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HIGHLIGHTS

» Co-cultivation boosted microbial n-heptane
production 14-fold versus co-expression.

» CvFAP fused to Thioredoxin A enhanced
hydrocarbon synthesis activity 12-fold.

»272 mg-L™" n-heptane produced within 56 h in
100-mL photobioreactor conditions.

»Blue light-inducible promoter achieved efficient
enzyme expression without IPTG.

»>High purity (>90%) bio-based n-heptane recovery
confirmed by GC-MS analysis.

GRAPHICAL ABSTRACT

Light-powered microbial production of high-purity n-heptane
for sustainable fuel and chemical applications
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The photoenzyme fatty acid photodecarboxylase (FAP) has emerged as a promising catalyst for the redox-neutral biological
production of hydrocarbons. Previous studies have shown that FAP can efficiently convert medium-chain fatty acids such as n-
octanoic acid into hydrocarbons, outperforming its natural long-chain fatty acid substrates (C16-C18). Such observation expands
the potential applications of FAP to include solvents and jet fuels. However, the limited availability of natural sources of n-
octanoic acid poses a challenge to the industrial implementation of n-heptane bioproduction. This study investigates the
hydrocarbon synthesis capacity of an E. coli strain that expresses FAP and produces n-octanoic acid, the precursor to n-heptane,
via a specific octanoyl-ACP thioesterase. Several FAPs and thioesterases were tested. A blue light-inducible promoter ensured
high expression of both enzymes, eliminating the need for chemical inducers. Fusion of FAP with thioredoxin increased n-
heptane production 12-fold. Using a co-cultivation strategy, where one strain produces n-octanoic acid and another strain
converts it to n-heptane, increased hydrocarbon production 14-fold compared to co-expressing FAP and thioesterase. Co-cultures
operated in batch mode in 100-mL photobioreactors enabled the recovery of >90%-pure n-heptane, yielding 272 mg-L™! over 56
h. This work lays the foundation for the development of an industrial bioproduction of n-heptane.
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Chemical methods of HCs synthesis, such as the Fischer-Tropsch process

Abbreviations . . (Smagala et al., 2013; Teimouri et al. 2021), Kolbe electrolysis (Kliih et al.
AfTES Anaerococcus tetradius Thioesterase 2021), and catalytic hydrotreatment of oils (Vignesh et al., 2021; Gil et al.
BL21(DE3) Escherichia coli strain used for protein expression 2024) have been developed to reduce dependence on fossil fuels. While
C8TES Octanoyl-ACP Thioesterase these alternatives are promising, Fischer-Tropsch and Kolbe electrolysis are
ChTES Cuphea hookeriana Thioesterase energy-intensive and only become truly low-carbon when renewable
CpTES-287 Cuphea palustris Thioesterase variant elect_ricity and h_ydrogen are u_sed. They also involve environmentally
CYFAP Chlorella variabilis fatty acid photodecarboxylase unfriendly cond}tlons, such as high temperatures and pressures, as well as

R L K the use of polluting metal catalysts. The enzyme-catalyzed synthesis of HCs
E. coli Escherichia coli offers a greener alternative because enzymes typically perform reactions at
FAD Flavin Adenine Dinucleotide room temperature and atmospheric pressure, requiring only the energy
FAME Fatty Acid Methyl Ester needed for mixing. Moreover, enzymes are biodegradable, and chemio-,

FAP Fatty acid photodecarboxylase regio-, and stereoselective, thereby limiting waste. Additionally,

FID Flame Tonization Detector bioctatatlyslils is safer an(tihlimitti t{le gselof mettlelll c'ataly;ts l—e;r(l:d S(ﬁveqtsalnttl}ii

context, harnessing the biological synthesis o s by industria

GC-MS Gas Chromatography - Mass Spectrometry microorganisms is a promising biotechnological opportunity (Geng et al.,

HCs Hydrocarbons 2023). Although it is still in its early stages compared to conventional

IPTG Isopropyl B-D-1-thiogalactopyranoside industrial processes, it is steadily progressing toward viable and sustainable
LB Luria-Bertani fuel production. ) ) )

LED Light-Emitting Diode . Remarkably,' nature prox{ldes adiverse array of organisms, such as plants,

insects, bacteria, and microalgae, that possess enzymes capable of

MIMS Membrane Inlet Mass Spectrometry converting fatty acids or their derivatives into linear alkanes or alkenes (Lee

0D600 Optical Density at 600 nm and Suh, 2013; Herman and Zhang, 2016; Jiménez-Diaz et al., 2017;

Light-inducib]e plasmld and promoter used for gene Jaroensuk et al., 2020) These enzymes have been expressed in yeasts,

pDawn expression bacteria, and microalgae to produce HCs (Jiménez-Diaz et al., 2017;

SDS-PAGE Sodium Dodecyl Sulfate-Polyacrylamide Gel Jaroensuk et al., 2020; Geng et al., 2023). Studies employing various

- Electrophoresis enzymes and host strains (Schirmer et al., 2010; Cao et al., 2016; Crépin et

T7 IPTG-inducible promoter system al., 2016 and 2018; Fatma et al., 2018; Yunus et al., 2018 and 2022; Bruder

B Terrific Broth etal., 2019; Yangetal., 2019; Amer et al., 2020a and b; Li et al., 2020) have

errific Bro . ; -

. mainly focused on short-chain HCs (e.g., propane, butane, and isobutane)

TEV Tobacco Etch Virus protease as well as long-chain HCs. The production of medium-chain HCs (C7-C13),

TrxA Thioredoxin A which are the major components of gasoline, jet fuel, and solvents

(Kuppusamy et al., 2019), was also explored (Akhtar et al., 2013; Blazeck

1. Introduction etal., 2013; Rui et al., 2015; Yan et al., 2016; Yunus et al., 2018 and 2022;

Moulin et al., 2019). This process involves combining the expression of an

In addition to serving as fuel, hydrocarbons (HCs) derived from HC-forming enzyme with a specific acyl carrier protein thioesterase that

petroleum are used as a precursor for a variety of chemicals and have
applications in solvents, manufacturing, and cosmetic formulations
(Niederer et al., 2016; Kuppusamy et al., 2019). The escalating global
demand for fossil HCs, coupled with environmental concerns arising from
their exploitation and impending shortages, underscores the urgent need to
identify sustainable alternative sources of HCs, especially for use in aviation
and chemistry.

shortens fatty acids. However, the yield was limited, and the saturated
medium-chain HC was not always the main product.

Fatty acid photodecarboxylase (FAP, EC 4.1.1.106) is the most recently
discovered HC-forming enzyme. It catalyzes the flavin-based
photodecarboxylation of fatty acids into HCs in algae within the photon
wavelength range of 350 to 530 nm (Sorigué et al., 2017). The activity of
this photoenzyme has been characterized in vitro using a variety of fatty
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acids, either randomly dispersed in bulk or incorporated into organized lipid
assemblies (Sorigué et al., 2017; Huijbers et al., 2018; Zhang et al., 2019;
Aselmeyer et al., 2021; Samire et al., 2023). A wealth of biophysical and
biochemical experiments has revealed its detailed mechanism (Sorigu¢ et
al., 2021). FAP was first identified in the green microalga Chlorella
variabilis NC64A (Sorigu¢ et al., 2017). It was later found to be conserved
with the same activity in various other algae (Moulin et al., 2019).

From a biotechnological standpoint, FAP is interesting because it acts
directly on fatty acids and requires no electron donor or additional cofactor
besides the native flavin adenine dinucleotide (FAD) (Sorigue et al., 2017).
Additionally, unlike other fatty acid decarboxylases such as UndA, UndB,
and OleTyg, the FAP mechanism does not create a terminal double bond in
the HC product (Jaroensuk et al., 2020). Thus, FAP has attracted the
attention of biotechnologists and chemists. The FAP from Chlorella
variabilis (CvFAP) and its derivative mutants have been used in laboratories
to produce HCs (Yunus et al., 2018 and 2022; Moulin et al., 2019; Chanquia
etal.,2022; Lietal., 2023) but also to synthesize high-value chemicals with
high yield and enantioselectivity (Zhang et al., 2020; Emmanuel et al., 2023)
and to perform deracemization of racemic mixtures (Cheng et al., 2020; Li
etal., 2021).

Interest in the biotechnological potential of FAP for producing medium-
chain HCs has been recently revived by the demonstration that CvFAP can
efficiently synthesize C7 and C9 n-alkanes under specific conditions
(Samire et al., 2023). As a purified enzyme, CvFAP exhibits greater activity
with n-octanoic acid (C8:0) than with n-hexadecanoic acid (C16:0). This
increased activity on n-octanoic acid may be partly due to an autocatalytic
effect of the n-heptane product that improves substrate stabilization.
Additionally, faster substrate turnover, which reduces FAD triplet
formation, may explain the higher stability of CvFAP observed in the
presence of n-octanoic acid (Wu et al., 2021). The high in vitro conversion
efficiency of n-octanoic acid to n-heptane by CvFAP has also been observed
in feeding experiments, where an E. coli strain expressing CvFAP converts
externally supplied fatty acids. In this context, the conversion rate of n-
octanoic acid to n-heptane exceeds that of n-hexadecanoic acid to n-
pentadecane by more than tenfold (Samire et al., 2023).

The bio-based production of n-heptane is interesting not only because of
its role in gasoline but also due to its diverse industrial applications. It is
used as a thinner in paints and lacquers, as well as in adhesives, care
products, and cleaning agents. Additionally, n-heptane is used as a solvent
and degreasing agent in the metal industry as well as a cleaning agent in
offset and letterpress printing (Rossbach et al., 2012). However, the FAP-
based bioproduction of n-heptane would still be hampered by the lack of an
abundant source of n-octanoic acid, such as a vegetable oil that is highly
enriched in this fatty acid (Jing et al., 2011; Ohlrogge et al., 2018). Thus,
the sustainable production of n-heptane by microbial systems requires that
the microbes produce n-octanoic acid. Some plants and bacteria possess
medium-chain thioesterases that can preferentially hydrolyze octanoyl-ACP
molecules to produce n-octanoic acid and ACP (Dehesh et al., 1996; Jing et
al., 2011).

This study explores the potential of E. coli strains engineered to express
CvFAP and a thioesterase that provides the n-octanoic acid precursor for
producing n-heptane. n-Heptane biosynthesis pathways remain largely
unexplored. Although this compound is of interest to chemical and transport
industries, to date, only one publication deals with its microbial production
(see Table 1, Yunus et al., 2022). Developing a microbial platform for n-
heptane synthesis could therefore fill a gap in the range of HC chain lengths
accessible through bio-based processes. Various FAPs and thioesterases
were evaluated using either a co-expression or a co-cultivation strategy. In
preparation for practical industrial applications, a light-inducible promoter
was employed to eliminate the need for chemical inducers. The production
capacity of the most promising combination was subsequently tested in 100-
mL photobioreactors. This work provides the first proof-of-concept for a
microbial photoproduction process of n-heptane, demonstrating its
feasibility while also highlighting key challenges for further optimization
and scale-up.
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2. Materials and Methods
2.1. Plasmid construction and strains used

Synthetic genes for the different FAP and octanoyl-ACP thioesterases
(C8TESs) (Table 2) were codon-optimized for expression in E. coli. The
sequence of the synthetic genes is detailed in Supplementary Information
Table S1. The FAP genes encode the proteins without their predicted
chloroplast transit peptide (Moulin et al., 2021). The CvFAP gene was
cloned into pLIC03 and pLIC07 using the Bsal restriction site. The main
difference between these two constructions is the presence of thioredoxin A
(TrxA) in-frame with CvFAP in pLICO7. The other FAP genes were also
cloned into the pLICO7 plasmid, as described previously (Sorigué¢ et al.,
2017; Moulin et al., 2021). For cloning CvFAP in the light-inducible
plasmid and promoter used for gene expression (pDawn) plasmid, the TrxA-
CVvFAP fragment was amplified by polymerase chain reaction from the
pLICO7-CvFAP construct. The product was cloned between HindIII and
Xhol restriction sites.

For cloning the different C8TESs from TrxA-CvFAP into the pDawn
plasmid, the C8TES coding sequence from Cuphea hookeriana
Thioesterase (CATES) was first cloned into the pDawn plasmid between the
Nhel and Notl restriction sites, creating the pDawn-CATES plasmid.
Secondly, the TrxA-CvFAP coding sequence was cloned into the pDawn-
ChTES plasmid between the Nhel and Xhol restriction sites, creating the
pDawn-ChTES + CVvFAP plasmid. For cloning the remaining C8TESs
(Cuphea palustris Thioesterase variant (CpTES-287) or Anaerococcus
tetradius Thioesterase (A¢TES)) coding sequences, the pDawn-ChTES +
CvFAP and the pDawn-ChTES were digested with Nhel and NotI restriction
enzymes to remove the CATES coding sequence and replace it with the
CpTES-287 or A(TES coding sequences (Supplementary Information
Table S2 for primers). For heterologous protein expression, the following
E. coli strains were used: DH5a, Escherichia coli strain used for protein
expression (BL21(DE3)), Rosetta™(DE3), Rosetta-gami™(DE3),
C41(DE3) and C43(DE3). The different E. coli strains also contain pRIL or
PRARE2 plasmids to improve protein expression. The details of all strains
used in this study are summarized in Table 3.

2.2. Culture conditions in shake flasks

E. coli cells were pre-cultured overnight at 37 °C in Luria-Bertani (LB)
broth medium containing antibiotics (kanamycin 50 pg-mL" and
chloramphenicol 34 pg-mL™"). The cultures were initiated at an optical
density at 600 nm (OD600) of 0.1 in Terrific Broth (TB) medium containing
antibiotics. All experiments were performed in triplicate using 100 mL
shake flasks containing 30 mL of culture. The cells were grown in an orbital
shaker at 37 °C and 200 rpm in the dark. When the OD600 reached ~0.8,
the temperature was lowered to 20 °C and protein expression was induced
using different concentrations of isopropyl B-D-1-thiogalactopyranoside
(IPTG) (02 mM) or different intensities of blue-light (0-1.2 pmol
photons'm?s™") via light-emitting diodes (LED). The cultures were grown
under these conditions for 16 or 18 h. For experiments involving the
addition of n-octanoic acid, 300 pL of ethanol containing n-octanoic acid
(0-8 mM final concentration) was added to the cultures after a 16-h
induction period. The cultures were then incubated for 2 h in the dark at 20
°C. Samples were collected for sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), immunoblot analysis, and fatty acid analysis
using gas chromatography coupled to mass spectrometry (GC-MS) or flame
ionization detection (FID) to determine the n-heptane production capacity
(see below).

A different culture protocol was used in experiments where the strain
expressing FAP and the strain producing n-octanoic acid were co-cultured
or mixed (four conditions in total). For conditions 1 through 3, the strains
were pre-cultured separately overnight at 37 °C in LB broth medium
containing antibiotics (kanamycin at 50 pg'-mL" and chloramphenicol at
34 ug-mL™"). Then, cultures were inoculated separately at an optical density
(OD600) of 0.1 in TB medium with antibiotics. For condition 4, each strain
was pre-cultured as described above. Cultures were initiated by inoculating
an equal number of cells from each strain into the same flask to reach a final
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Table 1.
Overview of engineered microbial strains reported for medium-chain HCs production.

Enzymes q q q q Yield Productivity
Modified Enzyme Source Host Organism Metabolic Engineering HCs (mg-L) (mg-L"h)
R -Heptane
CvFAP Chlorella varialbilis . "
CPTES  (CVFAP) Synechocystis sp. PCC6803 O verexpression of CVFAP and. CpTES n-Nonane g ~0.036%
. Deletion of AAS gene n-Undecane
AAS Cuphea palustris (CpTES) .
n-Tridecane
CvFAP Chlorella varialbilis .
UcTES (CVFAP) Synechocystis sp. PCC6803 gvle r:xp re;S[:XlSOf CIANP e YR n—gqjecane 26%* ~0.11%2
AAS Umbellularia californica (UcTES) cletion o gene n-indecane
UndB 1-Heptene
Pseudomonas mendocina (UndB) . Overexpression of UndB and CATES 1-Nonene 5 ca N wa
i’ATSES Cuphea hookeriana (CHTES) Synechocystis sp. PCCO803 1y i of AAS gene 1-Undecene 55 0.023
1-Tridecene
Uil Pseudomonas mendocina (UndB) Overexpression of UndB and UcTES 1-Undecene
; 'S S X . . - a —_ *a
X;TSES Ul el (TED) S R OO g oo oo/VaS gene |-Tridecene 2 107
n-Undecane
n-Tridecane
S n-Tridecene
CVvFAP Chlorella varialbilis (CvFAP) . . b b
UCTES Umbellularia californica (CHTES) E. coli Overexpression of CvFAP and UcTES n-Pentadecane 96 0.8
! n-Pentadecene
n-Heptadecane
n-Heptadecene
UndB Pseudomonas mendocina (UndB) . . 1-Undecene _eake ~ 010
UcTES Umbellularia californica (UcTES) 2. @b Oeegresdton G Uis ail Zem 1-Tridecene & 131
FadE
FadR n-Dodecane
FadD E. coli (FadD and ‘TesA(L109P)) Overexpression of TesA(L109P), FadD, -Tridecanc
‘TesA Clostridium acetobutylicum (ACR) E. coli ACR, CER1 2-methyl-dodecanc 580.8¢ Unknown ¢
(L109P)  Arabidopsis thaliana (CER1) Deletion of FadE and fadR g v
ACR n-Tetradecane
CERI

Abbreviations: CvFAP, Chlorella variabilis fatty acid photodecarboxylase; ChTES, Cuphea hookeriana; octanoyl-ACP/CoA thioesterase; CpTES, Cuphea palustris octanoyl-ACP/CoA
thioesterase; UcTES, Umbellularia californica dodecyl-ACP/CoA thioesterase; AAS, Synechocystis sp. PCC 6803 acyl-ACP synthetase; UndB, Pseudomonas mendocina fatty acid decarboxylase;
FadE, E. coli acyl-CoA dehydrogenase; FadR, E. coli fatty acid metabolism regulator protein; FadD, E. coli fatty acyl-CoA synthetase; TesA(L109P), E. coli thioesterase A (leaderless and with a
L109P mutation), ACR, Clostridium acetobutylicum fatty acyl-CoA reductase; CER1, Arabidopsis thaliana aldehyde decarbonylase. * Values calculated based on data from the original publications.
Yunus et al. (2022)

b Moulin et al. (2019)

¢ Rui et al. (2015)

4 Choi and Lee (2013)

Table 2.
Fatty acid photodecarboxylases (FAPs) and n-Octanoyl-ACP specific thioesterases (C8 TESs) used in this study.*

Enzyme Abbreviation Source Accession
CvFAP Chlorella variabilis (Green microalga) A0A248QEO08.1
CrFAP Chlamydomonas reinhardtii (Green microalga) XP_001703004
CcFAP Chondrus crispus (Red macroalga) XP_005714951
Fatty acid photodecarboxylase . X .
GsFAP Galderia sulphuraria (Red microalga) OR839187.1
EsFAP Ectocarpus silicolusus (Brown macroalga) CBJ25560
NgFAP Nqnnochloropszs gaditana (Eustigmatophyte OR839186.1
microalga)
AfTES Anaerococcus tetradius (Bacterium) WP_004837416.1
n-Octanoyl-CoA specific .
thioesterase CpTES-287 Cuphea palustris (Plant) AAC49179.1
ChTES Cuphea hookeriana (Plant) AAC49269.1

* The CpTES-287 variant was derived from CpFatB1.2-M4-287 (Hernandez Lozada et al., 2018) and includes an N-terminal truncation of
112 residues and two mutations (N122S and 1159M). The CATES variant corresponds to ChFatB2 (Dchesh et al., 1996).
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Table 3.
E. coli strains used in this work.

E. coli strain name Genetic background Relevant Genotype Ref.

E. coli str. B F ompT gal dem lon hsdSg(rs ms") A(DE3 [lacl lacUV5-T7p07 ind1 sam7

BL21(DE3) B834 nins]) [oalB e oo) B
Rosetta™(DE3) BL21(DE3) FompT hsdSs(rs” me’) gal dem (DE3) pRARE, Cam® _
oty ST X0t o) Pl e L DE P
C41(DE3) BL21(DE3) F ompT gal dem hsdSg(rs” ms)(DE3) _
C43 (DE3) C41(DE3) F ~ ompT hsdSB (rB- mB-) gal dem (DE3) _
DH5a K-12 fhuA2 lac(del)U169 phoA glnV44 ®80' lacZ(del)M15 gyrA96 recAl relAl endAl thi-1 ~

hsdR17
BL21(DE3) pRIL BL21(DE3) PRIL in BL21(DE3), Cam® _
BL21(DE3) pRARE2 BL21(DE3) pRARE2 in BL21(DE3), Cam® _
DHS50 pRIL DH5a pRIL in DH5a, Cam® _
BL21(DE3) pRIL pLIC03 pLICO3 in BL21(DE3) pRIL, Cam® B
BL21(DE3) pRIL pLIC03-CvFAP pLICO3-CvFAP in BL21(DE3) pRIL, Cam® This Study
BL21(DE3) pRIL pLIC07 pLICO7 in BL21(DE3) pRIL, Cam® ——
BL21(DE3) pRIL pLIC07-CvFAP pLICO7-CvFAP in BL21(DE3) pRIL, Cam® eor
BL21(DE3) pRIL pLIC07-CrFAP pLICO07-CrFAP in BL21(DE3) pRIL
BL21(DE3) pRIL pLIC07-CcFAP pLIC07-CcFAP in BL21(DE3) pRIL
BL21(DE3) pRIL pLICO7-GsFAP pLICO7-GsFAP in BL21(DE3) pRIL (\;:E ]Ii;] ctal:
BL21(DE3) pRIL pLIC07-EsFAP pLICO7-EsFAP in BL21(DE3) pRIL
BL21(DE3) pRIL pLICO7-NgFAP BL21(DE3) pRIL pLICO7-NgFAP in BL21(DE3) pRIL
BL21(DE3) pRIL pDawn pDawn in BL21(DE3) pRIL
BL21(DE3) pRIL pDawn-CvFAP pDawn-CvFAP in BL21(DE3) pRIL
BL21(DE3) pRIL pDawn-A/TES+CyFAP pDawn-AfTES+CyFAP in BL21(DE3) pRIL
?;aé?gi%)pRlL pDawn-CpTES- pDawn-CpTES-287+CvFAP in BL21(DE3) pRIL
BL21(DE3) pRIL pDawn-ChTES+CvFAP pDawn-ChTES+CvFAP in BL21(DE3) pRIL
BL21(DE3) pRIL pDawn-CATES pDawn-CATES in BL21(DE3) pRIL This Study
BL21(DE3) pRIL pDawn-CpTES-287 pDawn-CpTES-287 in BL21(DE3) pRIL
BL21(DE3) pRIL pDawn-AfTES pDawn-A¢TES in BL21(DE3) pRIL
EE%IE(SHI?V)F‘;RI;AREZ DR BL21(DE3) pRARE2 pDawn-ChTES+CyFAP in BL21(DE3) pRARE2
Rosetta(DE3)™ pDawn-ChTES+CvFAP  Rosetta™(DE3) pDawn-ChTES+CvFAP in Rosetta™(DE3)

Rosetta-gami™ 2(DE3) pDawn-

- 1™ - 1 - 1{T™
CHTES+CyFAP Rosetta-gami™ 2(DE3) pDawn-ChTES+CvFAP in Rosetta-gami™ 2(DE3)
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Table 3.
continued.
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E. coli strain name Genetic background Relevant Genotype Ref.
C41(DE3) pRIL pDawn-ChTES+CvFAP C41(DE3) pRIL pDawn-ChTES+CvFAP in C41(DE3) pRIL
C43(DE3) pRIL pDawn-ChTES+CvFAP C43(DE3) pRIL pDawn-ChTES+CvFAP in C43(DE3) pRIL This Study

DH5a pRIL pDawn-ChTES+CvFAP DHS5a pRIL

pDawn-ChTES+CvFAP in DHSa pRIL

0OD600 of 0.1. Cell cultures were performed in triplicate for all conditions
using 200-mL shake flasks containing 50 mL of culture. The flasks were
agitated at 37 °C in an orbital shaker at 200 rpm in the dark. When the
OD600 reached ~0.8, the temperature was reduced to 20 °C, and protein
expression was induced by exposure to blue LED light at an intensity of 0.2
pumol photons-m2-s7!. The cultures were grown under these conditions for
18 h. Then, depending on the experimental condition, different mixtures
were performed. For condition 1, a 50-mL culture of the E. coli strain
expressing CvFAP together with CATES was centrifuged at 3,200 g for 15
min, and the entire supernatant was discarded. Then, a 50-mL culture of the
E. coli strain expressing only CATES was added to the pellet and
resuspended. For condition 2, a 50-mL culture of the E. coli strain
expressing both CvFAP and ChTES was centrifuged at 3,200 g for 15 min,
and 25 mL of the superatant was discarded. Then, a 25-mL culture of the
E. coli strain expressing only CATES was added to the remaining 25 mL and
mixed. For condition 3, a 25-mL culture of the E. coli strain expressing
CvFAP and ChTES was mixed with a 25-mL culture of the E. coli strain
expressing only ChTES. No mixing was performed for condition 4. Then,
5-mL samples were collected for conditions 1 through 4 to determine the n-
heptane production capacity in 10-mL vials (see Section 2.4).

2.3. Analysis of hydrocarbons and fatty acids in cells and culture medium

To quantify the HCs and fatty acids present in cells cultivated in shake
flasks, the equivalent of 1 mL of cell culture at an OD600 of 10 was pelleted
at 3200 g for 15 min. If the cells had been previously incubated with n-
octanoic acid, the pellets were washed and centrifuged three times with TB
to remove any remaining fatty acids. Then, internal standards (10 pg of n-
hexadecane and 10 pg of triheptadecanoylglycerol) were added for
quantification, and the cell pellets were transmethylated with 1 mL of
methanol containing 5% sulfuric acid by heating in sealed glass tubes at
85 °C for 90 min. After cooling, 1.5 mL of 0.9% NaCl and 500 pL of n-
hexane were added. The samples were shaken for 5 min and then
centrifuged at 3,200 g for 5 min to allow phase separation and recovery of
the HCs and fatty acid methyl esters (FAMESs) in the organic phase. Finally,
the n-hexane phase was analyzed by GC-MS/FID.

To quantify n-octanoic acid in the culture medium, the cell cultures were
centrifuged at 3200 g for 15 min. The supernatant was collected, and the
cells were washed three times with fresh culture medium to remove fatty
acids present at the cell surface. Then, 50 uL of the pooled supernatant was
taken for analysis. An internal standard of 10 pg of n-nonanoic acid was
added for quantification, and the samples were transmethylated with 2 mL
of methanol containing 5% sulfuric acid by heating for 90 min at 85 °C in
sealed glass tubes. After cooling, 3 mL of 0.9% NaCl and 500 pL of n-
hexane were added. The samples were treated as described above: shaken
for 5 min and centrifuged at 3,200 g for 5 min to allow phase separation.
The n-hexane phases containing the FAMEs were analyzed by GC-MS/FID.

2.4. Determination of the n-heptane production capacity in vials

Five mL of cultures from shake flasks were transferred to 10-mL vials,
which were hermetically sealed. The vials were then illuminated with 300
umol photons-m™-s™" of blue light for between 15 min and 6 h.

In experiments measuring total HC content (cells, media, and gas phase),
the vials were heated at 100 °C for 20 min to stop enzymatic reactions and
lyse the cells. The vials were then cooled and heated again to 40 °C for 5

min just before headspace gas chromatography-mass spectrometry/flame
ionization detector (GC-MS/FID) analysis to release all HCs in the vial’s
headspace. For experiments measuring volatile HCs released by living cells,
the vials were placed in the dark immediately after illumination to stop the
reaction. The gas phase was then analyzed using headspace GC-MS/FID.

2.5. Escherichia coli cell viability assays

To assess the toxicity of n-octanoic acid in E. coli, cells were diluted in
a range of concentrations (from 1:10 to 1:108), and 5 pL of the diluted
solution was dropped onto LB 15% (w/v) agar plates. The plates were then
incubated overnight at 37 °C before observation.

2.6. Sodium dodecyl sulfate—polyacrylamide gel electrophoresis and
immunoblot analysis

One mL of the E. coli shake flask culture was collected by centrifugation
at 11,000 g for 5 min. The pellets were then resuspended in 50 mM Tris
buffer at pH 8 and sonicated. The cell lysates were then mixed with 2X
NuPAGE™ LDS Sample Buffer and 50 mM dithiothreitol (DTT), after
which they were boiled for 20 min at 70 °C. The proteins were loaded on a
constant OD600 basis and separated using NuPAGE™ Bis-Tris 10%
precast gels in SDS-PAGE. To determine the size of the proteins, a
PageRuler™ protein ladder was used, and the proteins were stained with
ProSieve™ EX Safe Stain. For immunoblot analysis, the proteins were
transferred onto a BioTrace NT nitrocellulose membrane (Sigma-Aldrich).
The membrane was blocked with 5% dried milk in Tris-buffered saline
containing 0.1% Tween 20 overnight at 4 °C. To detect His-tagged FAP and
CS8TES proteins, the membrane was incubated at room temperature for 1 h
with a rabbit anti-His antibody conjugated with horseradish peroxidase
(HRP) (Amersham Biosciences). To detect CvFAP protein in bacterial
strains harboring CvFAP and C8TES genes in pDawn plasmids, the
membrane was first incubated with specific polyclonal rabbit primary
antibodies (dilution 1:2000) for 1 h. Then, it was incubated with a secondary
anti-rabbit antibody coupled to HRP (Amersham Biosciences) for 1 h.
Immobilon™ Western Chemiluminescent HRP substrate (EMD Millipore)
was used for detection. Images were recorded using a G:BOX Chemi XL
(Syngene).

2.7. Fatty acid photodecarboxylase production and purification

All purification steps were carried out under red light to minimize the
inhibition of FAP by light. Recombinant CvFAP and TrxA-CvFAP were
produced in E. coli BL21 (DE3)-pRIL cells cultured in TB medium and
purified as previously described (Sorigué¢ et al., 2017). In brief, the first
purification step for TrxA-CvFAP was performed on a nickel affinity
column, followed by dialysis against GF buffer (150 mM NaCl, 10 mM Tris,
pH 8.0, and 5% glycerol) overnight at 4 °C. The enzyme was concentrated
to approximately 40 mg-mL" using a 50-kDa Amicon Ultra centrifugal
filter unit, flash-frozen in liquid nitrogen, and stored at —80 °C. For CvFAP
purification, the TrxA-CvFAP enzyme was dialyzed in the presence of
tobacco etch virus (TEV) protease (1 mg per 10 mg of total protein) after
the first nickel column purification. The dialysis was performed to cleave
the His-tag and TrxA, and the dialysis was performed overnight at 4 °C in a
buffer containing 300 mM NaCl, 50 mM Tris (pH 8.0), 10 mM imidazole,
and 5% glycerol. A second nickel affinity chromatography was performed
to remove the His-tagged TrxA and TEV protease. The flow-through
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containing the cleaved FAP was dialyzed into GF buffer, concentrated, flash
frozen, and stored at —80 °C until use.

2.8. Measurement of fatty acid photodecarboxylase activity using
membrane inlet mass spectrometry

Activity of CvFAP and its N-terminal TrxA-fused variant (TrxA-CvFAP)
was analyzed using Membrane Inlet Mass Spectrometry (MIMS) by
following the CO, produced during the photodecarboxylation of n#-octanoic
acid. Briefly, MIMS experiments were conducted using a Prima BT mass
spectrometer (Thermo Scientific) coupled to the modified chamber of a
thermo-regulated oxygen electrode chamber (Hansatech Instruments). The
chamber was sealed at the bottom with a gas-permeable thin Teflon
membrane (0.001-inch thickness, YSI Inc.) connected to the vacuum line of
the mass spectrometer. Dissolved gases from the reaction medium diffused
through the membrane into the ion source of the mass spectrometer, where
3CO2 (m/z = 45 Th) was continuously monitored (Sorigué et al., 2017;
Burlacot et al., 2020). Reactions were performed in 1.5 mL of MES buffer
(50 mM, pH 6.5) at 25 °C with continuous stirring. The reaction mixture
contained 4 uM of FAD-containing enzyme and 1 mM of '*C-labelled
n-octanoic acid (final concentration) added as 1.5 pL of a 1 M solution in
ethanol. After 1 min of incubation in the dark, the reaction was triggered by
illumination using three blue LEDs (PT-54-B-L31 from Luminus; Amax 460
nm) at an intensity of 2900 umol photons-m?-s, 3CO, production was
monitored for 12 min under constant light intensity.

2.9. Hydrocarbon production in 100-mL photobioreactors

To monitor the photoproduction of n-heptane in a 100-mL
photobioreactor (turbidostat), E. coli cultures expressing either CvFAP with
ChTES or ChTES alone were pre-cultured in LB broth with the appropriate
antibiotics. Cultures were then initiated separately at an optical density
(OD600) of 0.1 in TB medium containing antibiotics, in 200-mL shake
flasks with 50 mL of culture each. The cells were grown in an orbital shaker
at 37 °C and 200 rpm in the dark. Once the OD600 reached ~0.8, the
temperature was lowered to 20 °C and protein expression was induced using
blue light at an intensity of 0.2 pmol photons-m2-s™'. The cultures were
grown under these conditions for 18 h.

Next, 50 mL of each E. coli strain culture was mixed. To prevent
foaming, 0.02% antifoam 204 (v/v) was added to the TB medium. Then, 80
mL of the mixture was transferred to 100-mL photobioreactors (turbidostat)
and incubated using the Multi-Cultivator MC 1000-OD from Photon
Systems Instruments. Cultures were aerated with filtered air (1.5 L-min™"),
which proved sufficient for both growth and n-heptane production. A blue
LED panel combined with neutral density filters (LEE® Filters) provided
light intensity ranging from 75 to 300 pmol photons'm2's'. For HC
recovery, glass liners packed with activated charcoal were inserted into the
air outlet of the photobioreactor and left there for 24 to 48 h to capture
volatile HCs. The liners were replaced immediately after each collection
period. The captured HCs were then extracted and analyzed by GC-MS/FID
(see below). A schematic representation of the photobioreactor system is
detailed in Figure 6d and Supplementary Information, Figure S3c. To
analyze the n-heptane present in the liners, the activated charcoal was
collected and placed in glass tubes containing 4 mL of n-hexane; then, the
tubes were closed. The samples were shaken for 5 min and centrifuged at
3,200 g for 5 min to allow phase separation. Finally, the n-hexane phase was
analyzed by GC-MS/FID.

2.10. Gas chromatography, coupled with mass spectrometry and flame
ionization detection analyses

The mass spectrometer (MS), a GC-FID 7890B Agilent coupled to a
5977B series mass detector, was operated in full scan mode across a mass
range of 40-350 Th with electron impact ionization at 70 eV. Peaks were
identified based on their retention time and mass spectrum, and quantified
using internal standards or external standard curves based on the FID signal
(see Supplementary Information, Fig. S3e).

To analyze FAMEs and long-chain HCs extracted with n-hexane, 1 pL
of the n-hexane phase was injected (splitless injection at 250 °C) onto an
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HP-5MS column (length: 30 m; inner diameter: 0.250 mm; film thickness:
0.25 um). Helium (1.4 mL-min™") was the carrier gas, and liquid nitrogen
was used to decrease the oven temperature. The oven temperature program
was as follows: initial temperature of 50 °C for 1 min, ramping at
20 °C-min™' to 160 °C, then at 10 °C-min™ to 300 °C, and maintaining the
final temperature for 1 min. The same parameters were used to analyze n-
heptane extracted in n-hexane, except that the initial oven temperature was
set to 5 °C using liquid nitrogen to cool the column.

To analyze volatile HCs by headspace, one mL of the gas phase
(headspace) from the sealed vials was collected with a preheated syringe (80
°C) and injected (split injection ratio 1:10) onto an HP-PLOT Q column
(length 30 m, inner diameter 0.32 mm, film thickness 20 um). Helium was
the carrier gas at a flow rate of 1.4 mL-min™'. The oven temperature program
was as follows: initial temperature of 50 °C for one min; ramp of 20 °C-min
! to 260 °C, maintained for 20 min.

Quantification of n-heptane was carried out using a standard calibration
curve prepared by adding different concentrations of n-heptane to E. coli
cells carrying a pDawn empty vector at an OD600 of 7 to mimic the
experimental matrix. For purity analysis, peaks were identified based on
their retention times and mass spectra. Quantification was performed using
the FID signal, and the purity of n-heptane was estimated by calculating the
ratio of the n-heptane peak area to the total integrated FID signal of all
detected peaks in the sample.

3. Results and Discussion

3.1. Effect of Thioredoxin-A fusion on the fatty acid photodecarboxylase
activity in Escherichia coli

In our previous studies on FAP, the recombinant protein was
systematically fused to E. coli TrxA in the N-terminus because it was
initially observed that the TrxA-FAP fusion shows increased solubility
during the FAP purification process (Sorigué et al., 2017). However, the
benefit of TrxA presence for the activity of FAP in E. coli cells was not
evaluated. Therefore, to determine whether the metabolic burden created by
the addition of TrxA was necessary for hydrocarbon synthesis in E. coli, the
most characterized and widely used FAP homolog, CvFAP, was expressed
in E. coli BL21(DE3) cells, either fused to TrxA or not, under the control of
the IPTG-inducible promoter system (T7). The results clearly show that
CvFAP fused with TrxA resulted in a 12-fold and an 8-fold increase in total
HC content at 24 h, and 48 h post-induction respectively (Fig. 1a) while cell
concentrations were similar with and without TrxA (Fig. 1b). Although
TrxA fusion slightly changed the HC profile, the species produced remained
mainly C15-C17 alka(e)nes (Fig. 1¢). Protein and immunoblot analysis of
total and soluble fractions indicated that the expression level of CvFAP
fused with TrxA was much higher after 24 and 48 h of induction with IPTG
compared to CvFAP alone (Fig. 1d and Supplementary Information, Fig.
Sla—d). This observation suggested that TrxA also helped with the
solubility and/or stability of FAP in vivo.

It was also observed that TrxA-CvFAP, but not TrxA alone, increased
the total fatty acid content with a more significant effect at 48h
(Supplementary Information, Fig. S2a). The presence of CvFAP also
drastically changed the fatty acid profile by increasing the amount of cis-9-
octadecenoic acid (C18:1 fatty acid) and decreasing methyleneoctadecanoic
and methylenehexadecanoic acids significantly compared to control strains
(Supplementary Information, Fig. S2c¢). These changes suggest a
metabolic adaptation of the host to compensate for fatty acid depletion
and/or accumulation of HCs caused primarily by CvFAP.

The beneficial effect of TrxA fusion is likely due to the increased level
of total CVvFAP expressed in E. coli (Fig. 1d). However, this effect could
also result from a more complex mechanism, in which TrxA fusion
enhances catalytic efficiency by increasing enzyme solubility or facilitating
substrate accessibility. To investigate these possibilities, CvFAP and TrxA-
CvFAP proteins were purified and characterized in vitro. MIMS was used
to measure CO, production resulting from the photodecarboxylation of -
octanoic acid (Fig. le). The absence of a significant difference between
CvFAP and TrxA-CvFAP indicates that the increased activity observed in
vivo is essentially due to higher CvFAP expression rather than an intrinsic
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Fig. 1. Effect of TrxA fusion on CvFAP expression and HC production in E. coli. a) HCs levels in E. coli cells expressing CvFAP + TrxA fusion after 24- or 48-h of induction with 0.5mM IPTG
under blue light (100 umol photons-m™-s™). b) Optical density of corresponding cultures. ¢) HCs profiles in cells expressing CvFAP + TrxA fusion. Error bars represent the standard error (n=3).
‘nd” = not detected. C17 cyclo alk = methyleneheptadecane. d) Immunoblot of CvFAP in total and soluble fractions normalized based on cell concentration at 24 and 48 h post-induction. e)
Photocatalytic activity of CvFAP and TrxA-CvFAP (normalized on FAD content) measured by monitoring '*CO; release during the decarboxylation of n-hexadecanoic acid-1-"*C using MIMS. The

standard error for FAP and TrxA-CvFAP is shown as red and black dashed lines, respectively.

change in enzymatic activity due to the fusion. The overall positive effect
on the total HC production clearly shows that TrxA fusion should be used
in any biocatalytic or bioconversion process involving CvFAP. The
substantial enhancement in CvFAP expression and HC production due to
TrxA fusion led us to systematically employ TrxA-FAP fusions in all
subsequent experiments.

3.2. Test of fatty acid photodecarboxylase homologs for n-heptane
production

To date, CvFAP is the only documented producer of n-heptane (Yunus
et al., 2022; Samire et al., 2023). In exploring the conservation of FAP
activity in various microalgae, a few other homologs (Table 2) with
demonstrated photodecarboxylase activity were previously identified
(Moulin et al., 2021; Zeng et al., 2022; Ma et al., 2023). These studies
suggested that some of these homologs may have different substrate
specificity profiles than CvFAP; however, activity on n-octanoic acid was
not tested. Therefore, the capacity of five selected FAPs for n-heptane
production was assessed. To simplify the screening process, n-octanoic acid
was added directly to the culture medium. The effect of n-octanoic acid on
cell viability was first evaluated by adding various concentrations of this
compound to E. coli cells containing an empty vector. Concentrations below
4 mM did not affect cell viability (Fig. 2a). Therefore, a concentration of 2
mM was selected for further experiments. The first set of experiments
showed that in an empty vector strain grown in the dark for 16 h, n-octanoic
acid could be detected inside the cells as early as 2 h after its addition to the

medium (Fig. 2b). FAP homologs were expressed under the control of the
IPTG-inducible T7. The growth of E. coli strains was slightly affected by
the expression of FAPs except for GsFAP (Fig. 2¢). SDS-PAGE and
immunoblot analyses indicated that all FAPs were well expressed. Only
CvFAP, CrFAP, CcFAP, and NgFAP were detected in the soluble fraction,
with CvFAP being the most abundant (Fig. 2d and Supplementary
Information, Fig. S1e-h). To measure the n-heptane production capacity of
each strain expressing an FAP, the shake flask cultures pre-incubated with
n-octanoic acid were exposed to 300 umol photons-m™-s' of blue light for
20 min in sealed vials, after which n-heptane was measured in the gas phase.
All of the tested FAP homologs were active on n-octanoic acid; however,
the n-heptane levels varied considerably, and the highest n-heptane
production was obtained with CvFAP (Fig. 2e). CvFAP (fused to TrxA)
outperforms other FAP homologs (also fused to TrxA) in n-heptane
production in vivo. This could be due in part to lower amounts of soluble
FAP form (Fig. 2d and Supplementary information, Fig. Sle-h).
However, differences in FAPs stability and turnover on n-octanoic acid
cannot be ruled out. In practice, the strain harboring CvFAP demonstrated
the greatest capacity to convert n-octanoic acid to n-heptane, so it was
selected for subsequent studies.

3.3. Comparison of IPTG and blue light-inducible promoters for n-heptane
production

To streamline a bioprocess and eliminate the need for chemical inducers,
a light-inducible promoter was investigated for controlling CvFAP

Please cite this article as: Baca-Porcel A., Samire P.P., Legeret B., Auroy-Tarrago P., Veillet F., Giacalone C., Cuine S., Moulin S., Peltier G., Li-Beisson Y.,
Beisson F., Sorigué D. Microbial photoproduction of n-heptane. Biofuel Research Journal 47 (2025) 2470-2486. DOI: 10.18331/BRJ2025.12.3.3.




Baca-Porcel et al. / Biofuel Research Journal 47 (2025) 2470-2486

Dilution (1:1 -1:108)
a b 16

2478

{ 12-{_ -

nd

110 10°10°10° 10° 10° 107 10°
< 0 ® 12 -
E |os E 10 -
= K
o - -
2|1 ] 8
Q £ 6 A
o 2 i 4
g g0
ol 4 o 2 4
< © nd nd
6 s 0
3]
8_ o
Ethanol

Total | 707 -.-"
roteins
o Lss i P o P |

Soluble 80
proteins

@His tag

0h|2h|6h 0h|2h|6h

EV

0D600
-
o N B O 0 O
CVFAP [ H
crfAP [ W
CcFAP | W
EsFAP W
NgfAP [}

GsFAP

2 mM n-Octanoic

acid

120 -
o 100 1 =
£
® 80 -
2 60 4
8
] 40 A
T
<

20 | H

0 +—1nd . — e L

EV  CvFAP CrFAP CcFAP GsFAP EsFAP NgFAP

Fig. 2. n-Heptane production by E. coli expressing various FAPs homologs. a) Drop test assessing the viability of E. coli cells harboring an empty vector (EV) exposed to increasing n-octanoic
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cell concentration. e¢) Comparative n-heptane production by E. coli strains expressing different FAP homologs compared to EV. Cultures were grown in the dark for 16 h, supplemented with 2 mM
n-octanoic acid for 2 h, then illuminated under 300 umol photons-m™-s' of blue light in sealed vials for 20 min at 20 °C. Error bars represent the standard error (n=3). ‘nd’ = not detected, ‘tr’= traces.

expression. The blue light-inducible plasmid pDawn (Ohlendorf et al.,
2012) was selected, as blue light also triggers FAP enzymatic activity. In
other words, the blue light used to illuminate cells can also facilitate the
constant replacement of FAP, which is prone to photoinactivation (Lakavath
et al., 2020). Therefore, to control the expression of CvFAP, the gene was
expressed in E. coli using a plasmid under the control of either the blue light-
inducible promoter or the IPTG-inducible T7 promoter. The different E. coli
strains were then exposed to 2 mM n-octanoic acid, and n-heptane
production was compared between the two expression systems.

First, the performances of pDawn and the IPTG-inducible promoter T7
were compared by inducing expression with varying light intensities (0 to
1.2 umol photons-m-s™") and IPTG concentrations (0—2 mM), respectively.
Cell growth was decreased with increasing IPTG concentrations and
remained constant with increasing light intensities (Fig. 3a). Interestingly,
when n-heptane production was compared in an E. coli strain expressing
CvFAP under the control of either pDawn or T7, only a 20% increase was
observed with IPTG induction compared to light (Fig. 3b). These results
demonstrate that the T7 promoter can be effectively replaced with the blue
light-inducible promoter for the expression of CvFAP. Using pDawn, a light
intensity of 0.2 pmol photon-m?-s™ was found to yield the highest level of
n-heptane production, and this condition was selected for induction. Owing
to the low light requirement, only minimal energy is needed to provide
sufficient blue light for pDawn activation, which may help prevent FAP
photoinactivation during the induction phase. The effect of n-octanoic acid
on E. coli cells expressing CvFAP under pDawn control was also evaluated.

3.4. Selection of an octanoyl-ACP-specific thioesterase for endogenous
substrate supply

Several n-octanoic acid-producing thioesterases (C8TESs) from plants
and bacteria were evaluated to construct an E. coli strain expressing FAP

and capable of synthesizing n-octanoic acid (Dehesh et al., 1996; Jing et al.,
2011). These included an improved variant from Cuphea palustris
(Hernandez Lozada et al., 2018) (Table 2). C8TESs interrupt the fatty acid
elongation pathway by hydrolyzing octanoyl-ACP  intermediates
specifically, thereby releasing n-octanoic acid within the cell (Fig. 4a). The
thioesterase sequences were codon-optimized for E. coli expression. The co-
expression of the C8TES and CvFAP genes was performed in an operon
under the control of the blue light-inducible promoter. Protein expression
was induced with 0.2 pmol photons'm™s™! of blue light. Growth of E. coli
strains was only slightly affected by co-expressing CvFAP and different
C8TESs compared to expressing CvFAP alone (Fig. 4b). As expected, co-
expressing each thioesterase with CVFAP resulted in n-octanoic acid
formation (Fig. 4c). The thioesterase from Cuphea hookeriana (ChTES)
produced the most acid, even at a low expression level (see Supplementary
Information, Fig. S1i-j).

The cultures were then exposed to 300 pmol photons'm2's™! in sealed
vials for 4 h to trigger HC production. The expression of C8TESs drastically
increased the total HC content in the vial’s gas phase, with the highest
amount obtained with CATES (Fig. 4d). Kinetics of n-heptane production,
performed on the CATES + CvFAP strain, indicated that n-heptane synthesis
stopped after 2 h of illumination, reaching a titer of around 12.5 mg-L"! of
culture (Fig. 4¢). The composition of the HCs collected in the gas phase was
similar for the three C8TESs, with over 90% n-heptane and the remainder
n-nonane and n-nonene (Fig. 4f). Assessing the distribution of n-heptane
between the gas phase and cells in the CATES + CvFAP strain revealed that
nearly 90% was in the gas phase (Fig. 4g). Inside the cells, in addition to
residual n-heptane, longer HCs were detected, primarily n-pentadecane and
n-heptadecene (Fig. 4h—i).

In an attempt to further increase n-heptane production, the CATES +
CvFAP construct was tested in various E. coli expression strains. However,

Please cite this article as: Baca-Porcel A., Samire P.P., Legeret B., Auroy-Tarrago P., Veillet F., Giacalone C., Cuine S., Moulin S., Peltier G., Li-Beisson Y.,
Beisson F., Sorigué D. Microbial photoproduction of n-heptane. Biofuel Research Journal 47 (2025) 2470-2486. DOI: 10.18331/BRJ2025.12.3.3.




Baca-Porcel et al. / Biofuel Research Journal 47 (2025) 2470-2486

a

16 -
14 -
12 aa A
) w B & Ea
10 -
o
S 5
=}
o
6 -
4
2 -
0
0 |o.05| 0.2 |o.s | 12| o0 |o.1 | 0.5 | 1 | 2
Blue Light IPTG (mM)

(umol photons-m 2:s1)

n-Heptane (relative)

2479

120 -
100 1 I
80
60 A

40 A

Nl

0
0 |o.05| 0.2 | 0.6 | 1.2

=
0 |o.1|o.5| 1 | 2

Blue Light
(umol photons:m 2:s%)

IPTG (mM)

Fig. 3. Effect of inducible promoters on n-heptane production using CvFAP. a) Cell growth and b) n-Heptane production of E. coli expressing CvFAP under the light-inducible or IPTG-inducible
promoter promoters. Enzyme expression was induced with different light intensities or IPTG concentrations. For HC quantification, cultures were incubated with 2 mM n-octanoic acid for 2 h in the
dark, followed by 20 min of blue light (300 pmol photons-m-s™). Error bars represent the standard error (n=3) for growth measurement and (n=5) for HC quantifications.

all six alternative strains showed equal or lower heptane production
compared to the BL21(DE3) pRIL strain (Fig. 5a).

From these initial experiments, it was evident that strains with different
C8TESs exhibited varying capacities for producing n-heptane. In
anticipation of future optimization, it was crucial to ascertain whether
factors other than thioesterase activity could influence this capacity. Cell
concentration after induction was only slightly higher in the three C8TES
strains (Fig. 4b). Additionally, the C8TESs had no significant effect on the
total amount of fatty acids, except for the AfTES + CvFAP strain, which
exhibited a decrease in total fatty acids (see Supplementary Information,
Fig. S2b). This outcome contrasts with the enhancement in fatty acid
synthesis observed with the expression of a plant C12-specific TES in E.
coli (Moulin et al., 2019). Regarding the n-heptane precursor, n-octanoic
acid represented 5-7.4% of total fatty acids before illumination and 3.5—
11% after illumination in the three strains (see Supplementary
Information, Fig. S2d-e). Interestingly, CA'TES was the most effective in
producing n-octanoic acid both before and after illumination and was the
only C8TES for which the content of n-octanoic acid was higher after
illumination than before (Fig. 4¢). Another factor that may explain the
differences in n-heptane production is the unequal level of CvFAP
expression in the three strains (see Supplementary Information, Figs. S1i
and S1j). The results indicated that the level of n-heptane was likely the
result of a complex interplay between CvFAP and C8TES expression.

To test if n-octanoic acid levels limit n-heptane formation in the best
strain obtained thus far (CATES + CvFAP), post-induction cells were
incubated in the dark for 2 h with various n-octanoic acid concentrations (0—
6 mM) before being illuminated at 300 pmol photons'm2-s™!. While the
addition of exogenous n-octanoic acid did not significantly impact cell
viability (Fig. 5b), a notable increase in n-heptane production was evident
(Fig. 5¢). These results suggest that n-octanoic acid was indeed a limiting
factor in the ChTES + CvFAP strain. However, such an interpretation
appears contradictory to the observed accumulation of n-octanoic acid over
time in this strain (Fig. 4¢). The apparent discrepancy can be explained by
considering the dynamics of fatty acid production and FAP photoinhibition
(Moulin et al., 2019; Lakavath et al., 2020). Adding a large quantity of
exogenous n-octanoic acid may protect FAP from photoinhibition by
preventing FAD triplet formation, thereby leading to higher alkane
production, as has been proposed for in vitro FAP activity (Samire et al.,
2023). Although FAP is supposed to renew itself through promoter
induction continually, its synthesis may not completely compensate for
photodegradation. Over time, as FAP degrades due to photoinhibition, n-
octanoic acid production persists through CATES, which may explain its
accumulation. Identifying FAP mutants that are less prone to
photoinhibition is an important goal for further increasing HC production.

3.5. Improvement of the n-heptane production by the E. coli strain
expressing ChTES and CvFAP.

Previous observations have shown that the availability of n-octanoic acid
limits n-heptane production by the CATES + CvFAP strain (Fig. 5¢). One
possible explanation is that E. coli strains that express different C8TESs
secrete significant amounts of fatty acids into the culture medium, as has
been shown for various thioesterases (Jing et al., 2011). To test this
hypothesis, the amount of n-octanoic acid was measured in both the
supernatant and the cells of E. coli strains expressing different C8TESs
using the pDawn blue light-inducible system, after 18 h of cultivation under
0.2 pmol photons m2's™! of blue light. Compared to the empty vector (EV),
growth was positively impacted by CATES or AfTES but negatively affected
by CpTES-287 (see Supplementary Information, Fig. S3a). For all three
thioesterases, most of the n-octanoic acid was found in the supernatant,
while only a small amount remained intracellularly (Fig. 6a). Among the
different strains, CATES produced the highest yield of n-octanoic acid
(344.4 mg-L"). Based on these results, various strategies were tested to
enhance n-heptane production by supplementing the CATES + CvFAP strain
with n-octanoic acid produced by the CA'TES-expressing strain. The CATES
strain secretes n-octanoic acid into the supernatant; therefore, the CATES +
CVFAP strain utilizes both endogenous and exogenous n-octanoic acid to
produce n-heptane (Fig. 6b).

To optimize the supply of n-octanoic acid produced by bacterial cells to
the photodecarboxylase, a strategy was explored in which a strain co-
expressing CVFAP and ChTES was co-cultivated with an E coli strain
expressing only ChTES. Four variations of this strategy were evaluated: the
two strains are first cultivated separately and then mixed in different ratios
(conditions 1 to 3), or the two strains were cultivated together since the
initial pre-culture (condition 4). These four conditions were compared to the
cultivation of the strain co-expressing CvFAP and ChTES (in the presence
or absence of exogenous fatty acids). The optical density of the different cell
cultures was measured, and the growth of the strain co-expressing CATES
and CvFAP was found to be slightly higher (Supplementary Information,
Fig. S3b). Strikingly, regarding n-heptane production after 4 h of
illumination upon mixing of the strains (Fig. 6¢), all cultures mixing two
strains outperformed the culture with the co-expression by at least 11-fold,
corresponding to 50 to 70% of the value obtained with an exogenous supply
of 2 mM fatty acids to the co-expression. Co-cultivation of a strain
expressing both enzymes and a strain specialized in producing fatty acids
was therefore highly efficient in increasing n-heptane production. Even if
there were some slight differences between the four tested conditions,
condition 3 was selected for upscaling due to its simplicity, as it involved
mixing equal volumes of each culture.
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Fig. 4. HC production in E. coli cells co-expressing CvFAP and various C8-specific thioesterases. a) Schematic representation of the engineered n-heptane biosynthetic pathway using C8TESs
and CVFAP. b) Optical density of the different strains after 18 h of culture under 0.2 pmol photons-m™-s' of blue light. ¢) n-Octanoic acid content of the different strains before (18 h) and 4 h after
(22 h) illumination at 300 pumol photons-m-s™" of blue light. d) Volatile HCs in the headspace of the different strains after 4 h of blue light (300 umol photons-m™-s™). e) Kinetics of n-heptane release
in the headspace of the Ch'TES + CvFAP strain under 300 pumol photons-m™-s™ of blue light. f) HCs profile in headspace after 4 h of light in strains co-expressing different C8TESs with CvFAP. g)
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Fig. 5. Hydrocarbon production by E. coli BL21(DE3) co-expressing CvFAP and CATES under pDawn. a) Relative n-heptane production in different E. coli strains after 4 h of blue light (300
umol photons-m™-s™). b) Drop test assessing the viability of E. coli cells expressing CA-TES + CvFAP exposed to increasing n-octanoic acid concentrations. After protein induction (16 h with 0.2
umol photons- m2-s of blue light), cultures were treated with different concentrations of n-octanoic acid for 2 h just before the drop test. ¢) Total n-heptane level in the CATES + CvFAP strain fed
with increasing concentrations of n-octanoic acid and exposed to blue light (300 umol photons-m™-s™) for 4 h at 20 °C. Error bars represent the standard error (n=3). ‘nd’ = not detected.

3.6. Photoproduction of n-heptane in 100 mL photobioreactors

To evaluate n-heptane production on a larger scale, a 100-mL
photobioreactor was used (see Fig. 6d and Supplementary Information,
Fig. S3c¢). Both strains were cultured separately for 18 h under 0.2 pmol
photons'm™2-s! of blue light and exhibited similar growth (see
Supplementary Information, Fig. S3d). Then, the cultures were mixed at
a 1:1 ratio and transferred into the photobioreactors. The combined cultures
were then incubated for 128 h at 20 °C with an airflow rate of 1.5 L-min
under different light intensities to evaluate their effect on n-heptane
production. The highest n-heptane production was observed at 75 pmol
photons-m2-s7! of blue light, yielding a cumulative n-heptane concentration
of 286 mg-L' with an average productivity of 2.23 mg-L'-h™' (53.5
mg-L'-d™") after 128 h of culture (Fig. 6e).

The majority of n-heptane synthesis occurred within the first 56 h, during
which approximately 272 mg-L"' was produced, corresponding to a
productivity of 4.9 mg-L'-h"'. After this period, n-heptane production
plateaued, possibly due to nutrient depletion, pH reduction, enzyme
degradation, or FAP photoinhibition. Previous studies have reported lower
n-heptane yields. For example, an engineered Synechocystis sp. PCC 6803
that expresses CvFAP and C8TES from Cuphea palustris, among other
modifications, produced approximately 5 mg-L" of culture over 10 d
(0.48 mg-L"-d") (Yunus et al., 2022). Additionally, in the production of
longer-chain HCs, an engineered E. coli strain produced 328 mg L' of n-
nonane and other longer-chain HCs, including n-dodecane, n-tridecane, 2-
methyl-dodecane, and n-tetradecane, though the cultivation time was not
specified, precluding a productivity comparison (Choi and Lee, 2013).
Thus, our results demonstrate a significant improvement in n-heptane
production through a co-cultivation strategy compared to similar studies
(Table 1).

4. Conclusions and future perspectives

This work developed a microbial platform for n-heptane
photoproduction. CvFAP was fused to TrxA, which increased its biological
activity. Various FAP homologs were tested, and CvFAP was identified as
the most effective enzyme for in vivo n-heptane synthesis. To produce
n-octanoic acid in situ, CvF AP was co-expressed with various thioesterases.
The thioesterase from Cuphea hookeriana was identified as the most
effective for n-heptane production. Using a strategy in which the strain
expressing FAP was co-cultivated in photobioreactors with a strain

specialized in fatty acid production, scale-up to a 100 mL photobioreactor
yielded a cumulative titer of 272 mg-L' over 56 h, corresponding to an
average productivity of 4.9 mg-L"-h"' (117 mg-L'-d"). Such performance
represented a significant increase in productivity compared to previous
studies (Table 1) and may be partly due to the recovery of HC in the gas
phase. As previously observed for n-undecane (Moulin et al. 2019) and
reported here for n-heptane, long-chain HCs accumulate within the cells,
while shorter chains tend to diffuse out. The intracellular accumulation of
HC can be both limiting and toxic to the cells. Therefore, the facilitated
diffusion of shorter alkanes to the culture medium and subsequently into the
gas phase may alleviate this toxicity. Splitting the pathway across two
microbial platforms was also found to be an effective method for boosting
titers, as the division allows each metabolic pathway to be optimized and
may reduce the overall metabolic burden. Using this strategy, the HC titer
was increased 11-fold.

This work provides a fundamental framework for the microbial synthesis
of medium-chain HCs and will hopefully contribute to more sustainable fuel
production that is less dependent on fossil resources. However, the current
titers remain below the threshold for industrial fuel processing. Several
options remain to be explored in future studies.

Continuous blue light was used throughout experiments, which may lead
to CvFAP photoinactivation. Several strategies can be used to overcome this
limitation, either based on light management or enzyme optimization.
Recent studies (Spacey et al., 2025) show that switching to pulsed violet
illumination can drastically increase activity. Using pulsed blue LEDs or
UV flashes in the reactor could also increase productivity. Regarding
enzyme robustness, radical-based photoinactivation remains a significant
challenge. One interesting strategy is the continuous cultivation of the
strains to renew biocatalyst pools and directed evolution to reduce the
flavin’s side reactions.

Concerning photobioreactor geometry and scaling up, flat-panel
photobioreactors have a better surface-to-volume ratio than tubular systems
(Chanquia et al., 2021). Switching from rich to low-cost mineral media and
integrating the FAP and thioesterase pathways chromosomally to remove
antibiotic selection and reduce genetic drift could also reduce costs in terms
of process integration and medium cost. Improving the metabolic flux
balance could also impact alkane production. As previously demonstrated
by some authors, fine-tuning of engineered E. coli strains led to an increase
in titer from 2.8 mg-L™! to 425 mg-L"! in shake flasks (approximately 148-
fold increase) and subsequently to 2.54 g-L"! in a 5-L fed-batch run (Fatma
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etal. 2018). A similar strategy could be employed to increase the production
of n-octanoic acid and n-heptane. Addressing interconnected factors such as
light, enzyme stability, reactor geometry, and metabolic optimization of
fatty acid flux could further improve the competitiveness of the described
co-cultivation strategy for enzymatic photoproduction. This work
establishes a fundamental framework for the microbial synthesis of
medium-chain HCs, which could contribute to more sustainable fuel
production and reduce dependence on fossil resources.
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Supplementary Information

Table S1.
Protein sequences of all genes heterologously expressed in E. coli in this study.

Protein Amino Acid Sequence (N-Terminal to C-Terminal) in FASTA Format

MGHHHHHHSSGVDLGT SMASAVEDIRKVLSDSSSPVAGQKYDYILVGGGTAACVLANRLSADGSKRVLVLEAGPDNTSRDVKIPAAITRLFRSPLDWNLF
SELQEQLAERQIYMARGRLLGGSSATNATLYHRGAAGDYDAWGVEGWSSEDVLSWFVQAETNADFGPGAYHGSGGPMRVENPRY TNKQLHTAFFKAAEEVGLT
PNSDFNDWSHDHAGYGTFQVMQDKGTRADMYRQYLKPVLGRRNLQVLTGAAVTKVNIDQAAGKAQALGVEFSTDGPTGERLSAELAPGGEVIMCAGAVHTPFL
LKHSGVGPSAELKEFGIPVVSNLAGVGQNLQDQPACLTAAPVKEKYDGIAISDHIYNEKGQIRKRAIASYLLGGRGGLTSTGCDRGAFVRTAGQALPDLQVRFVPG
MALDPDGVSTYVRFAKFQSQGLKWPSGITMQLIACRPQSTGSVGLKSADPFAPPKLSPGYLTDKDGADLATLRKGIHWARDVARSSALSEYLDGELFPGSGVVSDD
QIDEYIRRSIHSSNAITGTCKMGNAGDSSSVVDNQLRVHGVEGLRVVDASVVPKIPGGQTGAPVVMIAERAAALLTGKATIGASAAAPATVAA

CvFAP

MGHHHHHHSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCKMIAPILDEIADEY QGKLTVAKLNIDQNPGTAPKY GIRGIPTLLLFKNGEVAATKVGALSKGQ
LKEFLDANLAGSGSGVSGVDLGT SASAVEDIRKVLSDSSSPVAGQKYDYILVGGGTAACVLANRLSADGSKRVLVLEAGPDNTSRDVKIPAAITRLFRSPL
DWNLFSELQEQLAERQIYMARGRLLGGSSATNATLYHRGAAGDYDAWGVEGWSSEDVLSWFVQAETNADFGPGAYHGSGGPMRVENPRYTNKQLHTAFFKAAE
EVGLTPNSDFNDWSHDHAGY GTFQVMQDKGTRADMYRQYLKPVLGRRNLQVLTGAAVTKVNIDQAAGKAQALGVEFSTDGPTGERLSAELAPGGEVIMCAGAV
HTPFLLKHSGVGPSAELKEFGIPVVSNLAGVGQNLQDQPACLTAAPVKEKYDGIAISDHIYNEKGQIRKRAIASYLLGGRGGLTSTGCDRGAFVRTAGQALPDLQVR
FVPGMALDPDGVSTY VRFAKFQSQGLKWPSGITMQLIACRPQSTGSVGLKSADPFAPPKLSPGYLTDKDGADLATLRKGIHWARDVARSSALSEYLDGELFPGSGV
VSDDQIDEYIRRSIHSSNAITGTCKMGNAGDSSSVVDNQLRVHGVEGLRVVDASVVPKIPGGQTGAPVVMIAERAAALLTGKATIGASAAAPATVAA

TrxA-
CvFAP

MGHHHHHHSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCKMIAPILDEIADEY QGKLTVAKLNIDQNPGTAPKYGIRGIPTLLLFKNGEVAATKVGALSKGQ
LKEFLDANLAGSGSGVSGVDLGT SMEVAVPAGITRLFAHPVMDWGMSSLTQKQLVAREIYLARGRMLGGSSGSNATLYHRGSAADYDAWGLEGWSSK
DVLDWFVKAECYADGPKPYHGTGGSMNTEQPRYENVLHDEFFKAAAATGLPANPDFNDWSHPQDGFGEFQVSQKKGQRADTYRTYLKPAMARGNLKVVIGAR
ATKVNIEKGSSGARTTGVEYAMQQFGDRFTAELAPGGEVLMCSGAVHTPHLLMLSGVGPAATLKEHGIDVVSDLSGVGQNLQDHPAAVLAARAKPEFEKLSVTSE
VYDDKCNIKLGAVAQYLFQRRGPLATTGCDHGAFVRTSSSLSQPDLQMRFVPGCALDPDGVKSYIVFGELKKQGRAWPGGITLQLLAIRAKSKGSIGLKAADPFINP
AININYFSDPADLATLVNAVKMARKIAAQEPLKKYLQEETFPGERASSDKDLEEYIRRTVHSGNALVGTAAMGASPAAGAVVSSADLKVFGVEGLRVVDASVLPRI
PGGQTGAATVMVAERAAALLRGQATIAPSRQPVAV

TrxA-
CrFAP

MGHHHHHHSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCKMIAPILDEIADEY QGKLTVAKLNIDQNPGTAPKYGIRGIPTLLLFKNGEVAATKVGALSKGQ
LKEFLDANLAGSGSGVSGVDLGT SSSEAATTYDYIIVGGGAAGCVLANRLTEDPSTRVLLLEAGKPDDSFYLHVPLGFPYLLGSPNDWAFVTEPEPNLANR
RLYFPRGKVLGGSHAISVMLYHRGHPADYTAWAESAPGWAPQDVLPYFLKSESQQSAVPNQDAHGYEGPLAVSDLARLNPMSKAFIKAAHNAAGLNHNPDFND
WATGQDGVGPFQVTQRDGSRESPATSYLRAAKGRRNLTVMTGAVVERILFENPAGSSTPVATAVSFIDSKGTRVRMSASREILLCGGVYATPQLLMLSGVGPAEHL
RSHGIEIVADVPAVGQNLQDHAAAMVSFESQNPEKDKANSSVYYTERTGKNIGTLLNY VFRGKGPLTSPMCEAGGFAKTDPSMDACDLQLRFIPFVSEPDPYHSLA
DFATAGSYLQNRANRPTGFTIQSVAARPKSRGHVQLRSTDVRDSMSIHGNWISNDADLKTLVHGVKLCRTIGNDDSMKEFRGRELYPGGEKVSDADIEAYIRDTCH
TANAMVGTCRMGIGEQAAVDPALQVKGVARLRVVDSSVMPTLPGGQSGAPTMMIAEKGADLIRAAARQADAATVGAAA

TrxA-
CcFAP

MGHHHHHHSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCKMIAPILDEIADEY QGKLTVAKLNIDQNPGTAPKYGIRGIPTLLLFKNGEVAATKVGALSKGQ
LKEFLDANLAGSGSGVSGVDLGT SGFDRSREFDYVIVGGGAAGCVLASRLSEDKRSTVLLLEAGKEDENFYIHVPMGFPYLVGSDLDWKYQSTSEERLLD
RKIMWPRGKVLGGSHAISVMLYLRGSANDYREWERCGALGWGPEDVLPYYLKAENNLRGVGPYHGKGGPLTVSDLPSPNEMSHAFVIAGQTLDIPYNKDFNDWS
HSQEGIGLFQVTQANGKRVSPATAYLHPVRSRRNLFIETQRHVEKILFTKEIGSCPRAIGVSYINSNGKRERAMIRKEVVVSAGAY GSPQLLMLSGIGPSNVLDSIGIPT
VMPLEGVGKNLQDHFAVMFSCKSPDPSKDRKRRNLYYTDDTGKDWKTILTWFLSGKGPLTSTMCEAGAFLKTNPIFNDPDLQLRFIPFFSEADPYFSLSDYSSKGMF
FKNRSHRPSGFTIQSVAIRPKSRGRLTIQSKDPRMLPIIEESGWFSSQEDLETLLRGISLSQKLVHASPLASYFGEQCFPSTGLSKKEDIIRYISSTCHTANAVVGTCRMGT
DKQAVVNPNLQVMGVERLRVLLQL

TrxA-
GsFAP

MGHHHHHHSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCKMIAPILDEIADEY QGKLTVAKLNIDQNPGTAPKYGIRGIPTLLLFKNGEVAATKVGALSKGQ
LKEFLDANLAGSGSGVSGVDLGT SSMSVAEEGHKFIIIGGGTAGCVLANRLSADKDNSVLVLEAGSEKFNDRNIKMPIAILRLFKSVFDWGFQSENEKFAT
GDGIYLCRGKVLGGSSCTNVMLYHRGEEADYDAWGVDGWKGKDVLPYFKKAENNRSKKKGEFHGKGGLMQVENARYMNPLTKLFFKACEQAGLSENEDFND
WSHSQEGFGRFQVAQKRGKRCSAASSYLKEAMGRKNLDVQTSAQITKVLIENGGAIGVEY VRDGEKKIAKLAVGGEILLAGGAISSPQVLMLSGVGPAEHLRSKGI
EVKSNVPGVGKNLRDHPAVTVMADINKPISITDKVLKEGSGDVNKITALQWLLTGTGPLTSPGCENGAFFKTTPDKAAADLQLRFVPGRSTTPDGVKAYNTIGTKG
RPPSGVTVQVVGIRPQSEGHVELRSSDPFDKPHIVTNYLESGEDMASLTNGIEMARKLFDQEAFGEMVDKEVFPGRDNKEISEYIKSTVHSANALVGTCKMGEESDN
MSVVNSALKVKGVAGLRVIDSSVMPSIPGGQTAAPTIMIAEKAADMLMA

TrxA-
EsFAP

MGHHHHHHSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCKMIAPILDEIADEY QGKLTVAKLNIDQNPGTAPKYGIRGIPTLLLFKNGEVAATKVGALSKGQ
LKEFLDANLAGSGSGVSGVDLGT SLQSVSMKAPAAVASSTYDYIIVGGGIGGCVLANRLTESGRFKVLLLEAGKSAERNPYVNIPAGVVRLFKSALDWQF
ESAPERHLDGKEVYLVRGKAMGGSSAVNVMLVHRGSASDYAKWEAEGAQGWGPEEALRYFKKMEDNLVGGEGRWHGQGGMYPVDDVKYQNPLSKRFLQACE
EYGWRANPDFNDWSHPQDGYGSFKVAQKHGKRVTAASGYLNKAVRRRPNLDILSEALVTRVLLEGEGDVKAVGVEFTGKDGKTHQVRTTGKAGEVLLAGGAV
NSPQLLMLSGIGPEADLQAVGIATKVNRPGVGENLQDHPAVTIAHNITRPISLCDDLFLFHTPVPKPHQVLRWTLTGSGPLTTPGCDHGAFLKTREDLQEPNVQFRFI
AGRGSDPDGVRSYIMGGSARPLSGLTLQVVNIRPKSKGKLTLASKDPLKKPRIEVRYLSAAEDLQALRTGMRIGRDLIKQRAFADILDEEVFPGPAAQTDEELDAYIR
DSLHTANALVGTCKMGSVEDRNAVVDPECRVIGVGGLRVVDASVMPVIPGGQTGSGTTMLAEKAADLVRAHAGDLVEMGVQDEERKGGWFNGLLGRKQKVAT

TrxA-
NgFAP

MGSSHHHHHHSSGLVPRGSHMASMTGGQOMGRIRMKFKKKFKIGRMHVDPENYISMRYLVALMNEVAFDQAEILEKDIDMKNLRWITY SWDIQIENNIRLGEEIEI
TTIPTHMDKFYAYRDFIVESRGNILARAKATFLLMDITRLRPIKIPQNLSLAY GKENPIFDIYDMEIRNDLAFIRDIQLRRADLDNNFHINNAVYFDLIKETVDIYDKDIS
YIKLIYRNEIRDKKQIQAFARREDKSIDFALRGEDGRDYCLGKIKTNV

TrxA-
ATES

MGSSHHHHHHSSGLVPRGSHMASMTGGQOQMGRIRMFDRKSKRPSMLMDSFGLERVVQDGLVFRQSFSIRSYEICADRTASMETVMNHVQETSLNQCKSIGLLDDG
CpTES- FGRSPEMCKRDLIWVVTRMKIMVNRYPTWGDTIEVSTWLSQSGKIGMGRDWLISDCNTGEILVRATSVY AMMNQKTRRFSKLPHEVRQEFAPHFLDSPPAIEDNDG
287 KLQKFDVKTGDSIRKGLTPGWYDLDVNQHVSNVKYIGWILESMPTEVLETQELCSLTLEYRRECGRDSVLESVTSMDPSKVGDRFQYRHLLRLEDGADIMKGRTE
WRPKNAGTNGAISTGKT

MGSSHHHHHHSSGLVPRGSHMASMTGGQOMGRIRMVAAAASSAFFPVPAPGASPKPGKFGNWPSSLSPSFKPKSIPNGGFQVKANDSAHPKANGSAVSLKSGSLN
TQEDTSSSPPPRTFLHQLPDWSRLLTAITTVFVKSKRPDMHDRKSKRPDMLVDSFGLESTVQDGLVFRQSFSIRSYEIGTDRTASIETLMNHLQETSLNHCKSTGILLD

ChTES GFGRTLEMCKRDLIWVVIKMQIKVNRYPAWGDTVEINTRFSRLGKIGMGRDWLISDCNTGEILVRATSAY AMMNQKTRRLSKLPYEVHQEIVPLFVDSPVIEDSDL
KVHKFKVKTGDSIQKGLTPGWNDLDVNQHVSNVKYIGWILESMPTEVLETQELCSLALEYRRECGRDSVLESVTAMDPSKVGVRSQYQHLLRLEDGTAIVNGATE
WRPKNAGANGAISTGKTSNGNSVS

FAP variants were cloned without their native chloroplast transit peptide, His-tagged and either fused or not to TrxA. Color code: purple, His tag; red, TrxA; TEV protease cleavage site;
green, linker sequence.
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Table S2.

Primer sequences used in this study.

S2

Construction Restuichen Backbone Insert Primer Sequence
Enzyme
pLIC03-CvFAP fw  ttggtctcccaatggecagegeagttgaagatattcg
pLIC03-CvFAP Bsal pLICO3 CVFAP gene
pLICO3-CvFAP rev  ttggtctcgtacttcatgctgcaacggttgeegg
pLICO7-CvFAP fw  ctgtacttccaatcagccagegeagttgaagatatte
pLICO7-CvFAP Bsal pLIC07 CVvFAP gene
pLICO7-CvFAP rev  tatccacctttactgttatcatgetgeaacggttgeeggtg
. N pDawn-CvFAP fw ttaagcttgagc tattcacctgactgacgac
Dawn-CyFAP HindlIII and Dawn CVFAP gene fused with
P Xhol P TrxA in 5° extremity
pDawn-CvFAP rev  ttctcgagtcatgetgeaacggttgeeggtg
- ChTES fw cagccatatggctagcatgactggtggacageaaatgggtcggatcegaatggttgecggecgeggecage
pDawn-ChTES I\Toan pDawn ChTES gene
ChTES rev ttaaagtacgcggccegcettagetaacgcetattgecattgetegttttgeecgtge
i ChTES + CVFAP fw  ttgcggecgegtactttaacttt tatac
pDawn-CATES + Notl and CvFAP gene fuse(li Wl}h gegg
CVFAP Xhol pDawn-ChTES TrxA and RBS in5
extremity ChTES + CvFAP rev  ttctegagteatgetgeaacggttgecggte
pDawn-CpTES- Nheland  pDawn-CATES CpTES-287 ) )
287 + CvFAP Notl + CVFAP gene
pDawn-A(TES + Nheland  pDawn-CHTES ) )
CYFAP Notl + CVFAP AITES gene
pDawn-CpTES- Nhel and i CpTES-287 ) )
287 Notl DR CHIES gene
pDawn-A/TES ngéflnd pDawn-CHTES A(TES gene - -

Synthetic genes A/TES and CpTES-287 were designed with Nhel and Notl restriction sites at their 5’ and 3’ ends, respectively, to facilitate subcloning into expression vectors.
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Fig. S1. SDS-PAGE and immunoblot analysis of E. coli strains co-expressing FAP homologs and/or different C8TESs. a—b) SDS-PAGE analysis of total (a) and soluble (b) proteins from
strains expressing CvFAP+TrxA fusion. e—d) Immunoblot detection of CvFAP in total (¢) and soluble (d) protein extracts. e—f) SDS-PAGE of total (e) and soluble (f) protein from strains expressing
different FAP homologs after a 16-h induction period in the dark. g-h) Immunoblot detecting FAP homologs in (g) total and (h) soluble protein fraction. i) SDS-PAGE of total protein from strains
co-expressing CvFAP and different His-tagged C8TESs after an 18-h induction period. j) Immunoblots of total proteins from the same strains: CvFAP (upper panel) and His-tagged C8TESs (lower
panel). Protein loading was normalized based on cell density (OD600).
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Fig. S2. Fatty acid profiles in E. coli expressing CvFAP + C8TESs. a) Total fatty acid content in strains expressing CvFAP + TrxA fusion, after 24- to 48-h of induction with 0.5mM IPTG under
blue light (100 pmol photons-m™-s™). b) Total fatty acid content in strains co-expressing TrxA-CvFAP with various C8TESs using pDawn plasmid, before and after 4 h of blue light (300 pmol
photons-m™-s™). ¢) Distribution of fatty acids in strains expressing CvFAP + TrxA fusion. d—e) Fatty acid composition in different CSTESs and CvFAP co-expressing strains measured (d) before
and (e) after 4 h of blue light (300 pmol photons'm™'s™). An EV strain serves as a control. Error bars represent the standard error (n=3). ‘nd’ = not detected. C16:0 cyclo = methylenehexadecanoic
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Fig. S3. Photoproduction of n-Heptane in a 100-mL photobioreactor using CvFAP and ChTES strains. a—b) Optical density measurements of E. coli strains expressing (a) various C8TESs and
(b) co-expressing ChTES = CvFAP after 18 h induction 0.2 umol photons-ms™! of blue light. ¢) Schematic representation of the 100 mL photobioreactor with controlled light, temperature, airflow,
and volatile capture via a charcoal liner. d) Optical density of strains co-expressing CATES with CvFAP or ChTES only, after 18 h induction under 0.2 pmol photons-m™'s™! of blue light before
photobioreactor assays. e) External standard curve for n-heptane generated by adding increased n-heptane amounts to the activated charcoal liners.
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