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ABSTRACT: Establishing eflicient synthetic pathways for microbial produc- o)
tion of biochemicals is often hampered by competing pathways and/or MOH
insufficient precursor supply. Compartmentalization in cellular organelles can Fa{gygcid
isolate synthetic pathways from competing pathways, and provide a compact
and suitable environment for biosynthesis. Peroxisomes are cellular organelles
where fatty acids are degraded, a process that is inhibited under typical ”
fermentation conditions making them an interesting workhouse for production 9
of fatty-acid-derived molecules. Here, we show that targeting synthetic NN
pathways to peroxisomes can increase the production of fatty-acid-derived fatty By prgducts
alcohols, alkanes and olefins up to 700%. In addition, we demonstrate that (Fatty alcohol)
biosynthesis of these chemicals in the peroxisomes results in significantly
decreased accumulation of byproducts formed by competing enzymes. We
further demonstrate that production can be enhanced up to 3-fold by
increasing the peroxisome population. The strategies described here could be
used for production of other chemicals, especially acyl-CoA-derived molecules.

Oleo-
/ chemicals,

Bl INTRODUCTION

Efficiency and selectivity are key factors for development of
chem-" and biocatalysts,” as they determine the overall process
economy. However, for whole-cell biocatalysts, construction of
synthetic pathways for biochemical production is often
hampered by competing pathways and/or insufficient precursor
supply. For example, while constructing a synthetic yeast cell
factory for production of alkanes, ideal drop-in biofuels, we
found that there was a much higher accumulation of byproduct
fatty alcohols than alkanes.”” The high level accumulation of
fatty alcohols may be attributed to promiscuous aldehyde
reductases/alcohol dehydrogenases (ALR/ADHs) in the
cytosol that compete for the fatty aldehyde intermediates’
with the less efficient fatty aldehyde deformylating oxygenase
(ADO, k, < 0.1 min™").° Thus, novel approaches are urgently
required to increase the productivity of alkanes and other oleo-

fatty aldehyde-preferring ALR/ADHs localized in the perox-
isome.'” Thus, targeting the synthetic pathway into the
peroxisomes may prevent the loss of the fatty aldehyde
intermediates toward fatty alcohol biosynthesis by secluding the
alkane biosynthetic pathways from the cytosolic competing
ALR/ADHs. Furthermore, it has been suggested that the
peroxisomes have many potential advantages for the production
of fatty acyl-CoA-derived chemicals, such as a more compact
space for improved substrate channelling."* Furthermore, there
is a peroxisomal NADP-dependent isocitrate dehydrogenase
isoenzyme Idp3 that is providing NADPH,"*™"” which is
required for the reduction of acyl-CoAs or fatty acids toward
highly reduced molecules such as alkanes and alcohols.

For these reasons, we decided to evaluate whether the yeast
peroxisomes can be harnessed to produce fatty-acid-derived
chemicals and biofuels: fatty alcohols, alkanes and olefins. To

chemicals and biofuels in yeast.”

Compartmentalization of the biosynthetic pathways could
avoid the strong competition for metabolic precursors and
intermediates from competing pathways, which would decrease
the accumulation of byproducts. Though mitochondria have
been engineered for production of a group of chemicals such as
isoprenoids®” and fusel alcohols,'” the mitochondrial ADHs""
make it not suitable for alkane production since ADHs will
compete for the fatty aldehyde. In contrast, there is no reported
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demonstrate this concept, we first targeted a one-step pathway
for production of fatty acyl-CoA-derived fatty alcohols. We
then constructed a multistep pathway for fatty-acid-derived
alkane biosynthesis, which in the cytosol suffers from strong
competition from fatty alcohol production catalyzed by efficient
endogenous ALR/ADHs. By using this model system, we
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Figure 1. Peroxisomal compartmentalization improved production of fatty acyl-CoA derived fatty alcohol. (a) Schematic view of metabolic pathway
for fatty alcohol production. (b—d) Titers, average chain lengths, and unsaturation degrees of fatty alcohols. YJZ-F1 and YJZ-F3 are strains that
express cytosolic or peroxisomal FaCoAR, respectively, in wild-type background; YJZ-F4 and YJZ-F6 represent cytosolic or peroxisomal expression
of FaCoAR, respectively, in a poxIA background. Unsaturation degrees represent the average double bond number in the fatty alcohols. (e) Time
profile of fatty alcohol production and glucose concentration. All data represent the mean + SD of three yeast clones.

clearly show that peroxisome compartmentalization not only
increases the production of target molecules, but also decreases
byproduct formation. We further show that enhancing the
peroxisome population by engineering the peroxisomal bio-
genesis can improve the biosynthesis. Finally, we show that the
advantage of peroxisomal pathway localization for improving
production of fatty-acid-derived chemicals is generalizable as it
also enables increased olefin production. Thus, our results
demonstrate that peroxisome targeting is a feasible strategy for
improving production of fatty-acid-derived chemicals and we
anticipate that future research could extend this to be used for
production of other acyl-CoA-derived chemicals.

B RESULTS

A Proof of Concept: Peroxisomal Production of Fatty
Acyl-CoA-Derived Fatty Alcohols. First, we needed to verify
that the peroxisomes contain a sufficient level of precursors and
cofactors (e.g, NADPH) to support the biosynthesis of fatty-
acid-derived molecules. For this we constructed a one-step fatty
alcohol synthetic pathway (Figure la) by expressing a
bifunctional fatty acyl CoA reductase (FaCoAR) from Mar-
inobacter aquaeolei."® We first compared different contexts of
the peroxisomal targeting signal, and found that when the signal
per2 (GGGSAAVKLSQAKSKL) was used for targeting
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FaCoAR to the peroxisome we obtained the highest fatty
alcohol production (Figure S1). Fluorescence microscopy
analysis verified that per2 tagged FacoAR efficiently targeted
to the peroxisomes (Figure S2). Peroxisomal targeting of
FaCoAR increased fatty alcohol production by 2.7-fold to 12.4
mg/L in a wild-type background (strain YJZ-F1 vs YJZ-F3,
Figure 1b). Blocking fatty acid degradation, by deleting the fatty
acid oxidase encoding gene POXI involved in p-oxidation,
increased cytosolic fatty alcohol production by 68%, but
blocking f-oxidation did not increase production of perox-
isomal fatty alcohols (Figure 1b), which indicated that
peroxisomal FaCoAR could efficiently compete for fatty acyl-
CoA with the f-oxidation pathway. It is worth mentioning that
peroxisomal targeting of FaCoAR resulted in a slightly higher
proportion of shorter (Figure 1c) and unsaturated (Figure 1d)
fatty alcohols than the cytosolic pathway in a wild-type
background (strain YJZ-F1 vs YJZ-F3). The product profiles
were similar in a poxIA background with peroxisomal and
cytosolic FaCoAR (train YJZ-F4 vs YJZ-F6, Figure 1c,d), which
suggested that an intact f-oxidation pathway provided more
shorter and unsaturated fatty acyl-CoA intermediates as
substrates for peroxisomal fatty alcohol biosynthesis.

The strain YJZ-F4 carrying the cytosolic FaCoAR reached
the highest fatty alcohol titer after 12 h of growth on glucose,
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while the peroxisome pathway containing strain YJZ-F6 had a
higher fatty alcohol production rate in the glucose phase and
kept producing fatty alcohols after all glucose had been
consumed (Figure le). These results demonstrated that
peroxisomal compartmentalization improved fatty alcohol
production with an elevated productivity and a prolonged
biosynthesis span.

To verify the applicability of this strategy in other genetic
background, we targeted FaCoAR to the peroxisomes in a fatty
acyl-CoA overproducing strain JV03'? with blocked fatty acyl-
CoA consuming pathways (including f-oxidation, sterylester
and triacylglycerol biosynthesis) (Figure 2a). We observed that

]

)I\S—COA

Acetyl-CoA

Cytosol

1.2
kAt
oA ™

<
9
LN
<'?on Triacylglycerol

FaCoAR

“Th S-C
. a4—  Fatty acyl-CoA
Ao

H
Fatty alcohol

Peroxisome

N4 S—CoA
B-oxidation } Fatty acyl-CoA

POX1 *Fa CoAR

Acetyl-CoA A on

Fatty alcohol

Fatty alcohols (mg/L)
S B @
o o o

Cytosolic FaCoAR + - + -
Peroxisomal FaCoAR - + - +
Dodecane overlay _ + +

N A N2 N2

Figure 2. Peroxisomal compartmentalization improved fatty alcohol
production in a fatty acyl-CoA overproducing strain. (a) Schematic
view of the metabolic pathways for fatty alcohol production with
blocked fatty acyl-CoA consuming pathway. (b) Fatty alcohol titers.
The data represent the mean + SD of three yeast clones.

peroxisomal compartmentalization improved fatty alcohol
production by 220% (strain YJZ-F27 vs YJZ-F28, Figure 2b).
Using a dodecane overlay for in situ extraction, strain YJZ-F28
carrying peroxisomal FaCoAR also had a 63% higher fatty
alcohol production (193 mg/L) compared to the cytosolic
pathway strain YJZ-F27 (Figure 2b), which is comparable with
a previous study with shake flask cultivation.”® These results
show that a higher fatty acyl-CoA supply is helpful for fatty
alcohol production catalyzed by FaCoAR and suggest that
peroxisomes might have a higher level of precursor for
biosynthesis of fatty-acid-derived chemicals. This gave us
confidence to engineer the peroxisomes for producing other
fatty-acid-derived oleo-chemicals and biofuels.

Peroxisomal Production of Fatty-Acid-Derived Alka-
nes. Next, we engineered the peroxisomes for production of
alkanes, an ideal gasoline and diesel substitute because of their
high similarity to fossil oil-derived liquid fuels.”' We recently
established long-chain alkane production in Saccharomyces

cerevisiae by introducing fatty acyl-CoA’ or free fatty acid
(FEA)* based pathways. However, the titers were extremely
low (<1 mg/L) and there were much higher accumulation of
fatty alcohols.”* A limited availability of fatty aldehydes was
also observed in a recent study on alkane biosynthesis in
yeast.”” The main reasons might be that aldehyde-deformylat-
ing oxygenase (ADO) has a low efficiency (k. < 0.1 min~")
and is also inhibited by its own byproduct hydrogen peroxide
(H,0,).° Furthermore, there are a large number of endogenous
promiscuous ALR/ADHs that compete for the intermediate
fatty aldehyde™ in S. cerevisiae.”* Peroxisomes have at least
three potential advantages for alkane production (Figure 3a):
they (1) provide spatial proximity for substrate channelling;*’
(2) contain the peroxisomal catalase Ctal that may relieve the
H,0, inhibition of the ADO; (3) seclude competing enzymes
such as aldehyde reductases, which would decrease fatty alcohol
accumulation. We thus compartmentalized the Synechococcus
elongatus fatty acyl-CoA derived pathway (SeAAR, SeADO with
the electron transfer system of E. coli, ferredoxin EcFd and
ferredoxin reductase EcFNR) into the peroxisomes (Figure S2),
which enabled a 40% increase of alkane production in a wild-
type background (Figure 3b). We also evaluated an alternative
ADO from Nostoc punctiforme PCC73102*° (NpADO), but this
was found to be less efficient than SeADO for alkane
production in the peroxisomes (Figure S3). We further
evaluated the cognate electron transfer system (SeFNR and
SeFd)”’ from S. elongates and found that this improved alkane
production slightly compared with the Escherichia coli system
and was thus used further on. However, an engineered self-
sufficient aldehyde deformylating oxygenases fused to the
electron transfer system, which had improved activity in vitro,”®
resulted in a lower alkane titer compared with the native
enzymes (Figure S3).

Our previous study showed that a FFA based pathway was
more efficient than a fatty acyl-CoA derived pathway in regards
of cytosolic alkane production in yeast." We therefore targeted
an FFA based pathway to the peroxisome by expressing a
Mycobacterium marinum carboxylic acid reductase (MmCAR)>
and its activation cofactor-4’-phosphopantetheinyl transferase
NpgA from Aspergillus nidulans (Figure 3a). Similarly,
peroxisomal compartmentalization of the FFA based pathway
(strain A10) resulted in a 90% higher alkane titer compared
with the cytosolic pathway, and a 200% higher alkane
production (0.06 mg/L) compared with the peroxisomal fatty
acyl-CoA-derived pathway in a wild-type background (Figure
3b).

We then tried to increase the fatty acid supply by deleting
POX1 to block f-oxidation. However, POX1 deletion only led
to a marginal improvement of alkane production (Figure 3c).
Interestingly, deletion of HFDI encoding fatty aldehyde
dehydrogenase increased alkane production by 10-fold, which
was similar to the effect of hfdlA on cytosolic alkane
biosynthesis (Figure 3c). It should be mentioned that HFDI
deletion resulted in a 65-fold higher fatty alcohol accumulation
with the cytosolic alkane biosynthesis pathway, indicating Hfd1
had a much higher efficiency than ALR/ADHs in competing for
fatty aldehydes (vug; > Vvaipsapms)- The much higher
accumulation of fatty alcohols (11.18 mg/L) compared to
alkanes (0.52 mg/L) showed the strong competition of ALR/
ADHs over ADO (vp1p/apns > Vapo)- Furthermore, MmCAR
expressing strain Al2 had a much higher fatty alcohol
production (11.18 mg/L) compared to the background strain
YJZ03 (1.52 mg/L) in an hfd1A strain, which suggested the
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Figure 3. Peroxisomal compartmentalization improved alkane production. (a) Schematic view of the metabolic pathways for alkane production. (b)
Peroxisomal compartmentalization improved the alkane production for both fatty acyl-CoA and fatty acid based pathways in a wild-type background.
(c) Effect of peroxisome targeting on alkane production and fatty alcohol accumulation with the FFA based pathway. (d) Effect of deletion of alcohol
dehydrogenase gene ADHS and aldehyde reductase gene SFAI on alkane production and fatty alcohol accumulation. (¢) MmCAR activities in
strains harboring the cytosolic (strain A12) and peroxisomal (strain A14) pathways. All data represent the mean + s.d. (*P < 0.05; **P < 0.01, by

Student’s t test) of three yeast clones.

that heterologous alkane pathway provided much more fatty
aldehydes compared to those generated by endogenous
sphingolipid degradation.”’

Peroxisomal compartmentalization resulted in significant and
similar improvements (about 1-fold) for alkane production in
different strain backgrounds. While the byproduct fatty alcohol
titer decreased much more in the hfdIA background (50%
decrease, strain Al4 vs Al2) than in the control background
(32% decrease, strain A13 vs All) (Figure 3c), fatty alcohol
production was still much (S-fold) higher than alkane
production in the hfd1A background. These results suggested
that the fatty aldehydes may be able to diffuse across the
peroxisomal membrane and then be converted to FFAs by
Hfdl in the cytosol, since the peroxisome membrane is
permeable for metabolites smaller than 400 Da."”

Deletion of the cytosolic ALR/ADH genes ADHS and SFAI
slightly increased cytosolic alkane production with decreased
fatty alcohol accumulation, while their deletion had no effect on
peroxisomal alkane production and fatty alcohol accumulation
(Figure 3d). These observations suggested that the fatty
aldehyde diffusion rate (vp;) was slower than the catalytic rate
of ALR/ADHs but faster than the catalytic rate of ADO
(VaLr/ADHS > VDigf > Vapo), and thus the peroxisomal membrane
could seclude ADO from the competing cytosolic ALR/ADHs.
In summary, we speculate that the efficiency of fatty aldehyde
consuming processes followed the order of vy > Varr/apms >
Vg > Vapo (reflected by the line width in Figure 3a).

15371

We also evaluated enzyme activities and strain Al4 carrying a
peroxisomal pathway had a 45% higher MmCAR activity
compared with strain Al2 carrying the cytosolic pathway
(Figure 3e), which probably owing to a more appropriate
environment for protein function compared with the
cytoplasm. Interestingly, the strain Al4 with higher MmCAR
activity had a much lower fatty alcohol accumulation. This was
again in agreement with the observation that peroxisomal
compartmentalization significantly increased alkane production
by secluding the alkane biosynthetic pathways from the
competing cytosolic ALR/ADHs, though Hfd1 seems to have
a high affinity for the fatty aldehydes and therefore is able to
convert fatty aldehydes that partly diffuse out of the
peroxisomes. It should be mentioned that the increase of
enzymatic activity (45% increase) is less than the alkane
production improvement (100% increase) of peroxisomal
pathway compared to cytosolic pathway. These results
suggested that the higher alkane titer with the peroxisomal
pathway was a combinatorial effect of improved enzymatic
activity and relieved side-pathway competition by peroxisomal
compartmentalization.

Engineering Peroxisomal Biogenesis for Improving
Biosynthesis. Even though peroxisomal targeting significantly
improved the production of alkanes, the titer needs to be
further enhanced. As there are only a very small number of
peroxisomes in cells grown on glucose (Figure 4d and Figure
S2), we explored the opportunity to increase the peroxisome
population in order to improve alkane production (Figure 4a).
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Peroxisome biogenesis is highly controlled and the growth and
division of peroxisomes are regulated by different mechanisms
involving peroxins.”® Several reports showed that different
peroxisomal integral membrane proteins are involved in
regulating peroxisome population. For example, Pex30-32
have been shown to be involved in peroxisome proliferation
and their deletion resulted in increased peroxisome number and
size.”! As a proof of concept, we investigated the effect of
combinatorial deletions of PEX30-32 on the production of fatty
acyl-CoA-derived fatty alcohols by using the available knockout
strains in a $288C background.” Among the deletion
combinations, pex31,32A increased fatty alcohol production
by 20% for the peroxisomal pathway, but had a slightly negative
effect on cytosolic pathway-based fatty alcohol production
(Figure S4). A previous study showed that pex31,32A increased
the peroxisome number and size,”’ which might contribute to
the improvement of peroxisomal fatty alcohol production. We
further introduced the pex31,32A double deletion into the
CEN.PK derived strain YJZ03. With peroxisomal FaCoAR
expression, pex31A increased fatty alcohol production by 28%
and pex31,32A resulted in a more significant increase of fatty
alcohol production (77%, Figure 4b). Fluorescence microscopy
analysis of the cells showed that the pex31,32A strain contained
more and larger peroxisomes (Figure 4d). Previous studies
described that the peroxisome number in a pex31,32A strain
increased as a result of oleic acid supplementation.31 Here, we
show that the double deletion also increased the peroxisome
size and number in glucose-containing media.
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We then implemented this strategy for improving alkane
production. Consistently, the pex31A strain led to an increased
alkane production by 22% and the pex31,32A strain exhibited a
25% higher alkane production (Figures SS and 4c). However,
the accumulation of byproduct fatty alcohols increased even
more (by 50%), which might be attributed to a higher
permeability of the peroxisome membrane for fatty aldehydes
(which are then converted by cytosolic ALR/ADHs toward
fatty alcohol biosynthesis). Actually, fluorescence microscopy
showed that the peroxisomal membrane protein Pex3-GFP did
not target to the peroxisome membrane properly, while matrix
protein SeADO-GFP was properly localized to the peroxisomes
(Figure 4d). These results suggest that deletion of PEX31,32
results in changes in peroxisomal membrane structure or
composition, which may in return also have resulted in changes
in permeability.

Besides biogenesis induction by peroxins, some peroxisome
integral membrane proteins are responsible for constitutive
peroxisome division and may therefore serve as further
engineering targets. Pex34 is such a peroxin that works
together with Pex11 to control the peroxisome population of
cells under conditions of both peroxisome proliferation and
constitutive peroxisome division.”>*? Overexpression of PEX11
increased alkane production slightly (Figure S5¢), which might
be attributed to its pore forming activity that may perturb the
peroxisome homeostasis.”* PEX34 overexpression significantly
improved alkane production by 54% (Figure 4c), though the
strain had a lower biomass yield (Figure SSb). More
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importantly, the fatty alcohol accumulation in a PEX34
overexpression strain A20 was 26% lower compared to the
control strain (Figure 4c), which indicated that there was less
diffusion of fatty aldehydes out of the peroxisomes in the
PEX34 overexpression strain and it did not have the same
potential influence on the membrane structure as the
pex31,32A strain. Consistently, fluorescence microscopy
showed that PEX34 overexpressing cells had more peroxisomes
compared with the control strain, and both matrix protein
SeADO-GFP and membrane protein Pex3-GFP targeted to the
peroxisomes properly (Figure 4d). Combining PEX34 over-
expression with the pex31,32A (strain A22) further increased
alkane formation to 3.55 mg/L, which was 3-fold higher
compared to the control (strain Al4) and 7-fold higher
compared to the titer obtained using a cytosolic pathway. It
should be emphasized that the biomass specific alkane titer in
strain A22 compared with strain A14 increased even more (3.5-
fold) (Figure S6), because engineering of the peroxins slightly
reduced the biomass yields in the shake flask cultures. These
data show that the titers are positively correlated with the
peroxisome number (Figure 4c and 4d), which could be
regulated by engineering peroxisome biogenesis. Consistently,
the increased number of peroxisomes resulted in higher
MmCAR activity, which might contribute to the elevated
alkane production (Figure 4e). It is worth mentioning that
PEX31,32 deletion and PEX34 overexpression had no effect on
cytosolic alkane production (Figure S7), which verified that
engineering these peroxins actually increased the peroxisome
number without interruption of cytosolic fatty acid metabolism.

Expanding Peroxisomal Compartmentalization for
Olefin Production. We finally evaluated the use of
peroxisomal compartmentalization for production of olefins,
which are used as surfactants and lubricants. Olefins can be
synthesized from free fatty acids by polyketide synthases,>*
H,0,-dependent P450 enzymes’’ and iron dependent fatty
acid decarboxylases.”® Cytosolic expression of a codon-
optimized oleT, encoding a P450 fatty acid decarboxylase
from Jeotgalicoccus sp. ATCC8456,”" enabled production of
olefins at 0.12 mg/L in a fatty acid overproducing strain YJZ06
(Figure S). The main product was 1-heptadecene (C17:1),
similar to a previous report.”” This titer is higher than what was
observed for expression in a faal,4A strain by Chen et al,*
which could be due to differences in strain background and
cultivation conditions. Since OleT is hydrogen peroxide-
dependent, which could limit the reaction, a previous study
by Liu et al.*’ sought to find alternative redox partners for this
enzyme. Liu et al. fused OleT to a P450 reductase domain
RhFRED from Rhodococcus sp. to render the enzyme NADPH-
dependent. Furthermore, their study showed that E. coli
flavodoxin and flavodoxin reductase can support OleT activity
in vitro, but overexpression in vivo was not reported. Therefore,
we tested both strategies. The OleT-RhFRED fusion protein
decreased olefin production (Figure S8), similar to what was
observed in the fatty acid overproducing E. coli strain by Liu et
al. OleT together with the potential electron transfer system
from E. coli (consisting of flavodoxin FIdA and flavodoxin
reductase ECFNR; FIdA/FNR) increased olefin production by
20% (Figure Sb). Furthermore, overexpression of the molecular
chaperones GroEL/GroES for improving P450 folding did not
further increase olefin production (Figure S8). Alternatively, we
expressed OleT together with FIdJA/FNR in the peroxisomes.
Peroxisomal compartmentalization improved olefin production
by 40% compared with the use of the cytosolic pathway (Figure
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Figure 5. Peroxisomal compartmentalization improved olefin
production in yeast. (a) Schematic view of the metabolic pathway.
(b) Olefin titers from the corresponding strains. C1S5:2, 1,7-
pentadecadiene; C15:1, 1-pentadecene; C17:2, 1,8-heptadecadiene;
C17:1, 1-heptadecene. All data represent the mean + SD of three
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Sb). These results demonstrated that peroxisomal compart-
mentalization can be used as a general strategy for producing
oleo-chemicals that are derived from fatty acyl-CoAs or free

fatty acids.

B DISCUSSION

Here we systematically explored the possibility to use the yeast
peroxisomes for production of fatty-acid-derived chemicals.
Though peroxisomes play a prominent role in oxidation of toxic
or nontoxic “waste” molecules such as fatty acids and H,0,, we
show that peroxisomes can be harnessed for reductive
biosynthesis of fatty-acid-derived chemicals with high value.
This “turn waste to value” concept combines several advantages
such as a high level of precursor, a more compact space for
substrate channelling and an environment without competing
pathways.

Peroxisomal targeting of the fatty acyl-CoA reductase
FaCoAR enabled a 4-fold higher production of fatty alcohols
than the cytosolic pathway (Figure 1). This peroxisomal
compartmentalization strategy proved to be even more
advantageous for alkane production. In this case, the alkane
biosynthesis severely suffered from the strong competition by
promiscuous ALR/ADHs” present in the cytosol. Side-pathway
competition is a consistent challenge in metabolic engineering
and often limits the yield of target products. Although blocking
competing pathways by deleting corresponding genes is a
common strategy, it is challenging to completely delete all
ALR/ADHs, because some of them are involved in reductive
biosynthesis of essential metabolites.”' More importantly, many
of these ALR/ADHs play an important role in relieving the
toxicity of inhibitors present in biomass hydrolysates such as

furfural and $-hydroxymethylfurfural,"* which is essential for
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future efficient biomass utilization. Peroxisomal compartmen-
talization improved alkane production by 2-fold and signifi-
cantly decreased the accumulation of fatty alcohols (Figure 3),
which indicated that peroxisomal targeting could reduce the
loss of intermediate fatty aldehydes.

Protein fusion and scaffolding strategies have been
successfully used for improving cellular substrate channel-
ling.43_45 However, these strategies sometimes suffer from the
loss of enzyme activity and can be challenging for multiprotein
pathways due to the difficulty in constructing a functional
multidomain enzyme or protein complex. Alternatively,
suborganelle compartmentalization of synthetic pathways has
been shown to be helpful for biosynthesis. For example,
mitochondrial compartmentalization of the respective metabol-
ic pathways improved the production of isoprenoids,™” fusel
alcohols'” and acetoin.”® These studies showed that organelle
compartmentalization can provide a more suitable environment
(high level of precursor'”*” and organelle specific cofactors™'”)
for biosynthesis of specific products. However, mitochondria
are not suitable organelles for alkane production since they
contain multiple ADHs'' that may compete for the fatty
aldehydes. We are the first to show that organelle
compartmentalization of multiple-step biosynthetic pathways
can significantly decrease the accumulation of byproducts by
secluding the biosynthetic pathways from efficient competing
enzymes (Figure 3). Peroxisomes have been used for
production of polyhydroxyalkanoate (PHA)*™° and fatty
alcohols®’ by expressing a single enzyme to transform the
intermediates of fatty acid f-oxidation. Peroxisomes have also
been harnessed for production of penicillin in Aspergillus
nidulans by targeting a cytosolic step of penicillin biosynthesis
into peroxisomes for enhanced substrate channeling.*” We here
show that reconstruction of an entire heterologous pathway in
the peroxisomes can improve production of a group of
chemicals with decreased byproduct accumulation.

As S. cerevisiae contains only a very small number of
peroxisomes under glucose-rich conditions (Figure S2), it is
feasible to increase the peroxisome population for enhanced
biosynthesis. Here we show that deletion of PEX31 and PEX32
resulted in more and larger peroxisomes and further increased
the biosynthesis of fatty acyl-CoA-derived fatty alcohols (Figure
4b and d). However, there was much less of a benefit for alkane
production, whereas the byproduct fatty alcohols increased by
50% (Figure 4c). Furthermore, the peroxisomal membrane
protein Pex3-GFP was not properly targeted to the peroxisomal
membrane (Figure 4d). All these results suggested that the
pex31,32A strain may have an altered peroxisomal membrane
structure, which could have resulted in an increased leakage of
fatty aldehydes to the cytosol for ALR/ADHs-catalyzed fatty
alcohol biosynthesis. As the peroxisome membrane is
permeable for metabolites smaller than 400 Da," the fatty
aldehydes could partly diffuse across the peroxisome mem-
brane. This is in agreement with the fact that a small amount of
fatty alcohol accumulation was observed for the peroxisomal
pathways and with the observation that deletion of HFDI is still
crucial for peroxisomal alkane biosynthesis (Figure 3c). In
contrast, PEX34 overexpression improved alkane production
without elevating fatty alcohol accumulation, which might
indicate that this constitutively expressed peroxin promoted
peroxisome proliferation without increasing membrane perme-
ability. During the preparation of our manuscript, a similar
study highlighted the peroxisomal membrane permeability by
constructing the peroxisomal prodeoxyviolacein biosynthetic

pathway.”” Our observations here further bring to the attention
that engineering peroxisome proliferation may affect the
peroxisome (membrane) structure and function, which could
affect primary metabolism beyond fatty acid degradation,
because peroxisomes play an essential role in those processes,
t00.”® Our study therefore also provides new understanding of
the biogenesis and metabolism of peroxisomes in yeast.

Finally, peroxisomal targeting of synthetic pathways also
improved olefin production (Figure S), which shows that
peroxisomal compartmentalization can be used as a general
strategy for production of fatty-acid-derived molecules.
Furthermore, this strategy can be used for in vivo evaluation
of different enzymes or cofactors (Figure S3), which should be
helpful for constructing more efficient pathways for biosyn-
thesis of alkanes and oleo-chemicals.

B EXPERIMENTAL PROCEDURES

Yeast Strains, Plasmids, and Reagents. The plasmids and
strains used in this study are listed in the Supplementary Tables 1 and
2, respectively. The primers (Supplementary Table 3) were ordered
from Sigma-Aldrich. The SeAAR and SeADO genes were codon-
optimized and synthesized as described before.> EcCFNR and EcFd were
cloned from the genome of E. coli DH3a as described before.”
FaCoAR, MmCAR, SeFNR, SeFd, NpADO, and oleT (Supplementary
Table 4) were codon-optimized for yeast expression and synthesized
by Genscript. PrimeStar DNA polymerase was purchased from
TaKaRa. Zymoprep Yeast Plasmid Miniprep II was supplied by
Zymo Research Corp. Restriction enzymes, DNA gel purification and
plasmid extraction kits were purchased from ThermoFisher Scientific.
Analytical standards for quantification of alkanes, fatty alcohols and
terminal alkenes were supplied by Sigma-Aldrich.

Strain Cultivation. Yeast strains were normally cultivated in YPD
media consisting of 10 g/L yeast extract (Merck Millipore), 20 g/L
peptone (Difco), and 20 g/L glucose (Merck Millipore). Strains
containing URA3 and/or HIS3 based plasmids/cassettes were selected
on synthetic complete media without uracil or r-histidine (SC-URA,
SC-HIS or SC-URA-HIS), which consisted of 6.7 g/L yeast nitrogen
base (YNB) without amino acids (Formedium), 20 g/L glucose
(MerckMillipore), and 0.77 g/L complete supplement mixture without
corresponding nutrition (CSM-URA, CSM-HIS or CSM-HIS-URA,
Formedium). The URA3 maker was removed and selected against on
SC+5-FOA plates, which contained 6.7 g/L YNB, 0.77 g/L complete
supplement mixture, and 0.8 g/L S-fluoroorotic acid. Strains
containing the amdSYM>* cassette were selected on SM media (5 g/
L (NH,),SO,, 3 g/L KH,PO,, 0.5 g/L MgSO,-7H,0, 6.6 g/L K,SO,,
0.6 g/L acetamide, 20 g/L glucose) trace metal and vitamin solutions™
supplemented with 40 mg/L histidine, and/or 60 mg/L uracil if
needed). Strains containing the kanMX cassette were selected on YPD
plates containing 200 mg/L G418 (Formedium).

Shake flask batch fermentations for production of alkanes, fatty
alcohols and olefins were carried out in minimal medium containing §
g/L (NH,),S0, 3 g/L KH,PO,, 0.5 g/L MgSO,7H,0, 30 g/L
glucose, trace metal and vitamin solutions® supplemented with 40
mg/L histidine, and/or 60 mg/L uracil if needed. Cultures were
inoculated, from 24 h precultures, at an initial ODgg, of 0.1 in 15 mL
minimal medium and cultivated at 200 rpm, 30 °C for 72 h.

Genetic Engineering. All episomal vectors or genome-integrated
pathways (Figure S9) were constructed by the modular pathway
engineering (MOPE) strategy.** Briefly, genes, promoters, and
terminators were amplified from the yeast genome or the custom
synthesized templates. Then, gene expression modules, consisting of a
promoter, a structural gene, a terminator, and the promoter of the next
module for homologous recombination, were assembled by one-pot
fusion PCR.** The modules were gel purified and transformed to the
S. cerevisiae. Scarless gene deletion was performed™ by using a
Kluyveromyces lactis URA3 (KIURA3) gene as selection marker. The
deletion cassettes were constructed by fusing 200—600 nucleotide
homologous arms with KIURA3. The respective S. cerevisige strains
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were transformed with the deletion cassettes and selected on SC-URA
plates. Positive clones were plated on SC+FOA plates for looping out
the KIURA3 marker via the direct repeats. An amdSYM cassette* with
80-bp homologous arms was used for PEX31 deletion.

During construction of YJZ74, it was difficult to delete PEX32 based
on the pex31A::amdSYM in strain YJZ63 for unknown reasons.
Considering the use of the same promoter and terminator in amdSYM
cassette, the available kanMX cassettes was not suitable for subsequent
PEX32 deletion in strain YJZ63 harboring pex31A::amdSYM. We first
tried a URA3 cassette with 80-bp homologous arms, however, the
loop-out of the URA3 cassette failed three times. Then we constructed
three alternative kanMX cassettes: kanMX-PX1 with promoter TEF1p
and terminator PEX32t, kanMX-PX2 only containing the kanMX open
reading frame without promoter and terminator, and kanMX-PX3 with
promoter tHXT7p and terminator PEX32t. Interestingly, replacing
PEX32 in YJZ63 was successful with the kanMX-PX3 cassette, which
indicated the expression level of kanMX should be carefully tuned for
deletion of some specific genes. The genomic manipulations were
verified with colony PCR by using the genomic DNA, which was
prepared by a quick extraction method as previously described.’’

Product Extraction and Quantification. Extraction and
quantification of fatty alcohols, alkanes and olefins were performed
as described in a previous report® with slight modifications. Briefly,
fatty alcohols were analyzed by gas chromatography (Focus GC,
ThermoFisher Scientific) equipped with a Zebron ZB-SMS GUARD-
IAN capillary column (30 m X 0.25 mm X 0.25 ym, Phenomenex) and
a flame ionization detector (FID, ThermoFisher Scientific). The GC
program for fatty alcohol quantification was as follows: initial
temperature of 45 °C hold for 2.5 min; then ramp to 220 °C at a
rate of 20 °C per min and hold for 2 min; ramp to 300 °C at a rate of
20 °C per min and hold for 5 min. The temperature of the inlet and
detector were kept at 280 and 300 °C, respectively.

Alkanes and olefins were analyzed by a GC-MS (Focus GC with a
DSQII mass spectrometer ThermoFisher Scientific) equipped with a
Zebron ZB-SMS GUARDIAN capillary column (30 m X 0.25 mm X
0.2S um, Phenomenex). The GC program for alkanes was as follows:
initial temperature of 50 °C, hold for S min; then ramp to 140 °C at a
rate of 10 °C per min and hold for 10 min; ramp to 310 °C at a rate of
15 °C per min and hold for 7 min. The olefin GC program was: initial
temperature of 50 °C, hold for 5 min; then ramp to 310 °C at a rate of
10 °C per min and hold for 6 min. The temperature of inlet, mass
transfer line and ion source were kept at 250, 300, and 230 °C,
respectively. The flow rate of the carrier gas (helium) was set to 1.0
mL per minute, and data were acquired at full scan mode (50—650 m/
z) and then analyzed by using the Xcalibur software. Since there was
no available standards for 7-pentadecene, it was identified by
comparing extract product from the alkane producing strain and the
control strain (Figure S10) and search in the NIST library. 7-
Pentadecene and 7-heptadecene were quantified by using the standard
curves of pentadecane and heptadecane, respectively. This quantifica-
tion strategy based on the response coefficients (peak area/
concentration) are almost identical for C14—C20 alkanes, 1-
pentadecene, and 1-heptadecene.

Enzymatic Assay. Cells (8 mL) that had been cultivated for 48 h
were harvested by centrifugation (4000g, S min, 4 °C) and washed
with cold buffer™® (10 mM potassium phosphate, 2 mM EDTA, pH
7.5). Cell pellets were resuspended in 0.5 mL of extraction buffer (50
mM potassium phosphate, 1 mM EDTA, 1 mM KCl, pH 7.5)
containing 10 mM DTT (Sigma), 1% (V/V) protease inhibitor
(ThermoFisher Scientific) and 15 U 100T Zymolyase (Zymo
Research). The cell suspensions were incubated at 37 °C for 60 min
and then vortexed for 30 s with 300 mg 0.2—0.4 mm glass beads. After
disruption, samples were centrifuged at 20 000g at 0 °C for 20 min,
and the supernatants were used as cell-free extracts for enzymatic
assay. The protein concentrations were quantified by using a DC
Protein Assay kit (Bio-Rad) according to the instruction manual.

The MmCAR activity assay was performed in 96-well microplates
with 100 yL of reaction mixture (50 mM Tris-Cl, 10 mM MgCl, pH
7.5, 1 mM NADPH, 1 mM ATP and 0.5 mM palmitoleic acid). Then
10 uL of cell-free extract (about S ug total protein) was added to

initiate the reaction. The reaction was monitored at 340 nm for 20 min
with a FLUOstar Omega microplate reader (BMG LABTECH
GmbH). One unit (U) MmCAR activity was defined as NADPH
oxidation rate of 1 yM/min.

Fluorescence Microscopy Analysis. For confirmation of the
protein localization, the C-termini of the proteins were fused to a
green fluorescent protein (GFP) carrying peroxisomal signal with a
flexible linker GGGS, and then the encoding genes were transformed
into the yeast strain EY1673 expressing a peroxisome marker protein
Pex3 with a C-terminal RFP tag.'” The cells were cultivated in SC-
URA or minimal media for 48 h at 30 °C, 200 rpm. Three uL of the
cell cultures were dropped onto microscope slides and then viewed
with a LEICA DM2000 microscope (Leica Microsystems CMS
GmbH). For verification of the peroxisomal targeting of the whole
alkane biosynthesis pathway, the plasmid pFluores6 (for expression of
SeAAR fused with RFP and SeADO fused with GFP) was transformed
into YJZ03 and YJZ62. The cells were cultivated in minimal media for
36 h and 3 pL cell cultures were dropped onto microscope slides and
then viewed with a LEICA DM2000 microscope.
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