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ABSTRACT

Terminally hydroxylated fatty acids or dicarboxylic acids are industrially relevant compounds with broad ap-
plications. Here, we present the proof of principle for the de novo biosynthesis of 8-hydroxyoctanoic acid from
glucose and ethanol in the yeast Saccharomyces cerevisiae. Toxicity tests with medium-chain length w-hydroxy
fatty acids and dicarboxylic acids revealed little or no growth impairments on yeast cultures even at higher
concentrations. The ability of various heterologous cytochrome P450 enzymes in combination with their cognate
reductases for o-hydroxylation of externally fed octanoic acid were compared. Finally, the most efficient P450
enzyme system was expressed in a yeast strain, whose fatty acid synthase was engineered for octanoic acid
production, resulting in de novo biosynthesis of 8-hydroxyoctanoic acid up to 3 mg/1. Accumulation of octanoic
acid revealed that cytochromes P450 activities were limiting 8-hydroxyoctanoic acid synthesis. The hydroxylation
of both externally added and intracellularly produced octanoic acid was strongly dependent on the carbon source
used, with ethanol being preferred. We further identified the availability of heme, a cofactor needed for P450

activity, as a limiting factor of 8-hydroxyoctanoic acid biosynthesis.

1. Introduction

The industrial production of fatty acids (FA) and derived compounds
is mainly based on extraction from plant oils or animal fats, or on
petrochemical syntheses routes (Haupt et al., 1984; Akaike, 1985;
Rupilius and Ahmad, 2007). However, environmental concerns
regarding the use of fossil resources, deforestation and excessive land and
water use for oil plant cultivation (Schmidt, 2015) as well as challenges
in chemical synthesis (i.e. w-hydroxy fatty acids) (Scheps et al., 2013)
have increased interest in production through microbial biosynthesis.
The engineering of microbial cell factories therefore holds the potential
for a “greener” industry through environmentally friendly production
conditions and increased sustainability. Hydroxy fatty acids and dicar-
boxylic acids are fatty acid derived compounds which harbor additional
hydroxyl or carboxyl groups. They have compelling chemical properties
and are relevant for chemical, pharmaceutical, food and cosmetic in-
dustries (Kim and Oh, 2013), are used as additives for lubricants,
emulsifiers and can have antibiotic, anti-inflammatory and anticancer
properties (Kim and Oh, 2013). Additionally, they can serve as building
blocks for polymers and bioplastics (Liu et al., 2011; Scheps et al., 2013).

There is great interest in microbial biosynthesis of w-hydroxy fatty

acids (HyFA) and a,0-dicarboxylic acids (DCA) (Lu et al., 2010; Clomburg
et al., 2015; Durairaj et al., 2015; Han et al., 2017; Haushalter et al.,
2017; Liu et al., 2019). In Saccharomyces cerevisiae, a host organism with
a long tradition in the biotech industry, the production of medium-chain
(C8-C14) HyFA variants by bioconversion (Durairaj et al., 2015; Han
et al., 2017) or long-chain (C16-C18) variants by de novo biosynthesis
(Liu et al., 2019) has been achieved by terminal hydroxylation of FAs.
Subsequent oxidation of the terminal hydroxyl group by endogenous
alcohol and aldehyde dehydrogenases has led to formation of DCAs (Han
et al., 2017).

Formation of HyFAs from FA precursors requires efficient hydroxyl-
ation of the terminal carbon. Such reactions can be catalyzed by enzymes
belonging to the superfamily of cytochromes P450 (CYPs), which are
active on a large variety of different substrates (Renault et al., 2014).
CYPs are hemeproteins which act as monooxygenases by activating
molecular oxygen and transferring one atom to its substrate and reducing
the other to water (Munro et al., 2013). Two electrons are required for
the CYP reaction which are transferred by donor proteins. The membrane
anchored eukaryotic CYPs mainly act in a two-component system, in
which the electrons are transferred from NADPH to CYP by a cytochrome
P450 reductase (CPR) (Munro et al., 2013). Several eukaryotic CYPs have
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been identified to specifically o-hydroxylate medium-chain FAs (Fisher
et al., 1998; Durairaj et al., 2015; Han et al., 2017).

The aforementioned bioconversions of medium-chain FAs to HyFAs
were achieved by supplementation of FAs. In contrast, in this work we
aimed to construct a complete pathway from glucose or ethanol to the
medium-chain length 8-hydroxyoctanoic acid (C8-HyFA) in S. cerevisiae.
This, however, requires direct synthesis of octanoic acid (C8-FA) from
those carbon sources. In the yeast cytosol, FAs are synthesized de novo by
the type I fatty acids synthase (FAS), a large enzymatic complex (Lomakin
et al., 2007), which is encoded by the two genes FASI and FAS2. In-
termediates of FA biosynthesis are covalently linked to FAS via the ACP
domain, and are released in a coenzyme A (CoA) bound form with a
length of mainly 16 or 18 carbon atoms (Lomakin et al., 2007). Subse-
quent cleavage of the CoA-FA-thioester bound by endogenous thio-
esterases yields free FA. Multiple studies have addressed the enrichment
of medium-chain FAs by heterologous expression of medium-chain spe-
cific thioesterases (Leber and Da Silva, 2014; Fernandez-Moya et al.,
2015; Zhu et al., 2017). An alternative approach for medium-chain FA
biosynthesis has been carried out by rational engineering of the FAS
(Gajewski et al.,, 2017). Mutations in relevant domains increased
medium-chain FAs production. A single mutation (FASI R1834K) allowed
highly selective production of C8-FA (about 90% of secreted fatty acids)
(Gajewski et al., 2017). Thus, we considered the FAS1?834K/FAS2 sys-
tem combined with expression of medium-chain FA specific CYPs to be
optimal for selective de novo biosynthesis of C8-HyFA.

Here, we present for the first time the proof of principle for the de
novo biosynthesis of C8-HyFA in S. cerevisiae. We constructed a complete
pathway from glucose or ethanol towards C8-HyFA (Fig. 1) by combining
C8-FA production via a mutated FAS (FAS]R1834K/FASZ) with direct
o-hydroxylation of the C8-FA by various CYPs.

2. Materials and methods
2.1. Strain construction and transformation

Yeast strains used in this study are listed in Table 1. Yeast strain
SHY24 was constructed by deletion of the FAA2 locus in BY4741. Strain
SHY34 resulted from the previously described strain RPY21 (Gajewski
et al., 2017) by deletion of two kanMX markers which were present in the
RPY21 genome as remnants of fasl and fas2 deletion. RPY21 has a BY
background and is based on strain BY.PK1238_1A KO.

RPY21 and SHY34 carry additional deletions in FAA2 (medium chain
fatty acyl-CoA synthetase).

Strain LBY3 was constructed from strain CEN.PK113-7D by deletion
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Fig. 1. Schematic presentation of de novo biosynthesis of 8-hydroxyoctanoic
acid. A mutated fatty acid synthase FAS1?'834K/FAS2 (FASRX) produces octa-
noic acid which is ®-hydroxylated by a cytochrome P450 (CYP) resulting in 8-
hydroxyoctanoic acid formation. The electrons required for the CYP reaction
are transferred from NADPH to CYP by a cytochrome P450 reductase (CPR).
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Table 1
Yeast strains used in this study.

Strain Name Relevant features Reference/Source

BY4741 MATa his3A1 leu2A0 met15A0 ura3A0 Brachmann et al. (1998)
CEN.PK113- MATa MAL2-8c SUC2 Euroscarf, Frankfurt am
7D Main, Germany
SHY24 MATa his341 leu2A0 met15A0 ura3A0 This work
Afaa2
SHY34 MATa ura3A0 his3A0 leu2A0 TRP1 This work
lys2A40 MET15 Afas1 Afas2 Afaa2
LBY3 CEN.PK113-7D Apox1 This work

of POX1. The deletions of kanMX, FAA2 and POX1 were carried out by
CRISPR-Cas9 meditated gene deletion as described previously (Generoso
et al., 2016). Transformations were performed following the frozen
competent cell protocol (Gietz and Schiestl, 2007), whereas SHY34 was
transformed by a slightly modified method as previously described
(Gajewski et al., 2017). FAS deficient strains are auxotrophic for fatty
acids and, to allow growth, their medium was supplemented with 0,5
mM oleic acid and Terigitol-NP-40 (70% Sigma Aldrich Germany) to
solubilize it. Transformed yeasts were plated on solid YPD (2% (w/v)
peptone, 1% (w/v) yeast extract, 2% (w/v) glucose) containing appro-
priate antibiotics hygromycin (100 mg/L) or G418 (200 mg/L) for
plasmid selection and grown at 30 °C for two to four days.

2.2. Plasmid and strain construction

All plasmids used in this study are listed in Table 2. Plasmids carrying
cytochrome P450s (CYP) and cytochrome reductases (CPR) were con-
structed using the Golden Gate cloning system (Lee et al., 2015) by
following the published protocol. Genes of cytochrome P450 and cyto-
chrome reductases were purchased as DNA Strings from Thermo Fischer
Scientific, Germany with flanking BsmBI and BasI restriction site over-
hangs for Golden Gate cloning. The MET25 promoter was included in the
Golden Gate toolkit by amplification from BY4741 genomic DNA and

Table 2
Plasmids used in this study.
Plasmid Description Reference
PYTK-CYP4B1-POR 2micron, KanR, HygR, pTDH3-CYP4B1- This study
tENO1, pMET25-POR-tSSA1
PYTK-CYP94C1- 2micron, KanR, HygR, pTDH3-CYP94C1- This study
ATR1 tENO1, pMET25-ATR1-tSSA1
PYTK-CYP53A7- 2micron, KanR, HygR, pTDH3_CYP539A7-  This study
cprA tENO1 pMET25-cprA-tSSA1
pYTK- CYP539A7 2micron, KanR, HygR, pTDH3-CYP539A7-  This study
tENO1
PYTK- CYP539A7- 2micron, KanR, HygR, pTDH3-CYP539A7-  This study
PPGK1-cprA tENO1_pPGK1-cprA-tSSA1
PYTK- CYP539A7- 2micron, KanR, HygR, pTDH3-CYP539A7-  This study
PpTEF2-cprA tENO1 _pTEF2-cprA-tSSA1
PYTK- CYPS39A7- 2micron, KanR, HygR, pTDH3-CYP539A7-  This study
PALD6-cprA tENO1 _pALDG6-cprA-tSSA1
PYTK- CYP539A7- 2micron, KanR, HygR, pTDH3-CYP539A7-  This study
PRNRI -cprA tENO1_pRNR1-cprA-tSSA1
PYTK- CYP539A7- 2micron, KanR, HygR, pTDH3-CYP539A7-  This study
PRAD27 -cprA tENO1 pRAD27-cprA-tSSA1
PRS315-FAS1-RK CEN6/ARS4, AmpR, LEU2, pFAS1- Gajewski et al.
FASIRIS3 ¥ (FAS] (2017)
PRS313-FAS2 CEN6/ARS4, AmpR, HIS3, pFAS2-FAS2- Gajewski et al.
tFAS2 (2017)
PRS315-FAS1RK. CEN6/ARS4, AmpR, kanMX, pFAS1- This study
FAS2 FASTRI834K | hEAS2-FAS2-tFAS2
PRS315-FAS1RK 2micron, AmpR, kanMX, pFAS1- This study
FAS2-2p1 FASIR1834K hEAS2.FAS2-tFAS2
PRS62-K 2micron, AmpR, kanMX, Farwick et al.

(2014)

KanR and AmpR stand for genes which are responsible for kanamycin or ampi-
cillin resistance for E. coli. HygR and kanMX stand for genes which are responsible
for hygromycin or G418 resistance for S. cerevisiae.
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cloning into pYTK backbone. CYPs used were: CYP4B1 from Oryctolagus
cuniculus, CYP94C1 from Arabidopsis thaliana, CYP539A7 from Fusarium
oxysporum f. sp. lycopersici (UniProtKB accession numbers: P15128;
Q9ZUX1; AOA0OD2X892) and their respective CPRs POR from Oryctolagus
cuniculus, ATR1 from Arabidopsis thaliana, cprA from Fusarium oxysporum
f. sp. lycopersici (UniProtKB accession numbers: P00389, Q9SB48,
AOAOD2XWAD9). CYPs and CPRs were cloned into a 2micron backbone
with hygromycin resistance marker.

The plasmid pRS315-FASIRK-FAS2 was constructed by homologous
recombination in strain BY4741.

PFAS2-FAS2-tFAS2 and kanMX fragments were amplified with oligo-
nucleotides (Supplementary Table 1) that contained at least 30 bp
overhangs to the plasmid backbone for homologous recombination.
PFAS2-FAS2-tFAS2 was integrated into Xhol cut site of pRS315-FASI
backbone and kanMX was integrated into EcoRV cut site (LEU2) with
overhangs to replace LEU2 gene. Fragments of pFAS2-FAS2-tFAS2 and
kanMX were amplified from pRS313-FAS2 and pRS26-K, respectively.
Plasmids containing auxotrophic markers (LEU2 or HIS3) were selected
in synthetic media lacking the corresponding compound (leucine or
histidine), whereas the plasmids carrying hygromycin (HygR) and G418
(kanMX) resistance genes were selected by adding antibiotics (200 pg/
ml) to the media.

2.3. Media and cultivation

Several colonies of yeast strains or transformed yeasts were used to
inoculate liquid medium pre-cultures. Liquid cultures were grown in
shake flasks at 30 °C and 180 rpm using either SC (0.17% (w/v) yeast
nitrogen base without amino acids, 0.5% (w/v) ammonium sulfate,
addition of amino acids as previously described (Bruder et al., 2016)) or
YP (2% (w/v) peptone, 1% (w/v) yeast extract) medium. 2% (w/v)
glucose was used as carbon source for pre-cultures. Main cultures were
inoculated from pre-cultures to high cell density (ODgg of 8-10) with
either 2% (w/v) glucose, 2% (w/v) galactose, or 2% (v/v) ethanol plus
2% (v/v) glycerol as carbon sources as indicated. Glycerol was added to
ethanol containing media with the rationale to provide the cells with C3
carbon skeletons.

High cell density bioconversion experiments were performed by
supplementation with 50 mg/L octanoic acid. In bioconversion experi-
ments with SC medium supplementation of 2 mM methionine was done
for pre-cultures to repress CPR expression from pMET25. For the bio-
conversions and de novo biosynthesis with YP medium 100 mM potas-
sium phosphate buffer (pH 6.5) was added. 5-Aminolevulinic acid (ALA)
and hemin were purchased from Sigma Aldrich, Germany and dissolved
as 100x stock solutions in Ho0 and DMSO, respectively. They were added
to the main cultures with final concentrations of 300 ug/L and 50 pg/L,
respectively. Samples for compound extraction were taken at given time
points.

2.4. Toxicity assay and degradation analysis

For the toxicity assay a BY4741 pre-culture was inoculated into fresh
YPD medium to an ODggq of 0.2 and cultivated for 5-6 h until an ODggg of
0.8-1.0 was reached. The culture was re-diluted in YPD medium to an
ODggp of 0.05 and 50 pl was used to inoculate 200 pL of YPD medium in
96-well plates with a dilution series of C8- or C10 fatty acids, o-hydroxy
fatty acids or dicarboxylic acids. The pH values were approximately 5.0
for the media with dicarboxylic acids and approximately 5.9 for the
media with e-hydroxy fatty acids. The compounds were dissolved in YPD
medium at their highest concentrations, filtered for sterility (0.2 pm) and
subsequently diluted to desired concentrations. Cultivations were per-
formed for 18 h at 30 °C without agitation and cells were mixed thor-
oughly before ODggy measurement in a plate reader (ClarioStar, BMG
Labtech, Germany).

For 8-hydroxyoctanoic acid or octanedioic acid degradation analysis,
strains were inoculated from pre-cultures in fresh YPD medium
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supplemented with 50 mg/L 8-hydroxyoctanoic acid or octanedioic acid
to high cell density (ODggp = 10). The pH values were approximately 6.2
for medium with 8-hydroxyoctanoic acid and 5.9 for medium with
octanedioic acid. Samples for extraction of compounds were taken at
given time points.

2.5. Compound extraction and derivatization

For extraction of fatty acids or hydroxy fatty acids and dicarboxylic
acids, yeast cultures were separated from the medium (16 000 rpm, 5
min). Hydroxy fatty acids or dicarboxylic acids were extracted from 1 ml
culture supernatant. 0.02 mg heptanoic acid was added as an internal
standard followed by acidification with 200 pL 1 M HCl and extraction
with equal volumes of ethyl acetate. After phase separation the organic
phase was taken and evaporated in a vacuum concentrator (Concentrator
5301, Eppendorf, Germany). The resulting extract was dissolved in 200
pL ethyl acetate and mixed with equal volumes of N,0-Bis(trimethylsilyl)
trifluoroacetamide (BSTFA, Alfa Aesar, Germany) for derivatization.
Derivatization was performed for 45 min at 75 °C and samples were
analyzed by gas chromatography (GC).

Fatty acids were derivatized to methyl esters for GC analysis and
extracted from 10 ml culture supernatant. 0.2 mg heptanoic acid was
added as an internal standard followed by acidification with 1 ml 1 M
HCI and extraction by 2.5 ml of 1:1 mixture of methanol and chloroform.
After centrifugation for phase separation (4000 rpm, 10 min) the organic
phase was taken and evaporated in a vacuum concentrator (Concentrator
5301, Eppendorf, Germany). The resulting extract was dissolved in 200
pL toluol and mixed with 10 ml methanol and 300 pL 8% HCI for
methylation. Derivatization was performed at 100 °C for 3 h. Fatty acid
methyl esters were extracted by addition of 1 ml water and 1 ml hexane.
The hexane phase was collected and analyzed by GC.

2.6. Gas chromatography

Analysis was performed on a Clarus 400 gas chromatograph (Perki-
nElmer, Germany) equipped with a FID detector and an Elite-5MS col-
umn (@ 0.25 mm; length 30 m; film thickness 1.00 pm). 1 pL of sample
was injected with 1:10 split and helium was used as carrier gas (90 kPa).
8-Hydroxy fatty acids and dicarboxylic acids— BSTFA derivates were
separated with by the following method: run time 25.5 min, start at 50 °C
and hold for 5 min; ramp at 20 °C min to 240 °C and hold for 2 min, ramp
at 20 °C-300 °C and hold for 5 min. Octanoic acid methyl esters were
separated by the following method: run time 42.67 min, start at 50 °C
and hold for 5 min; ramp at 10 °C min to 120 °C and hold for 5 min, ramp
at 15 °C-220 °C and hold for 10 min, ramp at 20 °C-300 °C and hold for
5 min.

3. Results & discussion

3.1. Evaluating possible toxic effects of medium-chain w-hydroxy fatty
acids and dicarboxylic acids on yeast

We first evaluated possible toxic or inhibitory effects of HyFAs and
DCAs on yeast cells. Medium-chain FAs like C8-FA and decanoic (C10-
FA) acid and derivatives like 1-octanol are well known to affect the
growth of yeast cells (Viegas et al., 1989; Alexandre et al., 1996; Legras
et al., 2010; Borrull et al., 2015; Henritzi et al., 2018). 1-Octanol for
instance even causes a stronger growth impairment than C8-FA (Henritzi
et al., 2018). As the biosynthesis of products with toxic properties can
reduce product yields e.g. by inhibition of cellular processes or even can
lead to cell death, we investigated possible toxic effects of HyFAs and
DCAs with eight or ten straight carbon atoms. Measurements of cell
density (recorded as changes in ODgo) were used as proxy to assess the
toxicity of extracellularly supplemented compounds to a wild type
(BY4741) yeast culture. The toxicity was compared to the well-known
toxic compounds C8-FA and C10-FA. As expected, C8 and C10-FAs
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strongly influenced growth of the yeast strain at rising concentrations
(Fig. 2a). At about 500 mg/L and 300 mg/L, respectively, no growth was
detectable anymore. In contrast, the C8 or C10-HyFAs and DCAs caused
little or no growth impairment even at high concentrations (Fig. 2a).
The toxicity of C8-FAs or C10-FAs has been attributed to various
mechanisms. S. cerevisiae rapidly acidifies its growth medium and under
such conditions weak acids, like medium-chain FAs, are present in their
protonated form. In this state, they are more liposoluble and can pass the
membrane by passive diffusion (Viegas and Sa-Correia, 1997). In the
neutral cytosol, dissociation leads to a decrease of cellular pH and
accumulation of acyl-anions, which lead to an inhibition of cellular
processes (Cabral et al., 2001). Indeed, the influence of a decreasing pH
on increasing toxicity of C8-FAs has been demonstrated (Liu et al.,
2013). C8-FAs rapidly enter yeast cells (Henritzi et al., 2018) although
the majority is found in cell wall fractions and not inside the cell, which is
attributed to energy expensive expulsion by the Pdrl2 carrier (Borrull
et al., 2015). Additionally, exposure of yeast to C8-FAs is causing
membrane stress and disturbs integrity leading to membrane leakage (Liu
et al., 2013). For medium-chain FAs, toxicity is increasing with
increasing chain length (C10 > C8 > C6) (Liu et al., 2013) possibly
because of stronger membrane perturbation due to higher liposolubility.
Interestingly, dependency of chain-length on toxicity was also demon-
strated here for HyFAs and DCAs, whereby the longer C10 variants cause
a growth defect while the C8 variants do not (Fig. 2a). However, due to
the additional hydroxyl or carboxyl group HyFAs and DCAs, respectively,
are less liposoluble than their corresponding FAs, which likely results ina
reduced ability to integrate into or diffuse across the plasma membrane.
However, other reasons for lower toxicity cannot be ruled out.

3.2. Degradation of medium-chain w-hydroxy fatty acids and dicarboxylic
acids in yeast

It has been suggested that ®-hydroxy lauric acid can be rapidly
degraded via B-oxidation in S. cerevisiae (Durairaj et al., 2015). In order to
test the stability of C8-HyFA and C8-DCA in a yeast culture, a wild type
(BY4741) strain was inoculated to a high cell density in YPD medium
supplemented with either 50 mg/L C8-HyFA or C8-DCA. The amounts of
C8-HyFA were reduced by 37% after 72 h (Fig. 2b). To assess if this
decrease can be attributed to degradation via the same route as that
observed for C8-FA (Leber et al., 2016; Henritzi et al., 2018), FAA2
(encoding the medium-chain fatty acyl CoA synthetase) or POXI
(encoding the acyl-CoA oxidase, the initial enzyme of f-oxidation) were
deleted. In these two strains, the degradation of C8-HyFA was reduced by
more than 50% compared to the WT (Fig. 2b). This suggests that acti-
vation by Faa2 and (subsequent) p-oxidation are the main but not the
only reason for reduction of C8-HyFA levels. The remaining decrease of
C8-HyFA in faa2 or pox1 deletion strains could be due to competing re-
actions, e.g. esterification (Borrull et al., 2015). Moreover, the deletions
of POX1 and FAA2 could also indirectly (e.g. by altering the lipid
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composition of the membrane) affect the uptake and intracellular fate of
C8-HyFA.

Interestingly, the supplemented C8-DCA showed only small decreases
with similar results in all three strains (Fig. 2c). This suggests that C8-
DCA either is not degraded via p-oxidation or it does not cross the
membrane due to the presence of the additional carboxyl group. The
initial pH of the medium supplemented with 50 mg/L C8-HyFA or C8-
DCA was around 6.2 and 5.9, respectively. However, cultures of
S. cerevisiae acidify the medium rapidly and therefore C8-DCA (pKa: 4.53
and 5.50 (Bretti et al., 2006)) is likely to become increasingly protonated
in the course of cultivation, which should facilitate its diffusion across the
plasma membrane. This is reasonable to expect, as C8-FA, which exhibits
an even lower pKa value (4.89 (Dean, 1987)), is readily taken up by the
cells in phosphate-buffered media at starting pH of 6.5 (Henritzi et al.,
2018). The results presented here show that medium-chain HyFAs and
DCAs have only little or no toxic effects on yeast cells, and degradation of
C8 variants either does not take place or can be reduced by blocking of
the p-oxidation.

3.3. Bioconversion of octanoic acid results in C8-HyFA production but not
of C8-DCA

CYPs from various organisms have been shown to w-hydroxylate
medium-chain FAs of eight to twelve carbon atoms by in vitro assays
(Fisher et al., 1998) or by heterologous expression in S. cerevisiae and
whole-cell bioconversion of externally added FAs (Durairaj et al., 2015;
Han et al., 2017). We decided to systematically compare effective
o-hydroxylation of C8-FAs for three CYPs CYP4B1 (Fisher et al., 1998)
CYP94C1 (Durairaj et al., 2015) and CYP539A7 (Han et al., 2017) based
on their activity towards medium-chain FAs or C8-FA specifically. The
hydroxylation reaction consists of a two component system with CYP and
CPR. The CYPs were expressed under control of the strong and consti-
tutive TDH3 promoter while CPRs were under control of the
methionine-repressible MET25 promoter. The latter was chosen because
an excess of CPR over CYP can induce the formation of reactive oxygen
species and affect cell viability (Zangar et al., 2004). Therefore, balancing
expression between CYP and its reductase can be crucial for cell health
and high productivity (Paddon et al., 2013). By controlling expression of
the CPRs by the MET25 promoter we prevented its expression in the
pre-culture by methionine supplementation, but reached higher expres-
sion in the main culture by omitting methionine for high productivity.
The cytochromes and their reductases were expressed in strain SHY24
(Afaa2) so that degradation of C8-HyFA was minimized (see Fig. 2b).
Effective 0-hydroxylation was tested in high cell density bioconversions
in SC-medium with supplementation of 50 mg/L C8-FA. Initial experi-
ments were performed using 2% glucose as a carbon source. All three
tested CYP-CPR variants showed production of C8-HyFA but titers
remained below 1 mg/L (Fig. 3a). We additionally tested use of etha-
nol/glycerol and galactose as carbon sources. With galactose as carbon

a b c
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= -]
5 1.04 s T
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Fig. 2. Toxicity assays and degradation analyses of fatty acids, @-hydroxy fatty acids and dicarboxylic acids. a) BY4741 wild type yeast strain was grown in
96-well plates in YPD medium with different concentrations of C8 or C10 fatty acids (FA), w-hydroxy fatty acids (HyFA) or dicarboxylic acids (DCA). b) Supple-
mentation of 50 mg/L of 8-hydroxyoctanoic acid (C8-HyFA) or c) supplementation of 50 mg/L octanedioic acid (C8-DCA) to yeast cultures of BY4741 (WT), SHY24
(Afaa2) or LBY3 (Apox1). The values in (b) and (c) were normalized to a control sample without yeast cells. Values and error bars represent mean and standard
deviation of two biological replicates.
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Fig. 3. Bioconversion of octanoic acid to 8-
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source C8-HyFA remained mainly below production levels with glucose.
Interestingly, in ethanol/glycerol media, all three tested cytochromes
displayed production of C8-HyFA. Activity of CYP94C1-ATR1 remained
the lowest of the tested CYPs. This is consistent with the finding that its
activity is mainly displayed on medium-chain FAs with ten or twelve
carbon atoms (Kandel et al., 2007; Han et al., 2017). The best performing
enzymes were CYP539A7-cprA which converted 20% of C8-FA to
C8-HyFA. Thus, CYP539A7-cprA was chosen for further experiments.

With the aim of a de novo biosynthesis of C8-HyFAs, we wanted to
adapt the fermentation conditions to the best conditions previously
developed for C8-FA production. Selective C8-FA production was previ-
ously achieved by the expression of a mutated fatty acid synthase
(FAS1RI834K /EASD) (Gajewski et al., 2017). However, the C8-FA titers
were strongly dependent on the medium. In YPD medium with a potas-
sium phosphate buffer, C8-FA titers were strongly increased (Gajewski
et al., 2017). In contrast, production of C8-FAs remained low in SC
medium compared to YP medium (Pavlovic, 2016). For a change from SC
medium to YP medium the MET25 promoter for controlling CPR
expression is not feasible as it would be continuously repressed by
methionine in the medium. To balance the expression of cprA we tested
expression from five promoters with different strengths (pPGK1 > pTEF2
> pALD6 > pRNR1 > pRAD27 (Lee et al., 2015)) and analyzed production
of C8-HyFAs from C8-FAs in buffered YP medium with ethanol as carbon
source (Fig. 3b). Because titers remained low after 24 h bioconversion,
incubation times were increased to 48 h. Promoter strength of cprA
expression had only limited effects on C8-HyFAs production. Four out of
five promoters showed comparable C8-HyFA output and only the use of
PRAD27 reduced titers by 50% suggesting that expression was too low
and cprA became limiting. Indeed, if no CPR was expressed only limited
amounts of C8-HyFA were detectable. High expression of cprA i.e. from
PPGK1 did not reduce growth of cultures (final OD 26.8 compared to 23.3
for empty vector control) suggesting that there is no toxic effect of high
cprA expression. These new bioconversion conditions (promoter, me-
dium, buffering) reduced titers by about 60% compared to the initial
experiment in synthetic medium. The best performing expression system
with pTDH3-CYP539A7 and pALD6-cprA was chosen for further
experiments.

DCAs acids can be formed from HyFAs by two consecutive oxidations
catalyzed by alcohol and aldehyde dehydrogenases. It has been reported
that expression of a CYP and blocking of the $-oxidation for production of
HyFAs alone led to formation of DCAs by endogenous alcohol and
aldehyde dehydrogenases (Han et al., 2017). We also considered for-
mation of C8-DCAs from C8-HyFAs under our conditions, but C8-DCA
titers always remained below the detection limit. Future strategies for
C8-DCA formation should consider and test the overexpression of het-
erologous alcohol and aldehyde dehydrogenases with specific
medium-chain activity.

CYP539A7

3.4. Influence of heme on 8-hydroxyoctanoic acid titers in glucose
conditions

The reactions of CYPs are dependent on heme in the active center
(Munro et al., 2007b). Heme can also serve as a signaling molecule and
efforts have been made to understand the regulation of heme biosyn-
thesis in S. cerevisiae (Keng and Guarente, 1987; Zhang and Hach, 1999;
Mense and Zhang, 2006). The cellular levels of heme have been found to
be dependent on the carbon source and availability of oxygen (Zitromer
and Lowrym, 1992). Under glucose/anaerobic conditions heme levels are
low but are increased under ethanol/aerobic conditions (Zhang et al.,
2017). We hypothesized that - when glucose is used as a carbon source -
heme might be limiting the CYP activity, which could result in reduced
titers of C8-HyFAs compared to ethanol/glycerol medium (Fig. 3a).
Upregulation of known bottleneck reactions of heme biosynthesis HEM2,
HEM3 or HEM12 (Michener et al., 2012) or deletion of heme oxygenase
HXM]1 (Savitskaya et al., 2019), which is involved in heme degradation,
have been shown to increase heme levels. It was reported that heme
levels can also be increased by supplementation of hemin or by the heme
precursor 5-aminolevulinic acid (ALA) (Zhang et al., 2017). Therefore,
we tested if supplementation of ALA or hemin influences the production
of C8-HyFAs in a bioconversion experiment using buffered YPD medium.
ALA did not influence C8-HyFA titers compared to YPD medium without
supplement (Fig. 4), which is consistent with the observation that the
formation of ALA is not the rate limiting step of heme biosynthesis
(Hoffman et al., 2003). However, titers were increased by about 2-fold
when hemin was supplemented. Although hemin supplementation
increased C8-HyFA titers in glucose medium, titers remained below those
measured in ethanol/glycerol medium (about 50% reduced) (Figs. 3b
and 4). Therefore, it is unlikely that heme availability is the only
bottleneck for C8-FA hydroxylation under glucose conditions. Never-
theless, improvement of heme supply is certainly a target for future
studies, and strategies to increase endogenous heme levels (Michener
et al., 2012; Savitskaya et al., 2019) will have to be included in pro-
duction strain engineering.

Furthermore, the limited capacity of the yeast cells to express func-
tional membrane proteins such as CYPs must also be considered (Mich-
ener et al., 2012). A possible reason for increased hydroxylation activity
in ethanol/glycerol media might be attributed to altered lipid composi-
tion on non-fermentative carbon sources (Alexandre et al., 1994; Huffer
etal., 2011; Henderson and Block, 2014; Cray et al., 2015), which may be
beneficial for functional expression of membrane bound
CYP539A7-cprA. Additionally, ethanol increases the toxic effect of
C8-FAs (Legras et al., 2010) which could trigger higher conversion rates
to non-toxic HyFAs. An effect of the carbon source on the transcriptional
level may also be considered, since the activity of the TDH3 promoter on
ethanol is reduced compared to its activity on glucose and galactose
(Peng et al., 2015). A reduced transcript level may be beneficial to avoid
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Fig. 4. Bioconversion of octanoic acid to 8-hydroxyoctanoic acid with hemin
and ALA supplementation. Bioconversions were performed with strain SHY24
(Afaa2) expressing CYP539A7 pALD6-cprA in buffered YPD medium supple-
mented with 50 mg/L C8-FA and additional supplementation of 5-aminolevu-
linic acid (ALA, 300 pg/mL) or hemin (50 pg/mL). Samples were taken after
48 h. Values and error bars represent mean and standard deviation of two
biological replicates.

possible aggregation caused by the overexpression of a heterologous
membrane protein. A very likely explanation for the beneficial effect of
ethanol-containing media may also be found in the redox cofactor supply.
Ethanol is converted to acetate via acetaldehyde by the consecutive ac-
tion of the alcohol dehydrogenases and aldehyde dehydrogenases. The
involvement of the NADP-dependent isoform Ald6 in ethanol catabolism
may provide increased amount of NADPH, which is required for the
hydroxylation by CYPs, compared to glucose-grown cells. Thus,
redox-cofactor supply is also an important target for future studies.

3.5. De novo biosynthesis of 8-hydroxyoctanoic acid from glucose and
ethanol

Recently, the biosynthesis of medium-chain FAs was established by
rational engineering of the FAS (Gajewski et al., 2017). A mutation in the
MPT domain of FAS1 (R1834K) enabled production of C8-FAs with high
specificity. We wanted to combine C8-FA synthesis with o-hydroxylation
by CYP. For that, a plasmid expressing mutated fatty acids synthase
(FASIR1834K/FASZ) was transformed together with the best performing
CYP (pTHD3-CYP539A7 pALD6-crpA) in a fas1/2 deficient strain with
faa2 deletion (SHY34) and fermented in YP medium with ethanol or
glucose with or without hemin supplementation. The mutated FAS was
expressed from a low copy (CEN6/ARS4) plasmid because a higher copy
number (2micron) had no beneficial effect on octanoic acid production
(Supplementary Fig. 1). Additionally, an empty vector control was used
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instead of pTDH3-CYP539A7 pALD6-cprA expression. All three fermen-
tation conditions successfully resulted in de novo formation of C8-HyFA
(Fig. 5a). Fermentations in glucose medium resulted in low titers,
which did not exceed 1 mg/L. As already shown in the bioconversion
experiments, hemin supplementation increased titers by 68%. The use of
ethanol/glycerol media additionally increased titers by 2.3-fold. To
quantitatively compare the utilization of different carbon sources for
C8-HyFA production, we calculated the molar yields (pmol product per
mol of carbon source; Supplementary Table 2) at the terminal time point
(120 h). In ethanol/glycerol media, no detectable consumption of glyc-
erol has occurred in the course of fermentation (Supplementary Fig. 2),
so that the production of C8-HyFA occurred only from ethanol. Inter-
estingly, the molar yields in glucose/hemin media were highest, but
when the values were normalized to the cell density (ODgoo), the values
obtained in ethanol/glycerol were comparable to those obtained in glu-
cose/hemin media, while the lowest performance was achieved in
glucose media without hemin addition (Supplementary Table 2). This
observation underlines the importance of heme for the functionality of
CYPs. After 120 h of fermentation in all samples high amounts of C8-FA
(52-100 mg/L) remained detectable. Whereas ethanol/glycerol media
did not have a significant influence on C8-FA production, they yielded
the highest C8-HyFA to C8-FA ratios (Fig. 5b). This again shows that
activity of the CYP and not C8-FA production is the bottleneck for
C8-HyFA production under all three conditions tested. Efficient electron
transfer from CPR to CYP is important for high CYP activity. Artificial
fusion proteins of CYP and CPR have been explored in many studies and
can improve CYPs catalytic activity by forcing both partners into close
proximity (Munro et al., 2007a). Therefore, in order to improve CYP
activity, the fusion to CPR should be considered as a future engineering
strategy.

4. Conclusions

Here, we present for the first time the proof of concept for de novo
biosynthesis of 8-HyFA in S. cerevisiae. Production of 8-HyFA was ach-
ieved from glucose or ethanol by combining o-hydroxylation of C8-FA by
cytochrome P450 with C8-FA production via a mutated FAS. We show
that the choice of fermentation conditions and of the carbon source are
critical and that the w-hydroxylation is the limiting step in the process.
Possible targets for further strain improvement were identified. We show
that medium-chain HyFAs and DCAs are little or non-toxic for
S. cerevisiae, so that high production titers should be possible in the
future.
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Fig. 5. De novo biosynthesis of 8-hydroxyocta-
noic acid. Mutated fatty acid synthase

(FASTR'834%/EAS2) and pTDH3-CYP539A7 with
PALDG6-cprA were expressed in the strain SHY34
which was grown in YP medium containing
indicated carbon sources with or without hemin
supplementation. Note that ethanol media addi-
tionally contained glycerol (see Materials &
Methods). As a negative control, an empty vector
was introduced instead of CYP539A7 and cprA. a)
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Abbreviations

OD600 optical density at 600 nm
CoA coenzyme A

FAS fatty acid synthase

CYP cytochrome P450

CPR cytochrome P450 reductase
ALA 5-Aminolevulinic acid

FA fatty acid

HyFA ®-hydroxy fatty acid
DCA a,0-dicarboxylic acid

SC synthetic complete

YP yeast extract and peptone
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