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Propane and butane are the main constituents of liquefied petroleum gas and are used extensively for
transport and domestic use. They are clean burning fuels, suitable for the development of low carbon
footprint fuel and energy policies. Here, we present blueprints for the production of bio-alkane gas
(propane and butane) through the conversion of waste volatile fatty acids by bacterial culture. We show
that bio-propane and bio-butane can be produced photo-catalytically by bioengineered strains of E. coli
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and Halomonas (in non-sterile seawater) using fatty acids derived from biomass or industrial waste, and
by Synechocystis (using carbon dioxide as feedstock). Scaled production using available infrastructure is
calculated to be economically feasible using Halomonas. These fuel generation routes could be
deployed rapidly, in both advanced and developing countries, and contribute to energy security to meet
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Broader context

global carbon management targets and clean air directives.

There is an urgent need to develop sustainable and renewable biofuels to address the depletion of fossil fuels and the consequences of their combustion on
climate change. Commercially viable bio-LPG production (propane and butane blends) would answer both concerns by reducing the demand on petroleum and

natural gas usage, and improving air quality by utilising a cleaner-burning fuel. A secondary global concern is the disposal and/or recycling of organic waste,
enabling sustainable energy capture and utilisation, and improvement in the environment and living conditions. Both of these concerns can be met by
generating biologically-sourced alkane gases through cultivation of engineered microbial hosts fed on waste carbon sources. The microbial ‘chassis’ could be
engineered to utilise specific waste types (e.g. biodiesel waste or salted milk whey), and low cost bioprocess ‘hubs’ could be localised at existing waste
generating industries. This would increase the recycling of industrial waste, thereby reducing the industries carbon footprint, improving waste management

strategies and generating further income.

Introduction

The race to develop economically viable microbial biofuels is a
consequence of the pressing need to reduce carbon emissions,
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improve air quality and implement renewable and sustainable
fuel strategies." Current over reliance on fossil fuels has led to
concerns over energy security and climate change. This has driven
new policies to restrict greenhouse gas emissions, increase the
recycling of waste biomaterials and accelerate the delivery of
the bioeconomy.” Effective sustainable biofuels strategies would
comprise scalable production of transportable and clean-burning
3fuels derived from a robust microbial host, cultivated on renewable
waste biomass or industrial waste streams, with minimal down-
stream processing, and (limited) use of fresh water. Embedding
production techniques within existing infrastructures for waste
processing and fuel distribution would minimise expenditure.
Tailoring to specific waste streams would support local economies,
waste management, energy self-sufficiency, and carbon reduction in
both advanced and developing countries.

This journal is © The Royal Society of Chemistry 2020
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Propane is an ideal biofuel. This simple hydrocarbon gas is a
highly efficient, clean-burning fuel requiring little energy to
store in a liquefied state.” It is currently obtained from natural
gas and petroleum refining. Propane is the third most widely
used transportation fuel (20 million tons per annum globally),
with existing infrastructure and global markets well estab-
lished. It is also used for domestic heating and cooking,
non-greenhouse gas refrigerants and aerosol propellants.®
Its ‘drop-in’ nature boosts the calorific value of current
methane/biogas supplies, with lower energy requirements for
liquefaction and storage. The only existing alternative produc-
tion method is the Nesté process, an energy intensive, catalytic
chemical conversion of biodiesel waste (glycerol) reliant on
natural gas derived hydrogen.* No natural biosynthetic routes
to propane are known. Engineered biological pathways to
propane have been developed based on decarbonylation of
butyraldehyde incorporating natural or engineered variants of
the enzyme aldehyde deformylating oxygenase (ADO).>° The
low turnover number of ADO (~3-5 h™'), however, limits
implementation of these pathways in scaled bio-propane
production.”®*

Here we describe blueprints for the scaled and economic
production of bio-alkane gas (propane and butane, or ‘Bio-LPG’)
using engineered forms of a recently discovered, blue light-
dependent, fatty acid photodecarboxylase (FAP) that catalyzes
decarboxylation of fatty acids to n-alkanes or n-alkenes
(Fig. 1).">" We have taken a systems engineering approach to
convert waste VFAs to bio-alkane gas in live bacterial cultures. The
strategies we describe could enable environment-friendly in situ
gas generation (e.g. in rural and/or arid communities), dependent
on the availability of abundant waste resources, and implemented
with CO, capture. These low carbon strategies could provide
economic, sustainable, secure and clean alternatives to extant
petrochemical LPG supplies.

Experimental
Materials, services and equipment

All chemicals and solvents were of analytical grade or better.
Gene sequencing and oligonucleotide synthesis were performed
by Eurofins MWG (Ebersberg, Germany). All oligonucleotide
sequences can be found in Tables S2-S4 (ESI{). Gene synthesis
was performed by Geneart (Thermo Fisher), with codon-
optimization for E. coli or Synechocystis. The mounted high-
power blue LEDs and LED drivers were from Thorlabs (Ely,
U.K.), with spectra centered at 455 nm (bandwidth (FWHM)
18 nm, 1020 mW typical output) and 470 nm (FWHM 25 nm,
710 mW typical output). The custom-built LED blue light array
had area of 396 cm? of relatively consistent light intensity and a
fixed average culture-to-LED distance of 8 cm (Fig. S1; ESIT).
Light ‘intensity’ was measured with a Li-Cor light meter with a
Quantum sensor in umol photonsm > s~ (or pE), with back-
ground light value subtracted. The photobioreactor was a
thermostatic flat panel FMT 150 (500 mL; Photon Systems
Instruments, Czech Republic) with integral culture monitoring

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Structure-guided molecular engineering of CvFAP. (a) Photo-
catalytic gaseous hydrocarbon production from short chain volatile fatty
acids. (b) Comparative propane production screen of variants of CvFAP in
E. coli. Transformed E. coli cultures (three biological replicates) were
grown at 37 °C in LB medium containing kanamycin (30 ug mL™) to a
density of ODggg ~ 0.6-0.8. CVFAP expression was induced with IPTG
(0.1 mM) and cultures were supplemented with 10 mM butyric acid.
Triplicate aliquots (1 mL) of each culture were sealed into 5 mL glass vials
and incubated at 30 °C for 16—-18 h at 200 rpm, illuminated with a blue LED
panel. Headspace gas was analysed for hydrocarbon content using a Micro
GC. Data were normalized by dividing the propane titres (mg L™t culture)
by the relative protein concentration compared to the wild type (WT)
enzyme (Fig. S2; ESI). Error bars represent one standard deviation for
triplicate biological repeats (n = 3). Inset: Structure of the palmitic acid
binding region of CvFAP (PDB: 5NCC) shown as a cartoon with secondary
structure colouring. Models of butyrate and palmitate in the active site of
(c) wild-type and (d) G462V variant of CvFAP. The position of palmitate in
the wild-type enzyme is crystallographically determined (PDB: 5NCC). The
positions of the remaining ligands were determined by Autodock Vina, and
mutagenesis to G462V was simulated using SwissPDBViewer 4.10. The
protein is shown as a cartoon with secondary structure coloring, with
selected residues shown as sticks. FAD, palmitate and butyrate are shown
as atom-colored sticks with yellow, green and blue carbons, respectively.
In panels ¢ and d, the dashed line shows a hydrogen bond between
palmitate and the wild-type enzyme, while the dotted lines indicate the
distance between the C4 carbon of palmitate and the Ca atom of residue
462. All crystal structure images were generated in Pymol.

(OD 680/720 nm), pH and feeding control and an LED blue light
panel (465 nm; maximum PPFD = 1648 pE photons).

E. coli strain BL21(DE3) was modified by chromosomal
deletion of two aldehyde reductase genes yghD and YyjgB
(BL21(DE3)AyqhD/AyjgB/Kan®; GenBank: ACT44688.1 and
AAA97166.1, respectively) as described previously.” The kanamycin
selection gene was removed using the Flp-mediated excision
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methodology (BL21(DE3)AyghD/AyjgB)."* Synechocystis sp. PCC
6803 was modified by chromosomal deletion of the acyl-ACP
synthetase (Aaas) gene as described previously."*'* Halomonas
strains TD01" and TQ10, and modified pSEVA plasmids have
been described previously.'® Halomonas strain TQ10-MmP1 is a
modified version of the TQ10 strain, which had been cured of a
recombinant plasmid.

Gene synthesis, sub cloning and mutagenesis

The following N-terminally truncated (AN) FAP enzymes were
synthesized (Table S1, ESIt): CvFAPyy from Chlorella variabilis
NC64A"™ (Genbank: AOA248QE08; AN-61 amino acids truncated);
CcFAP from Chondrus crispus (UniProt: R7Q9C0; AN-50), ChFAP
from Chrysochromulina sp. (UniProt: AOAOMOJFC3), CmFAP from
Cyanidioschyzon merolae (UniProt: M1VK13; AN-64), CrFAP from
Chlamydomonas reinhardtii (UniProt: AS8JHB7; AN-31), CsFAP
from Coccomyxa subellipsoidea (UniProt: 10YJ13; AN-43), GpFAP
from Gonium pectorale (UniProt: A0A150GC51; AN-38) and
PtFAP from Phaeodactylum tricornutum (UniProt: B7FSU6).'°
Each gene was sub cloned into pETM11 with a N-Hise-tag for
rapid protein purification. The gene encoding thioesterase Tes4
from Bacteroides fragilis (UniProt: POADA1) was obtained from
plasmid pET-TPC4, as described previously.” For the valine to
propane pathway, leucine 2-oxoglutarate transaminase from
E. coli (ilvE; POABS80); 3-hydroxypropionaldehyde dehydro-
genase from E. coli (Hpad; P23883) and branched-chain keto
acid decarboxylase from Lactococcus lactis (KdcA; Q6QBS4) were
synthesised and sub-cloned into pET21b (C-Hise-tag), pPETM11
(N-Hisg-tag) and pET28b (N-Hise-tag), respectively.

Variant CvFAPg,.6,v Was generated by site-directed muta-
genesis of the wild-type using the QuikChange whole plasmid
synthesis protocol (Stratagene) with CloneAmp HiFi PCR
premix (Clontech). Additional variants (e.g. G462N/W/L/C/1/F/
A/H/Y and those at neighbouring positions; see Fig. 1) were
generated using the Q5 and QuikChange site directed muta-
genesis kits (New England Biolabs and Novagen, respectively).
PCR products were analysed by agarose gel electrophoresis,
followed by gel purification (NucleoSpin Gel), or purified using
the PCR clean-up kit (Macherey-Nagel). Constructs were trans-
formed into E. coli strain NEB5o (New England Biolabs) for
plasmid recircularization and production. The presence of the
mutations was confirmed by DNA sequencing followed by trans-
formation into E. coli strains BL21(DE3) and BL21(DE3)AyghD/
AyjgB® for functional expression studies.

Molecular modelling

Substrates palmitic and butyric acid were docked into chain A
of the crystal structure of the palmitic acid bound CvFAP
structure 5NCC using Autodock vina.'” Non-polar hydrogen
assignment was performed using AutoDock Tools 1.5.6. A cubic
search volume with 15 A sides was defined with the coordinates
of C6 of palmitic acid as the centre, and an exhaustiveness
of fifty. Twenty conformations were analysed and the lowest-
energy conformation with the substrate in the correct orienta-
tion (carboxylate pointing towards the FAD) was selected.
Mutations were performed in SwissPDBViewer 4.10," using the

1820 | Energy Environ. Sci., 2020, 13, 1818-1831
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exhaustive search function to identify the best rotamer for the
mutated residue.

Multi-enzyme construct generation

N-Hise-CVFAPG.6,y Was sub-cloned into plasmids pET21b
and pBbA1lc'® by PCR-mediated In-Fusion cloning. Plasmids
were transformed into E. coli strain NEB5o, BL21(DE3) and
BL21(DE3)AyqhD/AyjgB® for functional expression studies. The
multi-gene valine to propane construct was assembled with
CvFAP variant G462I in pBbE1k with a single pTrc promoter
(pTrc-ilvE-Hpad-KcdA-CvFAPG46,;) by overlap extension PCR,
with vector linearisation and insert(s) amplifications performed
by PCR.

Halomonas construct generation

CVFAPy, CvFAPG46v and CvFAPgue,; coding sequences were
amplified from pETM11 (lacking Hise-tag) and inserted (Ncol-Xhol)
into Halomonas-compatible plasmid pHal2 downstream of the
MmP1 IPTG-inducible phage T7-like RNA polymerase promoter.
This promoter is composed of an optimized MmP1-lacO-RiboJ-
RBS sequence'®*® and the CVFAP translation initiation site
(bold) comprises part of an Ndel restriction site (underlined):
TTTGTTTAACTTTAAGAAGGAGATATACCATGG. Promoter induc-
tion only occurs in Halomonas strain TQ10-MmP1, which con-
tains the cognate chromosome-integrated MmP1 phage RNA
polymerase gene.'®*° pHal2 is derived from pSEVA441*' and
contains the pRO1600 broad host range replication origin; the
PRP4 origin of conjugative transfer (oriT); and genes conferring
spectinomycin/streptomycin and kanamycin resistance, for selec-
tion in Halomonas TQ10-MmP1 and in the E. coli conjugative
donor strain S$17-1,>> respectively. pHal2-CvFAP variants were
introduced into Halomonas TQ10-MmP1 by conjugation as follows.
Kanamycin-resistant transformed colonies of donor E. coli S17-7
were mixed with TQ10-MmP1 on YTS agar plates (yeast extract
5¢ LY, tryptone 10 g L™ !, NaCl 30 g L™ %, agar 15 g L™ %), incubated
overnight at 37 °C, then streaked onto YIN6 agar (5 g L™ " yeast
extract; 10 g L™ " tryptone, 60 g L' NaCl, pH 9, 15 g L' agar)
containing spectinomycin (50 pg mL™") to select for Halomonas
transconjugants. Plasmid content of the transconjugants was
confirmed by DNA isolation, restriction mapping and sequencing.

Chromosomal insertion of the CvFAPg4e,; gene with the
MmP1 promoter (pHal2-derived) and valine to propane path-
ways (IPTG-inducible and pPorin 69) were performed using a
novel suicide vector (pSH) protocol based on previously published
methods.>*** The insertion plasmids contained the biocatalytic
and chloramphenicol resistance (Cam®) genes surrounded by
homology arms, an I-Scel restriction site and a colE1 ori that is
not compatible with replication in Halomonas. This plasmid
was co-conjugated into Halomonas TQ10-MmP1 with a second
spectinomycin-resistant plasmid (pScel) expressing the gene
for the restriction enzyme I-Scel. Expression of I-Scel enabled
the linearization of pSH plasmids, facilitating chromosomal
integration.>*?*
the intergenic regions in Halomonas showing prior high recom-

The sites for integration were chosen based on

binant protein expression.>* Successful integration was seen as
growth of Halomonas on chloramphenicol-selective medium,

This journal is © The Royal Society of Chemistry 2020
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as the pSH plasmid is not replicated. Integration was confirmed
by colony PCR, genomic sequencing and in vivo propane
production after pScel plasmid curing.?***

Synechocystis construct generation

Two versions of the non-Hisg-tagged C. variabilis CvFAPG46sv
gene with identical amino acid sequences were constructed in
Synechocystis sp. PCC 6803 (fapcaszv peoti AN faPcas2v._cyano),
differing by applying codon optimisation for E. coli and
Synechocystis, respectively. FOr fapgisav_cyano, pPlasmid pIY505
(PJET-FAP)™* variant G462V was generated by site-directed
mutagenesis using the QuikChange whole plasmid synthesis
protocol. To construct pJET-fapcuszv rcolis the non-Hisg-tagged
gene in pETM11 was amplified by PCR and cloned into the
blunt-ended pJET1.2 plasmid. The gene encoding Tes4 was
amplified from construct pET-TPC4'* and ligated into blunt
pJET1.2 plasmid. To clone the mutated fap genes and/or tes4
genes into the erythromycin resistant RSF1010 plasmid, the
Biopart Assembly Standard for Idempotent Cloning (BASIC)
method was used as described previously.'>'*?> Gene expres-
sion was controlled using either the cobalt-inducible Pcoa or
constitutive Ptrc (no lacl) promoters. Prefix and suffix linkers
used to create the plasmids are listed in Tables S3 and S4 (ESIT).
The following constructs were generated: (i) plY894: Ptrc-
Japcaszv cyanos (ii) PIY918: Ptre-tesd, fapgiszv peons (iii) pIY906:
Pcoa-tesd, fapgiczv cyano; and (iv) pIY845: Pcoa-tes4. Plasmid
assembly was validated by DNA sequencing.

Plasmids were transformed into the E. coli helper/cargo
strain (100 pL; E. coli HB101 strain carrying the pRL623 and
RSF1010 plasmids), conjugal strain (E. coli ED8654 strain
carrying pRL443 plasmid)*® and Synechocystis sp. PCC 6803
lacking acyl-ACP synthetase (encoded by sir1609; Aaas strain;
OD,3p ~ 1) using the tri-parental conjugation method
described previously.”*'* Each strain had been pre-treated
by washing with LB and BG11-Co medium for E. coli and
Synechocystis, respectively, to remove antibiotics. The mixture
was incubated for 2 h (30 °C, 60 uE), then spread onto BG11
agar plates without antibiotic, and incubated for 2 d (30 °C,
60 LE). Cells were scraped from the agar plate, resuspended in
500 uL of BG11-Co medium, and transferred onto a new agar
plate containing 20 pg mL~" erythromycin. Cells were allowed
to grow for one week until colonies appeared.

Protein expression and lysate production

Wild type CvFAP-pETM11 homologues in E. coli BL21(DE3) were
cultured in LB Broth Miller (500 mL; Formedium) containing
30 pg mL~" kanamycin at 37 °C with 180 rpm shaking until
ODgoonm = 0.2. The temperature was maintained at 25 °C until
ODgoonm = 0.6-0.8. Recombinant protein production was
induced with 50 pM IPTG, and maintained at 17 °C overnight.
Cells were harvested by centrifugation (8950 x g, 4 °C, 10 min),
and analysed for protein content using 12% SDS-PAGE gels
(Mini-PROTEAN TGX Stain-Free Precast Gels, Bio-Rad). Protein
gels were imaged using a BioRad Gel Doc EZ Imager and
the relative protein band intensity was determined using the
BioRad ImageLab software.

This journal is © The Royal Society of Chemistry 2020
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Cell pellets were resuspended in lysis buffer (1.2-1.7 mL g~ "
pellet; 50 mM Tris pH 8 containing 300 mM NaCl, 10 mM
imidazole, 10% glycerol, 0.25 pg mL " lysozyme, 10 ug mL™*
DNase I and 1 X protease inhibitors) and sonicated for
20 minutes (20 s on, 60 s off; 30% amplitude). Cell-free lysate
was prepared by centrifugation at 48 000 x g for 30 minutes at
4 °C. Lysate samples were analysed for recombinant protein
expression by SDS PAGE.

Hydrocarbon production

In vitro propane production reactions (1 mL) of FAP homo-
logues were composed of cell-free lysate and butyric acid
(0.4 mM) in sealed 4 mL vials. Reactions were incubated at
30 °C for 24 h at 180 rpm under illumination (blue LED;
455 nm). In vivo propane production of CvFAPy, and variants
in E. coli was performed by the following general protocol:
Cultures (20-100 mL) in LB medium containing kanamycin
(30 pg mL™'; pETM11) or ampicillin (50 pg mL™'; pET21b)
were incubated for 4-6 h (ODggy ~ 1) at 37 °C and 180 rpm,
followed by induction with IPTG (100 uM) and butyric acid
supplementation (1-1000 mM; pH 6.8). Triplicate aliquots
(1-5 mL) each of 3 biological replicate cultures were sealed
into vials (4-20 mL) and incubated at 30 °C for 16-18 h at
200 rpm, illuminated continuously with an LED (455 nm or
470 nm). Comparative in vivo studies with 10 mM butyric,
isobutyric, valeric, 2-methylbutyric and isovaleric acids were
performed as above, with culture induction at ODgq, of 0.6-0.8.
For all in vitro and in vivo alkane gas production studies, the
headspace gas was analysed for propane content using a Micro
GC. Data is expressed as mg hydrocarbon production per litre
of fermenting culture.

Propane production in Halomonas was performed by a
modified E. coli protocol as follows: Cultures were grown in
phosphate buffered (50 mM K,HPO, pH 6.6) YIN6 medium
containing spectinomycin (50 pg mL ") for 5 h at 37 °C and
180 rpm, followed by IPTG induction at OD ~ 1.6. The
remainder of the in vivo propane production process was
performed as above, with butyric acid concentrations of
10-80 mM. For studies with the valine pathway, amino acids
(up to 30 mg L") were added after induction in place of VFAs.
Autolysed brewery yeast extract (waste amino acid source) was
produced by culturing waste brewery barley grains from a North
of England supplier in YPD medium (10 g L™" yeast extract,
20 g L' peptone and 20 g L™ glucose), followed by autolysis
(2 h at 50 °C) and autoclaving. Waste milk medium was
composed of milk whey containing 60 g L™' NaCl and pH
adjusted to 9.0.

Propane production in Synechocystis was performed in BG11
medium'>"* using a modified protocol as follows: Starter
cultures in BG11 medium were incubated at 30 °C under 30 pE
white LED until OD;yon, reached 1.0 (~4 days). Replicate
culture aliquots (2 mL) were harvested by centrifugation and
re-suspended in 1 mL BG11 medium supplemented with
sodium bicarbonate (150 mM), cobalt(u) nitrate hexahydrate
(100 uM; for Pcoa cultures only), 50 pg mL~ " kanamycin, and
20 pg mL~" erythromycin at 30 °C £ butyric acid (10 mM).

Energy Environ. Sci., 2020, 13,1818-1831 | 1821
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Cultures were sealed within 4 mL gas tight vials and incubated
at 30 °C for 24-48 h under blue light (average 63 LE).

Halomonas cultivation

Cultures were grown in phosphate buffered YITN6 medium
containing spectinomycin (50 pg mL™") for 5 h at 37 °C and
180 rpm. Recombinant protein expression was induced with
IPTG (0.1 mM; ODggo ~ 1.6), and cultures were supplemented
with butyric acid (0-100 mM, buffered at pH 6.6). Triplicate
aliquots (1 mL) of cultures were sealed into 4 mL glass vials and
incubated at 30 °C for 16-18 h at 200 rpm, illuminated with a
blue LED panel. For studies with the Synechocystis extract,
cultures (1 mL) were incubated post induction with lysed
Synechocystis extract in place of butyric acid. Headspace gas
was analysed for hydrocarbon content using a Micro GC.

Photobioreactor cultivation was performed with high salt
glycerol medium at pH 6.8 (5 g L' yeast extract, 1 g L™
glycerol, 60 g L™ NaCl, 50 pg mL™" spectinomycin and
0.5 mL L' antifoam; 400 mL) in batch mode, pre-equilibrated
at 30 °C with 60-100% stirring output. An overnight starter culture
(10 mL) of Halomonas TQ10-MmP1 containing pHal2-CvFAPg,6,v
was added, and the culture was maintained at 30 °C with an
airflow rate of 1.21 L min ™", automated pH maintenance, culture
optical density monitoring and ambient room lighting until
mid-log phase (4-5 hours). Protein induction by IPTG (0.1 mM)
was followed by sodium butyrate addition (60-80 mM pH ~ 6.8)
with continual blue light exposure (1656 LE) for ~48 h. Propane
production was monitored at 15 min intervals by automated
headspace sampling using a Micro GC, while aqueous butyrate
and glycerol depletion were quantified by HPLC.

Synechocystis cultivation

The photobioreactor (400 mL) was set up in batch mode with
starter culture diluted 3:1 in fresh BG11" medium (BG11 pH
8.0"*' containing TES buffer and 1 g L™ ! sodium thiosulphate)
with 150 mM NaHCOj;. The culture was maintained at 30 °C
with maximal stirring, airflow of 1.21 L min~", illumination by
a white LED (30 pE), automated pH maintenance (1 M acetic
acid in 2 x BG11") and optical density monitoring (680 nm and
720 nm). After reaching OD,ynm Of ~0.5, cobalt(u) nitrate
hexahydrate (100 pM) was added as required, the warm white
illumination was increased to 60 pE and the integral actinic
blue LED light panel provided 500-750 pE blue light. The
culture was maintained at 30 °C for 18-48 hours, fed and not
fed respectively. Manual headspace sampling for propane con-
tent was performed by Micro GC, and butyrate depletion was
quantified by HPLC.

Analytical techniques

Propane levels were determined by headspace injection using
an Agilent 490 Micro GC, containing an Al,03/KCl column,
a thermal conductivity detector (TCD) and a heated injector
(110 °C; 100 ms injection) using helium as the carrier gas
(10.2 psi). During continuous monitoring mode, fermenter
exhaust gases were dried by passage through an ice-cooled
condenser prior to entering the Micro GC. Compounds were

1822 | Energy Environ. Sci., 2020, 13, 1818-1831

View Article Online

Paper

separated isothermally (100 °C) over 120 s under static pressure
conditions, with a sampling frequency of 100 Hz.

Aqueous culture metabolites (glycerol and butyric acid) were
analysed by HPLC using an Agilent 1260 Infinity HPLC with a
1260 ALS autosampler, TCC SL column heater and a 1260
refractive index detector (RID). Cell-free culture supernatant
samples (10 pL injection) were analysed isocratically on an
Agilent Hi-Plex H column (300 x 7.7 mm; 5 mM H,S0,) at 60 °C
with a flow rate of 0.7 mL min~" for 40 minutes. Analyte
concentrations determined by Micro GC or HPLC were calcu-
lated by comparing the peak areas to a standard curve generated
under the same running conditions.

Techno-economic analysis (TEA)

In this analysis,””>° a number of assumptions were made to

provide projected economics and establish benchmarks to
assess the state of technology based on current research perfor-
mance. Design basis and costing data for non-fermentation unit
operations were obtained from earlier studies and publications.
Rigorous structural and parametric optimisation, heat integration
and site analysis were not included at this stage.

The main tasks utilized were: (a) Conceptual design of a
pilot-scale continuous process as the base case. Each reactor
has a 1 m® working volume, with an inside battery limit (ISBL)
plant (fermentation and propane purification) cost of a process
~£500000. (b) Construction of a plant model in MATLAB, to
calculate the mass & energy balance for the main process
streams. (c) Creation of case studies from the base case. A total
of 11 case studies (including the base case) were created by
introducing additional assumptions with positive impacts on
process economy (Note S1; ESIT). (d) Estimation of propane
production costs, based on known process parameters at
laboratory scale with financial assumptions, carbon footprint
and minimum propane selling prices (MPSP). The design basis,
specifications and assumptions regarding the unit operations
are summarized in Note S1 (ESIT).

Results and discussion
Biocatalyst selection and redesign

We surmised that FAP could be engineered to increase the
decarboxylation of butyric acid (and other short chain volatile
fatty acids; VFAs)"' to form propane (and other hydrocarbon
gases) to enable their production at scale (Fig. 1a). FAP from
Chlorella variabilis NC64A has a reported reaction quantum
yield of greater than 80% and it catalyzes a 1-step bioconversion
of waste VFAs into alkanes.'° However, it has a reaction
specificity that is strongly in favor of long chain fatty acids
(C14-C18).""3! We screened a range of previously identified
potential FAP homologues™® for propane production with butyric
acid. Direct kinetic comparison of each purified homologue was
not possible as protein instability (aggregation) and flavin loss
occurred to varying degrees during protein purification of each
enzyme. Consequently, comparative propane production in live
cells or cell-free lysates was the main approach taken in this study,

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ee00095g

Open Access Article. Published on 19 2020. Downloaded on 17.10.25 10:28:19.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

with FAP concentrations estimated by quantification of the
protein band density from SDS-PAGE (Fig. S2; ESIf). The
presence of contaminating flavin and other chromophore
(e.g. heme) -containing enzymes in cell lysates prevented active
enzyme concentration determination by spectral analysis.

The most suitable FAP enzymes for hydrocarbon gas produc-
tion were identified as the Chlorella variabilis NC64A (CvFAP)
and Chlamydomonas reinhardtii (CrFAP) homologues'®'"3!
using biotransformation assays of cell-free extracts (Table S5;
ESIT).'® We selected CVFAP as the target biocatalyst, given the
availability of a three-dimensional crystal structure.'® Using
structure-based engineering we identified regions in the
natural substrate binding channel of CvFAP that when targeted
by mutagenesis may be able to confer increased activity of the
enzyme with short chain VFAs. We made a collection of twenty-
eight CvFAP variants, targeting residues G462, G455, Y466,
V453, T484 and A457 for substitution (Fig. 1b). A key substrate
channel residue G462 was identified, and substituted for ten
other residues (Val, Asn, Trp, Leu, Cys, Ile, Phe, Ala, His and
Tyr; Fig. S2 and Table S6; ESIt). The side chains of these
residues are in close proximity to bound palmitate in the
co-crystal structure of CvFAPyr, and variants were designed
to disfavor long chain fatty acid binding (Fig. 1b inset)."®
Propane production in E. coli cultures exposed to blue light
was measured and normalized according to each variant’s
relative expression level (Fig. S1 and S2; ESIY).

The most promising variants were found to be G462V
and G4621 (Fig. 1b; Table S6; ESI{), while variants at other
positions produced less propane than CvFAPy, (Fig. 1b). Some
variants appeared to show higher propane yields than G462V
(e.g. G462A/F/C), but inconsistent expression levels of these
variants within biological repeats made it difficult to accurately
quantify this. Molecular docking simulations of CvFAPy+ and
variants G462V and G4621 were performed using Autodock
Vina'” to investigate the effects of the amino acid substitutions.
This analysis predicted a 30-40-fold weaker binding of palmi-
tate for the G462V/I variants (decrease in binding affinity of
~2 kcal mol™%; Table S7; ESIf), with a small increase in
binding of butyrate (~30% tighter binding; Fig. 1c and d).
This is consistent with the observation that purified CvFAPG61
exhibited an increase in propane production compared to
wild-type (9-fold after 1.5 hours; Fig. S3; ESIf). Conversely,
CvFAPy,+ showed a 2.6-fold higher rate of pentadecane produc-
tion from palmitic acid after 45 minutes than CvFAPGg,e5;.

Given the high variability in activity detected with some
variants using cell lysates (Table S6; ESIt), more detailed
activity assays were performed with purified CvFAP wild-type
and G4621 variant (normalised against FAD content; Fig. S3;
ESIT). CvFAPG,6,1 showed increased propane production (6.48 +
1.04 uM propane) compared to wild-type enzyme (0.76 + 0.31 uM
propane), confirming the trend seen with the cell lysate screen-
ing data. We also determined that purified wild-type and variant
CVFAPG,6,1 are susceptible to rapid photoinactivation (Fig. S3;
ESIt), so process scale production will require regeneration of
the biocatalyst through continuous replenishment with live cell
culture. This is possible by continuous biomass cultivation - an
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approach we have adopted in developing the design of bio-LPG
production platforms described below.

Next, we investigated the effect of butyric acid concentration
on propane production using live E. coli cultures. As butyric
acid lowers the pH of LB medium (Fig. S4a; ESIt), we performed
studies with the CvFAPg,6,; variant with pH control (buffered at
pH 6.8; Table S8, ESIt). This showed propane production was
maximal at around 50 mM butyric acid (Fig. S4b; ESIt). Under
these conditions, the molar ratio of propane production to
butyrate consumption was 1.9 to 1. Propane titres were also
affected by the plasmid backbone used, and the position of
fused purification tags to CvFAP. We observed a 6.4-fold
increase in propane production using CvFAPg,e,v in plasmid
pET21b compared to pETM11 (48.31 + 2.66 mg L™ " culture).
These levels are higher than maximal propane production
observed previously with ADO (32 mg L' culture) using an
E. coli strain upregulated for butyric acid production.® This
highlights the need to explore multiple plasmid backbones,
and the effect of location and size of protein tags on gas
production in vivo.

Tuneable bio-LPG blends

Photodecarboxylation of other short chain fatty acids (butyric,
isobutyric, valeric, 2-methylbutyric and isovaleric acid) was
investigated in vivo with wild-type and four CvFAP variants
(G462V/A/1/F). The major gas produced, whether propane,
butane or isobutane, was dependent on which VFA was sup-
plied (Fig. 2a). Additional gases produced arose from naturally
arising VFAs in cell extracts. Variant G462I showed the highest
levels of gas production, especially with the branched chain
substrates isovaleric and 2-methylbutyric acids (5-8-fold higher
than with G462V; Table S9; ESIt). With CvFAPg46z;, propane
and butane production from butyric and valeric acid were less
than 2-fold higher than with CvFAPg,6,y. Variants G462V and
G462A generated similar levels of propane and butane, but
G462A showed a greater variation in hydrocarbon titre (Fig. 2a;
Table S9; ESIt). These data consolidate the finding that residue
462 is important in conferring activity with short chain car-
boxylic acids. The photodecarboxylation products of these VFAs
can be used to make biological LPG-blends. As CvFAPgepv
generated similar titres of propane and butane, this was chosen
to explore the production of tuneable bio-LPG blends of varied
composition.

The most common gases found in LPG blends are propane
and n-butane. Blends may also contain isobutane, ethane,
ethylene, propylene, butylene and isobutylene. The exact compo-
sition of LPG is country-specific, and can be varied between
seasons as required, for example, in order to assure proper
vaporisation in winter.*” In the UK, LPG is 100% propane, while
in Italy the propane:butane ratio varies from 90:10 to 20:80
(Fig. 2b). As CvFAPg,6,v can generate both propane and butane at
similar titres, the possibility of producing country-specific bio-
LPG blends by varying the ratio of externally supplied butyric:
valeric acids was investigated. The butyric: valeric acid ratios fed
to live cultures were closely correlated with propane : butane ratios
measured in the culture headspace (Fig. 2b; Table S10; ESIY).
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Fig. 2 Tuneable bio-LPG blends. In vivo gaseous hydrocarbon produc-
tion by wild type and variant CvFAP in E. coli BL21(DE3) AyghD/AyjgB.
Effect of (a) CvFAP-pETMI11 variant and (b) butyric:valeric acid blends with
CVFAPG462v-pPBbAlc on hydrocarbon production. Cultures (20 mL;
3 biological replicates) were grown in LB medium containing kanamycin
(50 ug mL™Y at 37 °C to ODggo ~ 0.6—0.8. Recombinant protein expres-
sion was induced with IPTG (0.1 mM) followed by culture supplementation
with fatty acid substrates (10 mM) after 1 h at 30 °C. Triplicate aliquots
(1 mL) from each culture were sealed into 4 mL glass vials and incubated at
30 °C for 16-18 h at 200 rpm, illuminated with a blue LED panel. Head-
space gas was analysed for hydrocarbon content using a Micro GC.
All reactions designed to generate butane and isobutane also produced
~2% propane. Errors for panel (a) are found in Table S9 (ESIt). Error bars
represent one standard deviation for duplicate (n = 2) biological repeats
for panel (b).

This indicates the ease with which tuneable bio-LPG blends can
be generated. Manipulation of the externally supplied VFA feed
ratios, or modulation of VFA concentrations generated in vivo,
could therefore offer simple routes to generate LPG blends in
scaled production.

Engineered metabolic pathways for bio-alkane gas production

Upregulation of cellular VFA biosynthesis is an alternative
means of biosynthesising alkane gas with engineered CvFAP
biocatalysts. Ideally, the chemical precursor for a VFA bio-
synthetic pathway should be a major component of available
waste feedstocks. Amino acids derived from protein-rich waste
products are simple, cheap and readily available carbon
sources. They are prevalent in salted milk whey from cheese
manufacture,*® brewery waste yeast** and proteinaceous food
waste.>®

A pathway was constructed from valine to propane beginning
with the deamination of valine to o-ketovalerate, catalysed by
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Fig. 3 Metabolic pathway to bio-LPG. (a) Enzymatic CvFAP- and ADO-
dependent pathways from valine to propane. Enzymes: ilvE = leucine
2-oxoglutarate transaminase; KdcA = thiamine diphosphate-dependent
branched-chain keto acid decarboxylase; Hpad = 3-hydroxypropion-
aldehyde dehydrogenase. (b) Effect of valine supplementation on propane
production in E. coli expressing a recombinant CvFAP-dependent pathway
from valine. Culture conditions and gas measurement were performed as
described in the legend of Fig. 2, except the cultures were supplemented
with valine (0-30 mg mL™) 1 h after IPTG-induction, instead of VFAs. The
numerical data for panel b can be found in Table S11 (ESIf). Error bars
represent one standard deviation for triplicate biological repeats (n = 3).
Differences in ratios between the difference gases likely reflects compe-
titive binding of the three amino acids for a common CvFAP binding site.

leucine 2-oxoglutarate transaminase (ilvE) from E. coli*® (Fig. 3a).
Irreversible decarboxylation of a-ketovalerate leads to isobutyr-
aldehyde catalysed by branched-chain keto acid decarboxylase
(KdcA) from Lactococcus lactis.>” Isobutyric acid is then formed by
the action of 3-hydroxypropionaldehyde dehydrogenase (Hpad)
from E. coli,”® which is subsequently decarboxylated by CVFAPg651
to form propane (Fig. 3a). An ADO/ferredoxin-dependent
decarbonylation of isobutyraldehyde to propane® can provide a
further ‘dark’ pathway to operate alongside the light-dependent
pathway should this be required.

This pathway was engineered in E. coli (Fig. 3b inset) and
cultures were supplemented with valine (0-30 mg L™"). In each
case, propane, isobutane and butane were detected in the
headspace. Propane levels increased on feeding valine by up
to 17-fold higher with 30 mg L™ valine (109.7 + 6.3 mg L™ *
propane; Table S11; ESIt). (Iso)butane titres decreased with
increased valine supplementation. These observations are likely
due to an increase in (valine-derived) butyrate levels, leading to
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the favouring of propane production over other alkane gases,
similar to that seen in Fig. 2b. Endogenous valine and/or butyrate
levels are likely high because propane yields were about three-fold
higher than the externally fed valine concentration (Fig. 3b). The
propane titres observed using this pathway are comparable to
those obtained by external feeding of butyrate to CvFAPg,¢,v alone
(Table S8; ESIt). To operate with this pathway, waste feedstocks
would need to be protein rich (e.g food waste). Amino acid
content of thirty-nine samples of vegetal and dairy product food
waste from EU industrial agro-food systems has been shown to
have a valine content that varies from 6.4-29.4 mg g~ ' waste,*
and also can act as general carbon sources. Therefore, these
abundant wastes are attractive feedstocks for alkane gas
production.

A microbial chassis for scaled bio-alkane gas production

E. coli was chosen to demonstrate laboratory scale production
of bio-alkane gases using CvFAP variants as proof-of-concept.
It may not be suitable, however, for scaled production. Microbial
fuels and chemicals production is a costly process, and places
high demands on both capital and operational expenditures.
Typically, steel-based bioreactors with complex monitoring
systems are used, with high running costs (e.g. energy-intensive
aeration, mixing and downstream processing), production rates
and titres. Sterilisation is required to minimise microbial con-
tamination, and growth under aseptic conditions is necessary.
There are also environmental concerns over waste processing and
disposal, and production methods use large quantities of clean
water. These multi-faceted issues can increase production costs.
At the outset, by selecting Halomonas st. TD01 as a production
host, we tackled many of these issues.*

Halomonas grows at high salinity (e.g. 20% w/v NaCl) and
at pH values as high as 12. Continuous cultures have been
grown for over three years in industrial-scale vessels for the
biomanufacture of polyhydroxyalkanoates at greater than 1000
tonnes scale, with no decline in growth potential."® Seawater,
waste-water and recycled water can be used without sterilisa-
tion, conserving fresh water and reducing energy expenditure.
Bioreactors can be constructed using low cost materials
(e.g. plastics, ceramics and cement). Scaled production of poly-
hydroxyalkanoates using Halomonas is at a 65% cost saving
compared to E. coli.”" This suggests that distributed bio-LPG
biomanufacture could be more profitable using Halomonas.

We constructed a Halomonas-compatible plasmid pHal2
containing CVFAP using a broad host range pSEVA-derived
plasmid*® with an IPTG-inducible promoter (Fig. 4a inset)."®*'
Halophilic in vivo alkane gas production with both CvFAPG4e,v
and CvFAPg,,; variants was performed with butyric acid (Fig. 4a),
with the highest titres shown for CvFAPg4e,v (157.1 £17.1 mg L ™"
culture) with 80 mM butyrate in buffered medium (Fig. 4b and
Table S12; ESIY). Variant CvFAPgs produced more propane
than CvFAPgge,v, and both variants produced several-fold more
propane than the wild-type (Fig. 4a). These titres are about nine-
fold greater than those reported for E. coli containing engineered
ADO-dependent pathways, and five-fold greater than E. coli con-
taining CvFAP,e,v and fed with butyrate.>®® Propane production

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Propane production by robust industrial chassis Halomonas.
(a) Comparative in vivo production of propane by wild-type and G462V/I
variants of CvFAP with 25 mM butyrate. Inset: Schematic view of the
Halomonas CvFAP plasmid constructs. (b) Effect of butyric acid concen-
tration on in vivo propane production by CvFAPg4e2y. Inset: Effect of light
‘intensity’ (i.e. photosynthetic photon flux density or PPFD) on propane
production. The zero-time point was performed in complete darkness.
Cultures were grown in phosphate buffered YTN6 medium containing
spectinomycin (50 pg mL™ for 5 h at 37 °C and 180 rpm. Recombinant
protein expression was induced with IPTG (0.1 mM; ODggo ~ 1.6), and
cultures were supplemented with butyric acid (0-100 mM, buffered at
pH 6.6). Triplicate aliquots (1 mL) of cultures were sealed into 4 mL glass
vials and incubated at 30 °C for 1618 h at 200 rpm, illuminated with a blue
LED panel. Headspace gas was analysed for hydrocarbon content using a
Micro GC. Reactions were performed as biological repeats (technical
repeats for the inset). Error bars represent one standard deviation for
triplicate biological repeats (n = 3). Technical repeats were also performed
in triplicate.

progressively increased with light ‘intensity’ (up to about
2000 pmol s™' m™? Fig. 4b inset) but declined at higher light
intensities, most likely due to increased photoinactivation of
CvFAP (Fig. S3; ESIT), or light-dependent effects on cell viability.
Halomonas therefore proves to be well able to support the
production of propane, showing titres comparable to valine
supplemented E. coli cultures expressing the KdcA-dependent
pathway (Fig. 3).

For scaled-up production, engineered strains require waste
biomass feedstock mixed with seawater and recycled water
grown aerobically at high salinity with minerals, vitamins and
VFAs. Wastewater streams (with salt supplementation) are
suitable for production at inland sites. Autolysed spent brewery
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yeast or similar (e.g. hydrolysed ‘spent’ Halomonas cells) can be
used to provide essential vitamins. Biodiesel waste (60-70%
glycerine) is a cost-effective carbon source for bacterial
growth.*? VFAs can be sourced readily from anaerobic digestion
(AD) (e.g. 50 g L' butyrate from fed-batch fermentation of
brown algae;** 36 ¢ L' with kitchen waste**).

Bio-LPG production using waste feedstocks was investigated
at laboratory scale in a flatbed photobioreactor. Non-sterile
fermentations were performed using ‘clean’ (laboratory grade
reagents) and ‘crude’ (seawater and waste glycerin) media.
Seawater and biodiesel waste impurities affected Halomonas
growth and propane production to only a minor extent (Fig. 5).
Maximal propane production occurred 4-6 hours after induc-
tion, with an overall yield of ~90 mg g™ cells (over 2 days).
A steady decline in propane production after the early peak rate
was observed (Fig. 5b; Fig. S5; ESIT), attributed to plasmid
instability and/or loss*> or possibly CvFAP inactivation.
In addition, the continuous exposure of Halomonas (or micro-
organisms in general) to blue light may impact on cell viability,
compromising further replenishment of the CvFAP catalyst
in vivo. In spite of this, we have shown that waste feedstocks and
seawater are capable of supporting bio-alkane gas production.

Stable strains for bio-LPG production

Genome-integrated alkane gas producing Halomonas strains
are required for scaled production to eliminate the need for
antibiotic-mediated plasmid maintenance. We integrated an
IPTG-inducible CvFAPg,6,; into the genome of Halomonas and
tested its bio-alkane gas producing ability in a photobioreactor
for 48 to up to ~100 h.'® Cumulative propane yields were less
than half those obtained with plasmid borne pHal2-CvFAPg,¢,v
(Fig. 5c¢), in spite of the G462I variant displaying higher activity
than CvFAPg,ey (Fig. 4a). This lower propane titre is not
surprising as only one copy of CvFAPg,6,; Was integrated into
the genome. However, these titres compare favourably to
plasmid-based expression (Fig. 5c). Propane production rates
were maximal around 60 h (Fig. S6; ESIt). Beyond 60 h, cell
viability of Halomonas was shown to decline, as evidenced by a
reduction in viable cells (colonies) detected during plate counting
assays. This is likely due to prolonged high intensity light
exposure. Continuous culture replenishment of the photo-
bioreactor with fresh ‘dark-grown’ culture would mitigate against
this loss of cell viability.

Next, we eliminated the need for IPTG induction of
CVFAP,q,v using a modified constitutive pPorin-like promoter.*®
Constitutively-expressed CvFAPg,ev cultures showed elevated
(2.7-fold) propane yields (237 mg g " cells) compared with induced
cultures (Fig. 5¢; Fig. S6; ESIt), with a concomitant reduction in cell
density attributed to slower cell growth. We also integrated a
‘valine-to-propane’ pathway (constitutive and inducible versions)
into the Halomonas chromosome and demonstrated bio-alkane gas
production. Higher overall alkane titres were obtained with the
integrated IPTG-inducible pathway (1.19 + 0.01 mg L™ " isobutane;
Fig. 5d) compared to the constitutively expressed strain. Extensive
industrial waste amino acid sources can be found in the dairy
(salted milk whey) and brewery industries (autolysed yeast).
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Fig. 5 Propane production by the robust industrial chassis Halomonas.
(a) Culture growth (OD 680 nm) and (b) propane production of Halomonas
expressing IPTG-inducible pHal2-CvFAPg46,y in the presence of analytical grade
glycerol (‘clean’) or biodiesel waste (‘crude’). (c) Cumulative propane production by
Halomonas expressing plasmid-borne or chromosomally integrated CvFAP var-
jiants. Cultures (400 mL) were grown in high salt glycerol medium at pH 6.8
containing 50 pg mL™! spectinomycin (plasmid borne cultures only) and
0.5 mL L™ antifoam. Conditions were maintained at 30 °C with 65—100% stirring,
an airflow rate of 121 L min~* in the dark until mid-log phase (4-5 hours).
Recombinant protein expression was induced with IPTG (0.1 mM) where required,
followed by the addition of sodium butyrate (60 mM pH ~ 6.8) and blue light
exposure (1656 pE). Cultures were maintained for 48-110 h and propane
production was monitored at 15 to 20 minute intervals by automated headspace
sampling using a Micro GC. In panel ¢, data for inducible and constitutively
expressed plasmid-borne expression systems are indicated by grey and orange
circles, respectively, while the chromosomally integrated expression system is
indicated by green circles. R = lac repressor; Spec® = spectinomycin resistance
gene. (d) Production of alkane gases in Halomonas using the valine-dependent
pathway. The IPTG-inducible and constitutive promoters were pTrc and pPorin
69, respectively (Table S2; ESIt). General culture conditions (non-sterile) and gas
measurements were performed in YTN6 media, as described in the legend of
Fig. 4, containing autolysed brewery yeast without VFA addition. Milk whey
medium (pH 9) was composed of cheesemaking residual salt whey from a North
of England supplier supplemented with 60 g L™ NaCl. Error bars represent one
standard deviation for biological repeats (n = 3).

This journal is © The Royal Society of Chemistry 2020
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We compared the bio-alkane gas production of the plasmid-
borne KcdA-dependent pathway using these waste supplies and
found in all cases, bio-alkane gases are produced (Fig. 5d). The
titres and compositions of the produced gas were dependent on
feedstocks, which reflects on the relative amino acid and/or
overall nutritional compositions of each feedstock.

Bio-LPG from carbon dioxide

An ideal energy strategy would directly utilise CO, as the carbon
source for the production of biofuels. A microbial carbon
capture solution could take advantage of the photosynthetic
ability of cyanobacteria to fix CO, into organic carbon.
Synechcocystis PCC 6803 is an ideal host because it grows
rapidly and is genetically tractable. It is tolerant to abiotic
stress and growth requirements are well understood.*”*® Con-
version of CO, into medium chain-length fatty acids"® and long
chain hydrocarbons' has been described. We previously bio-
engineered Synechcocystis PCC 6803 by incorporating E. coli
thioesterase A, which catalyses the conversion of fatty acyl-ACP
to free fatty acids. We also knocked out the native fatty acyl
ACP synthase gene (Aaas) to minimise the reverse reaction
(Fig. 6a)."* These changes increased the availability of free fatty
acid precursors in vivo, enabling hydrocarbon biosynthesis
direct from CO,, instead of via an external carbon source.™*

In this work, we incorporated the gene for CvFAPg,e,v into
wild-type Synechocystis and a Aaas gene knockout strain in the
presence or absence of Tes4 (a butyryl-ACP thioesterase from
Bacteroides fragilis)® under the control of a cobalt-inducible
promoter (Pcoa) or a constitutive promoter (Ptrc) (Fig. 6a and
Fig. S7; ESIt). CvFAPg46,v Was chosen for the experiments in
Synechocystis due to the reproducibility of its high expression
levels (Fig. S2; ESIt). Under batch culture conditions, neither the
wild-type nor the Tes4/Aaas strains produced detectable pro-
pane. Only low levels of propane (11-14 pg per L culture per d)
were produced when using strains carrying the CvFAPg6,v gene
that were supplied externally with butyrate (Fig. S7; ESI}).
Encouraged by these findings, we then cultivated the Synechocystis
Tes4/Aaas strain carrying CvFAPgue,y in the photobioreactor
under photosynthetic conditions (see Experimental section)
with supplementary blue light exposure. This strain showed
moderate propane production (11.1 + 2.4 mg propane per L
culture per day), which is equivalent to ~12.2 + 2.6 mg propane
per g cells per day (Fig. 6b and Fig. S7; ESIt). To the best of our
knowledge, this is the first demonstration of the direct conver-
sion of CO, into propane.

A factor to consider when using Synechocystis for propane
production is the photobleaching of photosynthetic pigments
in the presence of high intensity blue light.”® This fixes a
practical upper limit on blue light intensity to maximise CvFAP
activity whilst minimizing the extent of photobleaching (Fig. S8
and S3, respectively; ESIt). Photobleaching was apparent when
light exposure was maintained between 500 to 800 pE, but not
during prolonged exposure (140 h) between 300 to 500 pE
(Fig. S8; ESIT).

A complementary strategy is to feed bio-alkane-producing
Halomonas with osmotically lysed Synechocystis; the latter acting

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Propane production employing natural photosynthetic CO,
capture. (a) Scheme for engineering Synechocystis to enable propane
production by CO, fixation. (b) Cumulative propane production of
Synechocystis Aaas expressing CvFAPG462v and Tes4 (strain plY819). The
photobioreactor (400 mL) was set up in batch mode with starter culture
diluted 3:1in fresh BG11* medium (BG11 pH 8.0 containing TES buffer
and 1 g L! sodium thiosulphate) in the presence of 150 mM NaHCOs.
Both pH control and CO, supply were maintained using 1 M NaHCOz3 in
2 x BG11*. The culture was maintained at 30 °C with maximal stirring with
an airflow rate of 1.21 L min~?, illumination of warm white light (30 pE),
automated pH maintenance (1 M acetic acid in 2 x BG11") and optical
density monitoring (680 nm). After reaching an optical density of
~0.3 (~20 h), cobalt(i) nitrate hexahydrate (150 uM) was added, warm
white illumination was increased to 60 pE and the integral actinic blue LED
light panel was activated to provide 500-750 pE blue light (460-480 nm).
The culture was maintained at 30 °C for 18-48 hours, with manual
headspace sampling to quantify propane by Micro GC.

both as a carbon (growth) and butyrate feedstocks.”® This
bypasses photobleaching effects, but retains the ability to capture
CO,. Synechocystis can also be degraded by AD to generate VFAs
for Halomonas gas production. To test the feasibility of this
approach, we fed batch cultures (1 mL aliquots) of Halomonas
expressing CvFAP with lysed Synechocystis as supplementary
carbon and butyrate sources, and produced propane gas
(25.3 + 5.8 mg L™ " culture; Fig. 6b). These titres were enhanced
compared to control cultures reliant on only endogenous
butyrate alone (YTN6 medium; 0.9 & 0.1 mg L™ " culture). Use
of Synechocystis as a feedstock could enable Halomonas to
produce bio-LPG from industrial or atmospheric CO, rather
than being reliant on waste organic matter. The International
Energy Agency has estimated that carbon capture and storage/
utilisation (CCS) could potentially contribute to a 19% reduction
in CO, emissions by 2050 using existing technologies.’>

Energy Environ. Sci., 2020, 13,1818-1831 | 1827
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A coupled Synechocystis-Halomonas process could further
enhance management of industrial CO, emissions as well as
generate bio-LPG to meet energy demands.

Vision and economics of bio-LPG production

Multiple designs of scaled bio-LPG production hubs have been
envisaged, which differ in waste feedstock supply, bioreactor
design (~1000-10000 L scale) and light requirements. A pro-
totype design based on Halomonas cultivation, could be located
in a coastal region with on-site seawater, an anaerobic digester
(AD) for VFA production and optionally a cyanobacteria photo-
bioreactor for CO, fixation and VFA supply (Table S11; ESIT).
The AD plant would be tuned to generate a specific VFA blend
by modulating the waste composition (e.g. oil and salt concen-
trations), microbial consortium and running conditions
(e.g. temperature). The site could also contain multiple photo-
bioreactors for bio-LPG production (Fig. 7) fed from a dark
bioreactor for Halomonas propagation prior to bio-alkane gas
production. These photobioreactors could be classical flat-bed
photobioreactors, or even low-cost pressurised polyethylene
bags with external illumination.>® Propane could be harvested
using gas-scrubbing methodologies,”® linked to existing
desiccant moisture removal and liquefaction technology.
On-site generated bio-LPG could be used to feed adjacent heavy
industry, or be transported using local distribution infrastruc-
tures. For on-site usage of the alkane gas blends, the exact gas
composition (e.g. propane vs. butane) does not need to conform
to local government requirements if it is not sold under the
‘LPG’ label. This option allows the usage of local organic waste
that may not generate a specific ratio of VFAs, or if the waste
composition is likely to vary considerably. Also, small distributed
plants can utilise local power generated by solar, wind or tidal
technology to power LED illumination, considerably reducing
operating costs.

The selection of suitable sites for bio-alkane gas production
will be dictated by the need to use locally supplied waste
feedstocks and seawater. The current global price for non-AD
butyrate is around £2-3 per kg, which is not cost-effective for
bio-alkane gas production. Local food waste could be used as
both a carbon source and amino acid supply (KdcA pathway
utilization) in place of AD-generated VFA blends. For example,
the UK generates approximately 7 million tonnes of household
food waste annually, of which 0.6-0.7 million tonnes can
be collected by local authorities and treated through waste
management systems.>> Based on laboratory scale studies, food
waste has a great potential as a VFA fermentation substrate due
to high VFA yield (up to 0.43 gVFA per g substrate).>°

The feasibility of this approach was investigated by perform-
ing a preliminary Techno-Economic Analysis (TEA) and carbon
footprint analysis, limited to the process itself, of a prototype
design for Halomonas bio-alkane gas production (Note S1,
including Fig. S9-S11 and Tables S13-526; ESI). This analysis
is intended to understand the gap between the early-stage
research and commercial realisation, and to illustrate potential
strategies to bring further process improvements. The TEA
contains a high degree of uncertainty because the process is
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Fig. 7 Design of a prototypical future bio-LPG production hub. (a) Concep-
tual design and (b) process flow diagram. Manufacturing plant components:
(1) sea water intake and pre-treatment; (2) biomass accumulation fermentation
system; (3) anaerobic digestion (AD) plant for volatile fatty acid supply;
(4) photobioreactor for propane production; (5) propane purification; (6) pro-
pane compression and liquefaction; (7) local propane distribution by road and
rail; (8) local propane usage by heavy industry such as power generation or
steel mills; (9) waste biomass treatment and fish feed production, (10) use of
waste biomass pellets in fish-farming.

still at a low technology readiness level. Nevertheless, the
analysis results can be used to highlight bottlenecks and hotspots
which have significant impact on the economic or environmental
aspect of the process, so that future research and process design
can be directed in the most effective direction. The base case was
modelled on a conceptual design of a pilot-scale continuous
process with one 1 m® bioreactor for biomass synthesis, two
1 m® photobioreactors in series for propane synthesis, and one
1.72 m® anaerobic digester to generate butyrate feed. Ten further
TEA cases were formulated by introducing additional measures
and strategies to strengthen the economic potential of the process
(Note S1; ESIt). Examples of cost reducing strategies include
implementing non-sterile fermentation, valorization of side-
streams to produce additional valuable chemicals, optimiza-
tion of cell productivity and process scale-up. The design basis,
process specifications and engineering as well as financial
assumptions are summarized in Note S1 (ESIt). Based on this
information, the TEA model generated estimates for plant
performance, production costs, minimum propane selling
prices (MPSP) and CO, emissions for all the cases.

This journal is © The Royal Society of Chemistry 2020
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In comparison to chemical routes, CvFAP catalyst ‘poisoning’
by photoinactivation is overcome by continuous replenishment
from a ‘dark’ bioreactor (biomass production in the dark).
Reduction in energy costs associated with light supply (CvFAP
photoactivation; cyanobacterial growth) is central to production
costs savings. This could be managed by using solar energy or
wind farm electricity. Substituting blue LEDs for concentrated
wavelength-filtered sunlight (e.g. 425-475 nm) could reduce the
energy burden and associated costs. The daily blue light intensity
in the Northern United Kingdom®® averages around 29.0 W m ™2,
while the required photobioreactor intensity is up to 424 W m ™2,
dependent on microbial chassis. A 15-fold solar concentration is
required to generate the required blue light intensities which
could be met using existing solar concentration technologies,
similar to the Australian National University parabolic trough
or the Entech Incorporated Fresnel lens (each achieving 30-fold
concentration).”” To allow diurnal propane production, light
supplementation via LEDs could be supplied outside daylight
hours. Alternatively, Halomonas could be engineered to include
an alternative non-light requiring ADO-dependent pathway
from valine (Fig. 3a), enabling propane production during the
dark phase.

A cost-effective solution to bio-alkane production requires a
significant reduction in illumination costs. This was modelled
by the utilisation of natural sunlight with solar concentrators,
cleaner wind power and the localisation of the bioreactors
within developing countries with lower operating costs (Case 6,
10 and 11; Tables S16, S23-S24; ESIT) In addition, process scaling-
up and the generation of secondary revenue are necessary to
increase the cost-effectiveness of the process (Case 5 & 9).
This could include the conversion of waste Halomonas and
Synechocystis biomass to fertiliser, further processing through
AD plants as a source of VFAs, or desiccated to produce fish food
at larger scale.

As about 25% of the carbon content of supplied butyrate
would be lost as CO,, the energy ratio of propane production
(i.e. energy output/energy input) at maximal productivity is
estimated to be 3.18. (Case 11; Tables S17, S23-S24; ESIY).
The projected propane yields were estimated at 358 tonnes per
year for a pilot production system scaled-up by 10-fold, with
projected combined revenue of £3.1 M (primary and secondary
products; Table S24; ESIT). This is based on developing a
Halomonas strain with multi-copy insertion of CvFAPg,e,; to
ensure stable propane titres similar to plasmid-borne systems.
The TEA study also predicted a 300-fold decrease in propane
production cost at scale (US $626.80 kg~' to US $1.89 kg™")
in comparison to traditional, unoptimised biotechnological
approaches.

The UK LPG market is ca. 82970 barrels per day,> equiva-
lent to ~0.086 tonnes of propane per barrel or 2 540 000 tonnes
per year. If the future transport sector were to use ca. 10% of the
current market for bio-LPG as a drop-in fuel this would require
around 710 of the said pilot process operating at maximal
productivity and consume 225 tonne of crude glycerol per year.
After four decades of technology development, ethanol derived
from starch or cellulosic biomass is currently the dominant
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biofuel for liquid transportation and power generation.
Bioethanol can now be made economically and at large scales
sufficient to contribute to a nation’s fuel market; this is not yet
feasible for other newly emerged biofuels e.g. butanol (non-ABE
derived), biofene (farnesene), and bisabolene. Ethanol bio-
refineries have the capacity to utilise biomass feedstock, trans-
forming most of the components into valuable products, which
are integrated readily with existing industrial infrastructures.
These features are desirable also for bio-alkane gas production
processes, if they are to meet the ambitious goal of utilising
propane/alkane blends as drop-in-fuels. Also, fuelling vehicles
with Bio-LPG is one way to diversify the availability of clean
fuels and to increase energy security so that economies are not
over reliant on provision of ethanol. Bio-LPG has its own niche
in the transportation fuel sector - for example, it is suitable
for high-mileage vehicles by offering improved engine life and
lower maintenance costs. As with ethanol production, Bio-LPG
production will require scaled technology development and
optimisation, and more detailed TEA evaluation as the techno-
logies mature.

The above example illustrates how an integrated biorefinery
strategy could in principle be used to supply local energy
requirements and generate income, while recycling industrial
CO, and food waste. A second strategy utilizing the multi-step
pathway from amino acids could be employed, using food, brewery
or dairy waste to supply the necessary amino acids (in place of
AD-generated butyrate). There are likely other configurations
around these examples that could likewise be deployed at scale,
enabling bio-LPG manufacture from waste biomass and atmo-
spheric/industrial CO,, and provide renewable energy solutions
for localised economies around the globe. That said, further
exploration of the TEAs will be required coupled to further rounds
of microbial strain optimization, as individual bio-production
formats are scaled at higher technology readiness levels.

Conclusions

The development of any synthetic biological solution for chemi-
cals production into a commercially viable process requires the
consideration of both (bio)catalytic process optimisation and an
understanding of the techno-economic challenges of developing
scaled bioprocesses. We tackled both of these challenges when
developing a series of biocatalytic solutions to alkane gas produc-
tion. We investigated (i) single vs. multi-catalytic pathways from
abundant waste feedstocks, (ii) multiple chassis screening and
development, (iii) lab-scale production in vivo and (iv) finally
proposed designs for multiple scaled bio-LPG production ‘hubs’,
utilising local waste materials and taking advantage of the avail-
able infrastructure. This combinatorial approach is key in any
commercial development as it focuses the research and develop-
ment beyond simple proof-of-principle demonstration, and
directs progression towards practical solutions to process/
economic bottlenecks.

We have shown that sustainable and renewable solutions to
highly efficient and clean-burning bio-alkane fuels (tuneable
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bio-LPG) is possible. Further optimisation of the microbial
chassis to achieve stable high titres, coupled to improvements
in the bio-LPG bioprocess hub design will drive the concept
towards the realisation of a commercially-viable process. Localisa-
tion of these hubs close to existing waste-generating heavy
industry in both advanced and developing countries will assist
with waste management, reduce the carbon footprint, and
increase energy security. This could positively contribute towards
global carbon management targets and clean air directives.
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