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Abstract

This study focuses on Clostridium saccharoperbutylacetonicum’s potential in
industrial biofuel biosynthesis, owing to Clostridium’s established use in butanol,
acetone and ethanol production and this species’ relative aerotolerance and
natural adaptation to utilise a variety of sugars present in industrial feedstocks.
Initial experiments aimed to express bacterial microcompartments in C.
saccharoperbutylacetonicum faced cloning difficulties, precluding the completion
of this research. Thereafter, the focus switched to the possibility of using this
organism for the production of the biofuels alpha-pinene, linalool and R-limonene,

all of which require the metabolite geranyl pyrophosphate as a precursor.

Preliminary genome searches were promising, with genes encoding putative
enzymes of the MEP/DOXP pathway linking glycolysis and geranyl pyrophosphate
production found. Toxicity of the aforementioned biofuels was then investigated
using E. coli, where each exhibited significant toxicity, suggesting that a more

desirable chassis for their production is desirable for industrial-scale biosynthesis.

To further investigate the putative genes discovered, a combination of homology
analyses and structural modelling was used to compare them to known pathway
enzymes. Close structural homology was found to bona-fide E. coli K-12 enzymes,
with substrate docking analysis on both our Clostridium models and E. coli X-ray

crystal structures providing very similar results.

This work suggests that C. saccharoperbutylacetonicum may be capable of
geranyl pyrophosphate production, and is therefore a good chassis for the
introduction of single recombinant enzymes that can produce alpha-pinene,

linalool and R-limonene using geranyl pyrophosphate as a substrate.
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1.0 Introduction:




1.1 The need for renewable fuels:

Fossil fuels are a finite non-renewable source of energy which produce compounds
such as Carbon Dioxide which are damaging to our planet. As such, economically
viable renewable energy sources are in ever-increasing demand globally as
governments and companies seek to establish themselves as having the people

and the planet’s best interests in mind.

Electrical energy is often seen as the way forward for many applications, however
battery technology is unable to keep up with modern day needs, resulting in poor
range when used in vehicles, high cost and heavy weight. It must also be considered
as to how the electricity itself has originally been sourced, as only through renewable
generation does it truly provide the alternative to fossil fuel sought after.

Biofuels however encompasses a wide variety of energy-rich compounds obtained
from renewable biomass feedstocks (1) and do not suffer the same drawbacks as
electrical energy — notably functioning as a fuel additive or replacement in existing
engine technology with little or no adjustment needed. As such, biofuel could provide
a more reasonable alternative, especially in applications where range and weight

may be crucial — such as the civilian aeronautical industry (2).

Waste by-products of crop plants are often used as a feedstock due to their wide
availability. However, the amount of land required to meet the current fossil fuel
requirements far exceeds the supply of crop feedstock available (3) and attempting
to meet these demands would have a severe negative impact on food production.

Cellulose is often used as a base for biofuel due to its abundancy, however these
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“1st Generation” (1G) biofuels are expensive and energy-intensive to produce due
to the complexity of cellulose and its hydrolysis (4). As such, biofuels produced using
these feedstocks are often only used as additives to fossil fuels. Due to the vast
swathes of arable land required for this feedstock and its resulting impact upon not
only the food industry but also ecosystems, 1G biofuels have been met with many
restrictions and bans from leading institutions such as the EU (5). As such, microbial
feedstocks may be a more viable carbon source to meet the current demands for
fossil fuel and help limit their harmful effects on the planet. Bacteria along with other
microorganisms produce 2" Generation (2G) biofuels from cellulosic energy crops
and lignocellulosic waste as opposed to the food crops used in 'St Generation biofuel
production (6). Microalgae are used in the production of 3 Generation (3G) biofuels
from solar radiation. Both 2G and 3G biofuels are more energy-efficient than their
1G counterparts, however require more advanced technology and are often smaller
in scale (7).

Despite the ability of Algae to produce biofuels from sunlight (8), bacterial
feedstocks may be the more viable option currently due to the issues with managing

large-scale Microalgal bioreactors (9) (10).

1.2 Clostridial species used for biofuel production:

Clostridial species are of particular interest in the field of biofuel production due to
their wide diversity in metabolic potential, though their anaerobic nature adds
complexity to their study and wuse. Some species such as C.
saccharoperbutylacetonicum are useful in industrial applications due to the
extensive genetic tools available and their capacity to produce a wide range of
extremely useful metabolites, such as alcohols and industrially relevant acids such
as butyric acid — a common food flavouring. The genetic research thus far carried

out, however, has only reached so far as identifying a diverse range of proteolytic
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enzymes, yet failed to fully elucidate many of the metabolic pathways they are

involved in.

Biofuel-producing Clostridium species tend to fall into one of two phylogenetic
clades (11) and are often non-pathogenic to humans. However, their use in biofuel
biogenesis was greatly reduced in the early 20" century as petrochemical methods
became preferred due to reduced cost and availability of fossil fuels globally (12).
However, in the current climate, production of these same fuels from renewable
resources is beginning to become preferential. This once again opens an avenue
for research into the production of biofuels by Clostridium and, with renewed interest

and funding, the process may be refined into more commercially viable processes.

An ideal Clostridium species for use in industrial biofuel production may be C.
acetobutylicum (13) due to the vast number of studies, metabolomic and genetic
profiling which exist, or the lesser known species C. saccharoperbutylacetonicum
due to its greater tolerance for oxygen exposure. It is noteworthy that a few species
(C. camis, histolyticum, and tertium) can be subcultured for aerotolerance (14),
however none of these species have been shown to produce high yields of
conventional Clostridium biofuels such as acetone, butanol or ethanol. Alternatively,
coculture of C. acetobutylicum with Bacillus subtilis was utilised to maintain an

anaerobic medium and remove the costly need for N2 purging (15).

It may also be possible to create a Clostridial feedstock which consumes Carbon
Dioxide as a substrate for butanol production, as acetogenic strains have been
shown to fix CO2 into acetyl-CoA (16), with some even shown to produce butanol
from Carbon Monoxide, although these feedstocks typically result in significant

decreases in biomass (17).
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1.3 ABE fermentation by Clostridial species:

Clostridial biofuel synthesis occurs via ABE fermentation, named after its main
products — Acetone, Butanol and Ethanol. Lignocellulosic crop waste, such as Corn
Stover (i.e. the waste material left in the field after harvesting of corn crops), has
been a popular feedstock in recent history due to its abundance and low cost, and
there is high demand to expand the repertoire of biofuels which can be produced
from these raw materials in large, stable and reproducible quantities (18) (19). As
seen in Figure 1, this lignocellulosic biomass first requires a variety of pre-
treatments (20) to break down the lignin, which inhibits hydrolytic enzymes from
reaching the hemicellulose and cellulose fibres and initiating hydrolysis into glucose
and xylose (21). The availability of the biomass used must therefore be weighed
against the lignin content, as biomass with a higher percentage content of lignin will
require more lengthy and costly pre-treatments before they can be used as a
feedstock.

Lignocellulosic
Biomass

Heated with weak
alkali, neutralized with
1M HCI and rinsed

Gl d Xylos
with deionized H,O tcose and Rylose

product
A
Centrifugation to

separate supernatant Hydrolysis

0 Resultant slightly acidic
Supernatapt thermally (] [ e n) solid catalyst mixed with

treated and rinsed with 1M ¢ 0 0 > P treated biomass pellet in a

HCI and deionized H,O () Zirconia ball mill

Figure 1: Lignocellulosic biomass pre-treatment for use in ABE fermentation
An example of pre-treatment of lignocellulosic biomass. These processes can be optimised to
achieve high glucose yields of approximately 70%.
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Hexose sugars are then converted into acetyl-CoA during glycolysis, and xylose (a
pentose sugar) is channelled into glycolysis via the pentose phosphate pathway.
The resultant acetyl CoA is then used in the acidogenic and solventogenic

pathways, detailed below, for the production of acetone, butanol and ethanol.

1.3.1 Acidogenesis

Clostridium species will first enter acidogenesis, the first of two phases. This occurs
during exponential cell growth and, during this phase, organic acids — chiefly Acetic
and Butyric acid — are produced from acetyl-CoA, ATP is produced (causing
exponential cell growth), and alcohol titres are significantly reduced.

The production of these acids reduces the internal pH and eventually reaches a “pH
breakpoint” (22). This mechanism is not yet fully understood, however it is believed
to trigger the upregulation of solventogenic genes via the master regulator SpoOA
which is phosphorylated once the pH breakpoint is reached (23) and the sol operon,

which may occur simultaneously or independently of sporulation (24).

1.3.2 Solventogenesis

Solventogenesis is a mechanism via which Clostridium can avoid acid stress caused
by excess acidogenesis and shows a tendency for upregulation once cell growth
has slowed. Solventogenesis tends to be induced at pH <4.5, however this varies
between different species of Clostridium (25). During this phase the organic acids
produced by the acidogenic phase are converted to the solvents acetone, butanol

and ethanol (26).
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The balance between the two phases (Figure 2) must be carefully regulated by the

cells as the solvents produced are also toxic to the cell (e.g. butanol disrupts the cell

membrane).
Lactate «—
Acetoin «—L— Pyruvate
Formate,
Fd ox
Legend: Fdred

. = Increased flux during Acidogenesis

Ethanol

Acetate _ Acetyl-CoA
Acetone mmmmmm Acetoacetyl-CoA

Fd ox

I = Increased flux during Solventogenesis

. = Only active during Solventogenesis

Fd red

Butyrate b Butyryl-CoA ﬁ Butanol

Figure 2: Metabolic flux during switch between Acidogenesis and Solventogenesis
lllustration of the main target pathways affected by the switch between Acidogenesis and
Solventogenesis in Clostridia.

1.4 Bacterial Microcompartments and their potential applications in biofuel
production:

Bacterial Microcompartments (BMCs) are proteinaceous shells similar in shape to
viral capsids (Figure 3), two examples being PDU and EUT BMCs which are used
in the metabolism of Propanediol and Ethanolamine, respectively. In future, BMCs
may be useful for the engineering of strains to rapidly produce biofuels as metabolic
intermediates that are toxic to the cell may be sequestered within the BMC (27).
Also, substrate channelling via the co-localisation of pathway enzymes may
diminish the concentration of toxic intermediates and result in an overall

improvement of pathway flux and higher biofuel yields.
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1,2-PD
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Cob(lll)alamin 1,2-PD
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& 7
R Gk,

Cob(l)alamin W AdoB12 | PduCDE

v

Propionaldehyde

Propionyl-phosphate Propionyl-CoA 1-Propanol
ATP I I
o Pduw HS-CoA  Pi 1 l
Propionyl-phosphate M Propionyl-CoA 1-Propanol

PduL

Figure 3: Overview of enzymatic reactions within a PDU BMC
A cross-sectional representation of an Propanediol-Utilising (PDU) bacterial microcompartment,
complete with its metabolic pathway.1,2-PD represents 1,2-Propanediol.

BMCs are formed from a large group of proteins, each with specific functions (Table
1).The icosahedral cage of BMCs is constructed of three main classes of shell
proteins. Cyclical hexagons made from a class of major shell proteins known as
BMC-H form the main facets of this cage, containing small central pores (28). BMC-
P is a class of minor shell proteins — such as PduN — which cap the vertices of the
BMC structure and are crucial for the formation of Propanediol Utilisation (PDU)
microcompartments, with its deletion preventing cage formation (29). The third class
of BMC proteins, BMC-T, is responsible for the assembly of hexagonal trimer groups

with a large central pore, acting as shell permeability modulators (28) (30).
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Table 1: pdu operon gene functions
Functions of each protein present in the pdu operon of C. freundii.

Citrobacter freundii Propanediol Utilisation Proteins

PduA Hexamer Facet Component

PduB Hexamer Facet Component

PduC Ado-B12-dependent Diol dehydratase large subunit
PduD Ado-B12-dependent Diol dehydratase medium subunit
PduE Ado-B12-dependent Diol dehydratase small subunit
PduF Propanediol diffusion facilitator

PduG Diol dehydratase reactivation protein

PduH Diol dehydratase reactivation protein

PduJ Hexamer Facet Component

PduK Hexamer Facet Component

PduL Phosphotransacylase

PduM Unknown

PduN Pentameric Vertices

PduO Cobalamin adenosyltransferase

PduP CoA-dependent propionaldehyde dehydrogenase
PduQ 1-Propanol dehydrogenase

PduS Cobalamin reductase

PduT Hexamer Facet Component

PduU Hexamer Facet Component

PduV Unknown

Pduw Propionate kinase

PduX L-threonine kinase

The possibility of BMC expression being linked to acidogenesis in Clostridium
kluyveri has been postulated due to the proximity of BMC genes (eutM/L
orthologues - themselves orthologues of pduA/B) to NAD-dependent

dehydrogenases (31). Furthermore, BMCs have been linked to solventogenesis in
17



Vibrio furnissii by the discovery of functional alcohol dehydrogenase genes flanked
by pduJd/ccmO orthologues (32). This suggests that there may be some precedent

for the use of microcompartments to boost industrial biogenesis of butanol.

1.5 Metabolic intermediates in C. Saccharoperbutylacetonicum as potential
biofuel precursors:

Of specific interest was the pathways that produce geranyl pyrophosphate (GPP),
a precursor to several biofuels including geraniol, alpha-pinene, linalool and R-
limonene. Linalool is a precursor to jet fuel that is in high demand and would benefit
greatly from a bacterial chassis capable of producing it in high yields (33). Other
products such as Limonene and Geraniol are also in continuous high demand due
to their use in fragrance manufacture, and also have potential uses as components
of fuels, although current production processes do not produce high yields (34) (35).
Cyclic and bicyclic monoterpenoids also feature within this pathway, such as alpha-
Pinene. These are much more fluid at lower temperatures and can therefore make

them ideal as components in biodiesel fuel used at lower temperatures (36).

The production of these biofuels is tied closely to the biosynthesis of isoprenoids, a
varied class of molecules crucial to cellular survival in bacteria, which attracts great
interest in the pathway enzymes as targets for antimicrobials to kill pathogenic
bacteria (37). With this in mind, it is surprising that little research has been carried

out on the Terpenoid pathways, particularly in Clostridium.

GPP can be synthesised via the Mevalonate (MVA) or Non-Mevalonate MEP/DOXP
(less commonly known as DXP) pathways (Figure 4). The ispH enzyme within the
MEP/DOXP pathway functions to produce both isopentenyl pyrophosphate (IPP)

and dimethylallyl pyrophosphate (DMAPP) (38) (39), allowing for this pathway to

18



produce GPP without depending on the co-functionality of the MVA pathway. The
MVA pathway has been shown to be less efficient at producing GPP from Glucose
than the MEP/DOXP pathway (40) and yields a ratio of 3 moles IPP for every 7
moles of DMAPP, whereas the MEP/DOXP pathway yields a 5:1 ratio. However, it
should be noted that the MEP/DOXP pathway requires an extra mole of NADH and

two moles of ATP, requiring more energy and cellular reducing power (40).
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Figure 4: Production of GPP by the MVA and MEP/DOXP pathways

(A) The MVA and MEP/DOXP pathways which convert acetyl-CoA from glycolysis into Geranyl-PP

— subsequently feeding into many crucial metabolic pathways such as ubiquinone and, crucially,

monoterpenoid biosynthesis. (B) Structural representation of the MEP/DOXP pathway.
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As the enzyme ispA (Figure 4) requires a 1:1 ratio of each of these compounds to
produce GPP, this would suggest that the MVA pathway is better suited to the
production of certain biofuels and precursors found downstream in the
Monoterpenoid Biosynthesis pathway. However, the expression of the MVA
pathway in eubacteria is rarer than the MEP/DOXP pathway, although exceptions
are noted, with both pathways having been observed within Listeria monocytogenes
(41) and an unclassified species of Streptomyces known as Strain CL190 (42).

Yu V. Ershov hypothesised that, despite most heterotrophic microorganisms tending
towards use of the MVA pathway, anaerobic heterotrophs such as C.
saccharoperbutylacetonicum are more likely to utilise the MEP/DOXP pathway as
overall energy efficiency is more important to their viability than the slight carbon
losses involved in the MVA pathway (43). This is further facilitated by their capability
to regenerate pyridine nucleotides through mechanisms favoured by a greater
availability of NAD(P) -, generated by the consumption of H* at the dxs, IspD and
IspG-mediated steps, however it should be noted that NADPH is generated by dxr

and H* by dxr and IspH.

C. ljungdahlii is known to possess the MEP/DOXP pathway endogenously (44) (45),
though evidence is severely lacking for the activity of this pathway within Clostridia.
Mevalonate synthesis has been induced in the anaerobe C. ljungdahlii via
transformation of the E. faecalis genes mvaE and mvaS, among other heterologous
genes to complete the lower mevalonate pathway (45), however little is known
overall regarding the MEP/DOXP pathway within Clostridial species and far less
within C. saccharoperbutylacetonicum. Indeed, there is no literature on the
MEP/DOXP pathway in C. saccharoperbutylacetonicum, so the current project

sought to investigate this gap in knowledge further.
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1.6 Aims and experimental strategy

The initial aim of this work was to establish a cloning strategy for the introduction of
PDU BMC shell protein-encoding genes into C. saccharoperbutylacetonicum, and
to demonstrate their expression via the use of a translational fusion of pduA linked

to mCherry (46).

The next main aim was to establish a protocol via which the bacterial hosts could
be assessed for this tolerance to a range of biofuels that are produced from geranyl

pyrophosphate.

The final aim was to use homology approaches and structural modelling to
determine whether there is an intact MEP/DOXP pathway in C.
saccharoperbutylacetonicum.  Putative MEP/DOXP genes found in C.
saccharoperbutylacetonicum would be compared to bona-fide E. coli counterparts

in order to ascertain whether they are likely to catalyse the same reactions.
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2.0 Materials and Methods:

23



21 Media:
Rich Clostridia nutrient Medium (RCM ) consists of 33.0 g Oxoid RCM powder,

dissolved in MiliQ H2O to a total volume of 1 L and then autoclaved.

2xGCM consists of 5.0 g Yeast Extract, 0.75 g Dipotassium Phosphate, 0.75 g
Monopotassium phosphate, 0.4 g Magnesium sulphate, 0.01 g Iron sulphate, 0.01
g Manganese sulphate, 1 g sodium chloride, 2 g ammonium sulphate and 2 g
Asparagine. These were dissolved into MiliQ H20 to a total volume of 500 mL. This

medium was then autoclaved.

1xGCM was prepared by adding 500 mL of autoclaved 10% Glucose solution to 500

mL autoclaved 2xGCM Medium.

Electroporation Buffer with Salt (EPB_S) consists of 5.13 g Sucrose (300 mM),
101.65 mg Magnesium Chloride hexahydrate (10 mM), 30.36 mg Monosodium
Phosphate monohydrate (4.4 mM), 8.04 mg Sodium Phosphate dibasic

heptahydrate (0.6 mM).

Electroporation Buffer without Salt (EPB_NS) consists of 5.13 g Sucrose (300 mM),
30.36 mg Monosodium Phosphate monohydrate (4.4 mM), 8.04 mg Sodium

Phosphate dibasic heptahydrate (0.6 mM).

The Sucrose and MgCl (Sucrose alone for EPB_NS) were dissolved in MiliQ H.O

to a total volume of 25 mL and autoclaved. The phosphate stocks were dissolved in

MiliQ H20 to a total volume of 25 mL and filter sterilised through 0.2 ym pores. The

two stocks were then combined to create 50 mL stocks of EPB_S/EPB_NS.
24



2.2 E. coli Growth Curves:

A colony grown on an agar plate was picked and placed into a universal tube
containing sterile RCM to grow overnight in a shaken water bath at 37 °C, 180 RPM.
3 mL of overnight culture was then added to 27 mL autoclaved RCM in an anaerobic
serum bottle (1:10) for each repeat and grown in a 37 °C static incubator for the

duration of the experiment, only briefly removed for sampling and biofuel addition.

2.3 Colony PCR:

Single E. coli colonies were picked from agar plates grown overnight at 37 °C and
then suspended in a pre-assembled 2X NEB Q5 PCR reaction mix. These were
then placed into a Biometra T3000 Thermocylcer following variations of the protocol:
[ 94 °C 5 min, (94 °C 15 s, ANN 30 s, 72 °C EXT)x35, 72 °C 5 min, 10 °C « ]

Where ANN = primer annealing temperature and EXT = extension time.

Primers:

Table 2: Table of primers used during PCR

Primers used to attempt cloning of pduABJKNU from a PlysS vector into a PMTL 8000 series vector.
Primers 1-2 were designed to produce pduABJKNU PCR fragments with overhangs which could be
used in Gibson assembly. Primers 3-4 were designed for PMTL PCR vector amplification. Primers
5-6 were designed for pduABJKNU PCR, producing fragments with overhangs containing restriction
sites for subsequent conventional cloning.

Primer . . , Scale e .
No. Oligonucleotide Name Sequence (5-3)) [uMol] Purification
TTTTTAAGGAGGTGTGTTACATATGG Standard
1 mepdu_F_83353 TGAGCAAGGGCGAGGAGGATA 0.025 | pecalting
GCAGGCTTCTTATTTTTATGCTAGCTT Standard
2 mepdu_R_83353.84422 | »1GTCCGGETGATGGEACAGECE 0.025 | pecalting
3 374 GCTAGCATAAAAATAAGAAGCCTGC 0.025 Standérd
Desalting
4 375 CATATGTAACACACCTCCTTAAAAATTAC 0.025 | Standard
Desalting
CCCATTAATATGGTGAGCAAGGGCGAG Standard
5 mcherry Asel F GAGGATAACATG 0.025 Desalting
CCCGCTAGCTTATGTCCGGGTGATGGG Standard
6 duU NheI R ) .
paut_Rhel_ ACAGGCG 0.025 | pecalting
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Vector Miniprep:

QIAprep® Spin PCR Miniprep Kit and Protocol used, with room temperature MiliQ
H20 used in place of elution buffer (Buffer EB) with an extra spin cycle due to

subsequent need for electroporation and to maximise DNA yields.

PCR puirification:

QIAquick® PCR Purification Kit and Protocol used, with room temperature MiliQ H20O
used in place of elution buffer (Buffer EB) with an extra spin cycle due to subsequent

need for electroporation and to maximise DNA yields.

Transformation:

5 mL of an overnight culture of C. saccharoperbutylacetonicum was inoculated into
45 mL 1xGCM within a sealed anoxic serum bottle. This was grown at 32 °C until it
reached an ODeoo of over 1.2. This was then placed on ice for 3 mins, with 20 mL
decanted into each of two 50 mL Falcon tubes inside the anoxic chamber.

The Falcon tubes were then centrifuged at 4000xg at 4°C for 10 mins, transferred
into the anoxic chamber, supernatant discarded and the pellets resuspended in 20
mL EPB_S.

The centrifugation step was then repeated, with the resultant pellets this time

resuspended together in 1 mL EPB_NS inside the anoxic chamber.

Electroporation:

200 pL of the cell resuspension was then added to two Electroporation Cuvettes

and sealed before removal from the anoxic chamber. One electroporation Cuvette

contained 1000 ng of DNA (3.20 pL) and the other contained the equivalent volume
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of MiliQ H20 to act as a negative control. Each was chilled on ice for 5 mins before
electroporation at 1.5 kV, after which 1 mL 1xGCM was added to each cuvette to

allow the cells to recover overnight within the anoxic chamber at 32 °C.

24  Structural Modelling:

E. coli X-ray crystal structures were chosen from Uniprot (47) based on experimental
evidence being available at the protein level for the proteins Dxs (48), Dxr (49), IspD
(50), IspE (51), IspF (52), IspG & IspH (53) and IspA (54). Amino acid sequences
for C. saccharoperbutylacetonicum protein genes were inputted into the Phyre2 web
server (55) and modelled against the top matching bona-fide counterpart protein.

This created a .pdb file which was opened in Pymol (56).

2.5 Substrate docking:

Molecular graphics and analyses were performed with UCSF Chimera developed
by the Resource for Biocomputing, Visualization, and Informatics at the University
of California, San Francisco, with support from NIH P41-GM103311 (57).
The docking programme was performed using Autodock Vina’s (58) Chimera plugin
and the binding sites captured chosen by their hybrid (empirical and knowledge-
based) scoring system (58). Hydrogen bonding was also noted where possible as a
measure of binding strength.

Docking was performed on both the predicted C. saccharoperbutylacetonicum
models and the E. coli X-Ray crystal structures to act as a control. Protein models
were coloured in straw and ligands coloured by element (Carbon — green, Hydrogen

— white, Nitrogen — blue, Oxygen — red, Sulphur — orange).
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3 Results:
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3.1 Cloning by PCR and Restriction Digests:

Initially, we attempted to clone mCherryPduA-U (46) into the Clostridium shuttle
vector pmtl83353 (59) using Gibson Assembly. This would act as a proof of concept
that recombinant BMCs could be expressed in C. saccharoperbutylacetonicum.
Subsequent overexpression of the microcompartments in C.
saccharoperbutylacetonicum with the mCherry tag would then allow visualisation
via fluorescence microscopy. To this end, primers were designed to amplify the
pduA-U insert with overhangs complementary to our shuttle vectors, and linear
fragments of the shuttle vectors were amplified that could be compatible for Gibson
assembly with the pduA-U insert. Amplification of the pduA-U insert generated a

low yield of PCR product.

Modification of the annealing temperature and extension time did not improve this,
and the development of a touchdown PCR programme also failed to increase the
yield. It was not possible to amplify cloning fragments for the two shuttle vectors, so
restriction enzymes were used to digest the shuttle vectors with Ndel and Nhel as
a contingency plan to generate the desired cloning fragments. The pduA-U insert
however contained no enzymatic restriction site at the mCherry end, so a new
mcherry_Asel_F primer was designed to amplify this fragment with a new Asel
restriction site that would produce a sticky end compatible with the Ndel sticky ends
found in our shuttle vectors. The reverse primer for the pduA-U insert contained an
Nhel restriction site. Analysis of the Asel/Nhel pduA-U fragment (generated by PCR)
and the pMTL83353 Ndel/Nhel fragment (generated by restriction digestion) is

shown in Figure 5.
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Figure 5: Results of pduABJKNU/pMTL Vector PCR experiments

(A) The desired insert band at 3.367 kBp (centre-left) remains faint. Subsequent repeats sequentially
eluting more PCR samples did little to improve this result. Our double digest of pMTL83353 with Ndel
and Nhel-HF however, produces a clear band at 4.941 kBp. (B) Vector map of our desired
mCherryPduA-U PCR product to each end of which our primers mcherry_Asel_F and pduU_Nhel_R
would anneal (Table 2). (C) Vector map of our desired pMTL83353 fragment, with the fragment
containing LacZ alpha, removed during the double digest by incubation with Ndel and Nhel,
highlighted in bright red.

Though the restriction digest of our shuttle vector produced clear bands, once again
the PCR amplification of the pduA-U insert did not produce a yield of DNA to provide
sufficient digested insert for feasible ligation, even after sequential elution and gel

extraction.
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3.2 Establishing a biofuel susceptibility assay using E. coli:

As the BMC cloning work was unsuccessful, the project changed focus to
investigating the toxicity of various biofuel towards bacteria. Preliminary analysis of
the C. saccharoperbutylacetonicum genome revealed the presence of putative
pathway enzymes for the production of geranyl pyrophosphate, a precursor for the
biofuels geraniol, alpha-pinene, linalool and R-limonene. Further analysis of these
pathway enzymes is performed in the next section, but this section deals with the
ability of bacteria to tolerate these biofuels. The initial aim was to perform biofuel
tolerance work for both E. coli and C. saccharoperbutylacetonicum, but time
restrictions precluded the completion of  this work  for C.
saccharoperbutylacetonicum. Hence, this section reports toxicity data for E. coli that

can be used for future comparisons with C. saccharoperbutylacetonicum.

A range of industrially useful GPP-derived biofuels (at 5 % v/v final concentration)
were tested for their toxicity against E. coli using growth curves. Cells were grown
anaerobically in 30 mL serum bottles containing sterile RCM to allow for comparison
to a future repeat using C. saccharoperbutylacetonicum. Biofuels were added when
the cells had reached an ODeog of ~0.300, and the ODeoo was then measured every
hour (Figure 6). These data indicate that, whilst all biofuels displayed significant
toxicity compared to the negative control, the GPP-derived biofuels (alpha-pinene

and R-limonene) display this effect even more so.
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Figure 6: BL21 E. coli biofuel media-exposure growth assay

(A) Growth curves for our E. coli BL21 grown in serum bottles with different biofuels at concentration
of 5 % v/v. Growth data is represented as a percentage of the untreated control. (B) Raw OD (600
nm) data used for A with offset curves and error bars. Each gridline on the y-axis represents 0.500
nm as is seen in the scale bar found in the bottom-left. (C) The mean change in Optical Density
(measured at 600 nm) seen after 2 and 4 hours of exposure to the biofuels. Measurements were
recorded in triplicate and averaged. Error bars show standard deviation.

Since growth curves provide a measure of both bacteriostatic and bactericidal
effects, viability assays were then undertaken to assess biofuel killing after four
hours of exposure to concentrations of biofuel across a four log range. For this
experiment, three of the GPP-derived biofuels (alpha-pinene, linalool and R-
limonene) were analysed alongside three well-studied alcohols that have been
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previously produced in Clostridium (butanol, ethanol and isopropanol). The physical

properties of these biofuels are shown in Table 3.

Table 3: Chemical properties of biofuels used in media-exposure and viability assays

Solubility data for all alcohols/biofuels used in the viability assays. LogP represents the log of the
biofuels’ partition coefficients.

Compound

Butanol
Ethanol
Isopropanol
alpha-Pinene
R-Limonene
Linalool

5% v/v =50ml/l = approx. 62.5g9/

Density Mw Solubility Soluble

(g/ml) (g/mol) LogP g/l percentage of
5% viv (%)

0.81 74.12 0.88 68 100

0.789 46.07 -0.31 approx. 100 | 100

0.785 60.1 0.05 approx. 100 | 100

0.858 136.23 4.83 2.5x103 4 x10°

0.842 136.23 4.57 Insoluble 0

0.868 154.25 2.97 1.59 25
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Figure 7: Double log graphs for BL21 E. coli biofuel viability assay

Double Log graphs illustrating the results of an E. coli viability assay with four different biofuels — (A)
Butanol shows very little toxicity before suddenly preventing colony growth. (B) Linalool shows high
levels of toxicity to E. coli, preventing colony formation at lower concentrations than our other three
biofuels tested. (C) alpha-Pinene demonstrates moderate toxicity with a typical reverse sigmoid
graph. (D) R-Limonene shows some toxicity with a less clear reverse sigmoid trend than is seen in
C. Measurements were taken from two biological repeats in triplicate technical repeats.

The viability data shown in Figure 7 shows that Linalool is significantly more toxic
to E. coli BL21 than other biofuels, with no growth observed above a concentration
of 0.5 % v/v (Figure 7B). Butanol was not toxic up to concentrations of 2 % vl/v,
above which no growth could be observed. Alpha-pinene (Figure 7C) and R-
limonene (Figure 7D) both show significantly higher toxicity to E. coli than butanol,
with alpha-pinene more toxic at lower concentrations than R-limonene, however
they do not have as significant an effect on cell death as linalool. Images of colony

plates produced can be found in Appendix A-1.
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3.3 MEP/DOXP Pathway Enzyme Structural Modelling:

In order to identify genes encoding putative enzymes of the MEP/DOXP pathway,
BLASTp searches were undertaken on the C. saccharoperbutylacetonicum genome
using bona-fide MEP/DOXP pathway enzymes from E. coli K-12 as input
sequences. Multiple sequence alignments showed that the identified protein
sequences found therein share a high level of sequence similarity to the E. coli
genes (Appendix A-2). ispH demonstrated a long mismatched region in the second
half of its protein sequence. The second, unmatching, half of the ispH protein was
put therefore through an additional BLASTp search to attempt to elucidate its
function. From this search, a match was found with E. coli 30S ribosomal protein
S1. This is reasonable as ispH can form a 4-hydroxy-3-methylbut-2-enyl
diphosphate reductase/30S Ribosomal Protein bifunctional enzyme. This region

was omitted from subsequent modelling.

Table 4: Multiple sequence alignment results for MEP/DOXP genes found in_ C.
saccharoperbutylacetonicum

Multiple sequence alignment results between the homology-inferred protein sequences found in the
genome mine of C. saccharoperbutylacetonicum and bona-fide enzymes from E. coli K12. The E-
value represents the chance of receiving a random hit in the BLASTp results.

Enzyme Sequence identity (%) E Value
dxs 28.94 3e-89
dxr 41.39 6e-107
IspD 30.26 3e-31
IspE 28.67 2e-29
IspF 57.24 2e-59
IspG 49.13 3e-126
IspH 29.55 1e-40
IspA 43.25 1e-58

To gain greater insights into whether the putative pathways enzymes from C.
saccharoperbutylacetonicum are likely to catalyse the same reactions as the E. coli

enzymes, structural modelling was performed using the Phyre2 server (55). All
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structural models were compared to X-ray crystal structures of the bona-fide E. coli
enzymes (Figure 8). Very close structural homology can be observed in these
models between the E. coli and C. saccharoperbutylacetonicum structures, and
where available the cofactors from the crystal structures fitted well in the structural
models. However, the C. saccharoperbutylacetonicum structural models for dxs and

ispD have loops that cover the active sites.
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dxs E. coli dxs C. sacch’ dxs Overlay

Figure 8: Tertiary structure models predicted from MEP/DOXP genes found in C.
saccharoperbutylacetonicum

Comparison of structural models for C. saccharoperbutylacetonicum MEP/DOXP pathways enzymes
with crystal structures from bona-fide pathway enzymes from E. coli. (Left) E. coli X-Ray
Crystallography structures visualised in Pymol. (Center) C. saccharoperbutylacetonicum models
were made using the Phyre2 software, modelled against the closest-matching bona-fide enzyme
entry. Surface models were coloured using the “color_h” hydrophobicity script in Pymol. (Right)
Cartoon backbone overlay of E. coli in white and C. saccharoperbutylacetonicum in red. Substrates,
where available, are represented in blue and corresponding cofactors are coloured by element.
(55)
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ispF E. coli ispF C. sacch’ ispF Overla

ispA C. sacch’

Figure 8 continued: Tertiary structure models predicted from MEP/DOXP genes found in C.
saccharoperbutylacetonicum

Comparison of structural models for C. saccharoperbutylacetonicum MEP/DOXP pathways enzymes
with crystal structures from bona-fide pathway enzymes from E. coli. (Left) E. coli X-Ray
Crystallography structures visualised in Pymol. (Center) C. saccharoperbutylacetonicum models
were made using the Phyre2 software, modelled against the closest-matching bona-fide enzyme
entry. Surface models were coloured using the “color_h" hydrophobicity script in Pymol. (Right)
Cartoon backbone overlay of E. coli in white and C. saccharoperbutylacetonicum in red. Substrates,

where available, are represented in blue and corresponding cofactors are coloured by element.
(55)
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3.4 Docking substrates into structural models for putative MEP/DOXP
pathway enzymes from C. saccharoperbutylacetonicum:

To further explore the possibility that the enzymes encoded within the genome of C.
saccharoperbutylacetonicum are fully functional, the docking software AutoDock
Vina (58) was used to dock pathway intermediates (Figure 4) to the structural
models produced in Figure 7 in addition to the X-ray crystallography structures from

E. coli to allow comparison.

Figure 9 suggests that close similarity is found in the binding pocket locations of
both E. coli and C. saccharoperbutylacetonicum, with the predicted binding sites
matching up closely between them. Dxs, Dxr and IspH were opened in Pymol (56)
to allow for a clear cutaway, visualising the substrate binding pocket. Only part of
IspG is depicted to allow for a clearer view of the ligand. Full Versions of which are
available in Appendix A-3. Although small variation can be observed between the
two sets of data, it is clear that much of the binding pocket’s integrity appears to be

preserved in our predicted protein structure models.
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Figure 9: Substrate docking predictions for MEP/DOXP genes found in C.
saccharoperbutylacetonicum

A selection of the clearest images produced from running the MEP/DOXP enzymes through docking
software with their putative substrates. The E. coli crystal structures are shown on the Left and C.
saccharoperbutylacetonicum structural models are shown on the Right. (57).

40



ispF
C. sacch’

Figure 9 continued: Substrate docking predictions for MEP/DOXP genes found in C.
saccharoperbutylacetonicum

A selection of the clearest images produced from running the MEP/DOXP enzymes through docking
software with their putative substrates. The E. coli crystal structures are shown on the Left and C.
saccharoperbutylacetonicum structural models are shown on the Right. (57).
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4.0 Discussion
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41 Design of a novel mCherryPduA-U shuttle vector:

The initial aim of this project was to clone the BMC-encoding operon mCherryPduA-
U (46) into the shuttle vector pMTL83353 (59) for expression work in C.
saccharoperbutylacetonicum. Unfortunately, it was not possible to produce enough
mCherryPduA-U insert for cloning into pMTL83353. Future work with alternative
cloning strategies will be undertaken and, once this vector has been constructed,
the planned work on visualising the expression of a recombinant BMC in C.
saccharoperbutylacetonicum can be performed using fluorescence or TEM
microscopy. Subsequent experiments might include the tagging of a variety of
biofuel pathways enzymes to the microcompartment with the aim of improving
biofuel yield through sequestration of toxic intermediates and improving pathway
flux via substrate channelling between pathway enzymes. Such approaches have
been successfully performed in the past for ethanol production in E. coli, where
BMCs have been used to protect the cells from toxic acetaldehyde intermediates

(60).

4.2 Tolerance of bacteria to biofuels:

If one is to use C. saccharoperbutylacetonicum as a scaffold to produce various
biofuels, then it is important to gain an insight into the toxicity of these compounds
towards bacteria. Initial growth experiments with E. coli (Figure 6) clearly shows the
toxic nature of biofuels, with each displaying toxicity towards E. coli when compared
to the negative control. Alpha-Pinene and R-Limonene diminish the OD significantly
at a final concentration of 5 % v/v (Figure 6), which might suggest that these biofuels
are lysing the cells. The growth data in Figure 6 largely agree with the viability
assays in Figure 7, although Alpha-Pinene elicits greater killing compared to R-

Limonene. However, this may be explained by the insolubility of R-Limonene
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(Table 4) impairing its bactericidal effect when employed at a small scale. In future,
it would be sensible to repeat the viability experiments with Butanol (Figure 7A) to

more accurately define a dose response.

Previous work by Dunlop et al. has investigated the toxicity of various biofuels and
biofuel precursors on E. coli with the aim of testing the impact of efflux pumps on
bacterial survival (61). These findings showed that Butanol and Isopentanol both
gradually reduced the normalised ODeoo to a similar degree with increasing
concentration, whilst Limonene had a significantly stronger effect. However, this
study reported that much higher concentrations of alpha-Pinene were required to
exhibit a significant effect on E. coli ODeoo compared to the current work. Indeed,
herein the growth data showed that alpha-Pinene exhibited a similar toxicity to R-
Limonene, although the viability data did confirm that alpha-Pinene was the most
toxic. Further research should be carried out to investigate whether this is due to

differences in the resistance of E. coli strains used in both studies.

The overall toxicity of most of these biofuels to E. coli shows that it would be of great
benefit to be able to use a bacterial chassis that is more tolerant to biofuels. Since
Clostridium strains have evolved to produce toxic products such as butanol, it is
anticipated that this genus may be naturally more tolerant to some of the biofuels in
the current study, and future growth and viability assays can be used to test this
hypothesis. Given the versatility of this organism in terms of feedstock utilisation
from waste streams and established processes for growth on an industrial scale,
this approach for the production of a variety of biofuels may have great potential for

scale up.
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4.3 C. saccharoperbutylacetonicum MEP/DOXP Enzyme Structure
Prediction and Substrate Docking:

The close homology in the backbone structure of the MEP/DOXP pathway enzymes
found in the C. saccharoperbutylacetonicum genome compared to the bona-fide E.
coli enzymes (Figure 8) strongly suggests that C. saccharoperbutylacetonicum is
able to produce the biofuel precursor geranyl pyrophosphate. Future studies should
aim to express these enzymes within C. saccharoperbutylacetonicum to confirm

these results are valid and not affected during cytoplasmic protein folding.

The substrate docking work (Figure 9) further supports that these enzymes may
indeed be functional, owing to the similarity in hydrogen bonding to the substrates
and the similarity in the conformation of their docking into the active sites when
compared with the X-ray crystal structures of the bona-fide E. coli enzymes. This
can be further analysed in future by examining exactly which residues are involved
in substrate binding. In addition, experimental laboratory work should be undertaken

on C. saccharoperbutylacetonicum to examine gene and protein expression.

Furthermore, metabolite analysis using mass spectrometry would be performed to
determine unequivocally whether geranyl pyrophosphate is produced as it is the key
metabolite in the production of alpha-pinene, linalool and R-limonene. If this work is
successful, genes encoding terminal enzymes of alpha-pinene, linalool and R-
limonene synthesis could be cloned into pMTL shuttle vectors and introduced into
C. saccharoperbutylacetonicum. Subsequent metabolomics analysis of pathway
flux and biofuel yield/titre would then provide useful insights into the suitability of C.

saccharoperbutylacetonicum as a chassis for these pathways.
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Appendix

Appendix A-1: E. coli viability assay agar plates exposed to (A) Butanol. (B)

Linalool. (C) Alpha-pinene. (D) R-Limonene.
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saccharoperbutylacetonicum (Query_10001) and E. coli K12 (Query_1002) protein

sequences.
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Appendix A-3: IspG Autodock Vina full enzyme images for (A) E. coli and (B) C.

saccharoperbutylacetonicum.
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