blue rectangle

represents pentadecane (1), the peak in the right rectangle heptadecane (111). The shown traces are for the m/z values 212 and
240.
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Supplementary Figure 4: Mass spectra of the observed tridecane (I) GC peaks compared to the mass spectra of the

NIST library standards for this compound 