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Abstract

Via photosynthesis, plants are the most important point of entry for energy into the biosphere. The
Calvin-Benson-Bassham cycle is the part of the photosynthetic process responsible for carbon
assimilation, which is done by Rubisco. Rubisco activase (Rca) acts as an activator of Rubisco,
removing inhibitory sugar phosphates. Rca is required for the maintenance of photosynthetic
activity. Since high temperatures reduce and eventually eliminate Rca activity, this can threaten
plant growth. This makes Rca an attractive target for crop improvement. Chapter 1 introduces the
literature surrounding Rubisco, Rca, and its applications in crop improvement. It introduces the
crop species cowpea (Vigna unguiculata (L.) Walp) and how Rca may be targeted for safeguarding
its production under changing climates.

Chapter 2 explores the genetic diversity of Rca, and how the natural diversity of Rca may
be exploited for crop improvements - as more thermostable Rca may help to protect crop growth
from the effects of climate change. First, the high-level diversity of Rca was investigated; tran-
scriptomic data for Rca was collected for all species available in the One Thousand Plant Tran-
scriptomes Project database. Then, the scope was narrowed to focus on Fabaceae, the family to
which cowpea belongs, and identifying candidate species that may have Rca mutations relevant
to thermotolerance.

Chapter 3 focuses on the expression and purification of recombinant, polyhistidine-tagged
Rca. Some isoforms of Rca are challenging to purify and can have solubility issues during or after
purification. Factors that can be changed to optimise purity, solubility, and expression levels were
investigated. This work paves the way for later work that requires a considerable amount of pure
Rca for characterisation of temperature and concentration response.

In Chapter 4, the temperature response of cowpea Rca isoforms was evaluated. There are four
isoforms of Rca in cowpea, which differed in their temperature response despite limited differences
in their protein sequence.

Finally, for Chapter 5, bespoke recombinant antibodies were produced targeting individual
cowpea Rca isoforms. The antibodies were validated for their avidity and specificity for their target
isoforms. The primary application of these antibodies is for western blotting, but potential further
applications and research questions are discussed. Furthermore, the advantages and disadvan-
tages of recombinant antibody technology compared to animal-derived antibodies are discussed.

Chapter 6 evaluates the results shown within, and assesses the possibility of crop improve-
ment by targeting Rca. Additional research suggestions are posed to further this work, and sug-
gestions for how to improve experimental methods are made.

In summary, this study provides a thorough examination of the thermal properties of cowpea
Rca. It also improves capacity for future research into this area by optimising recombinant protein

expression and purification protocols, and new tools in the form of isoform-specific antibodies.
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Chapter 1

Introduction

With a rapidly rising population, food security is an increasingly difficult and important problem to
tackle. The 2018 prevalence of undernourishment was 10.8%, with over 800 million people going
hungry worldwide (FAO et al., 2019). Furthermore, human population is expected to rise to 9.7
billion by 2050, a 26% increase over the 2019 population of 7.7 billion (UN, 2019), which would
necessitate a proportionate increase in food production. As well as the increase in population,
there are several other factors affecting food security, such as increased demand for more varied,
higher quality food and an increase in per capita calorie consumption (Keating et al., 2014). There
is inequality of food distribution, with Africa and West Asia having the greatest prevalence of un-
dernourishment (FAO et al., 2019). Crop yields more than doubled during the green revolution,
but since then there has been a decline in the rate of yield increase for staple crops (Ray et al.,
2012). Finally, of critical importance, is stress to the current supply chains by climate change.
Climate change is impacting agriculture, ecosystem stability, ocean levels, and more. The
primary impacts of climate change on agriculture are expected to come through decreases in
available water and an increase in temperature past what crops can cope with. The global mean
surface temperature (GMST) is believed to have warmed by ~1 °C compared to pre-industrial
revolution temperatures as a result of human impact, and is predicted to rise further over the
coming years, by 2 °C or more by 2050 (IPCC, 2018). The sensitivity of plants to this shift in
temperature is a concern for crop production. Several crops that are relied on for food, fuel, or
livestock feed are at risk of decreased production as a result of global warming. Global production
of wheat, the most widely produced and consumed cereal crop globally (FAO, 2020) is estimated
to be down ~5.5% compared to a projection without global warming (Lobell et al., 2011). Given
that global production of wheat for 2019 is estimated at 763 million tons in 2019 (FAO, 2020), this
amounts to a significant decrease in production and is a concern for food security. In order to meet
the growing food and fuel demands in a sustainable and environmentally friendly fashion, more
information is needed on how plants cope with environmental stress and what their limitations are.
Plants are responsible for almost all of the food for humans, either directly or indirectly through

livestock. Being sessile by nature, plants are unable to avoid biotic and abiotic stressors and
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must instead adapt or acclimate to environmental challenges. Heat stress is a common abiotic
stressor plants are exposed to. To keep an operating leaf temperature under heat stress, plants
open stomata to cool their leaves down by transpiration, a process driven by the difference in
vapour pressure between the leaf and the air outside the leaf (Carmo-Silva et al., 2012). This
comes at a heavy water cost, however, and under excessively high temperatures or low water
availability stomata close to prevent excessive water loss. Further to this, plants possess several
mechanisms such as complex transcriptional networks, and a cohort of enzymes and chaperones
which enable them to survive heat stress. Heat stress is a particular issue in arid conditions where
keeping stomata open is difficult due to lack of water availability. This is a serious consideration
as climate change threatens to both raise temperature and destabilise water availability, with a net
increase of precipitation and evaporation being predicted, as well as an increase in the variance
of precipitation (IPCC, 2018; Konapala et al., 2020). The mechanisms plants employ to tolerate
high temperatures, and the long term priming which enables them to better survive subsequent
heat stress, are reviewed in Hasanuzzaman et al. (2013) and Baurle (2016) respectively.

In this chapter | discuss in detail the mechanism of photosynthesis (Chapter 1.1) and the role
of Rca in heat tolerance (Chapter 1.3.2). We will also explore the scope for crop improvement
by targeting photosynthesis (Chapter 1.4), with a focus on Rca. Context is given surrounding the
crop of interest - cowpea (Vigna unguiculata (L.) Walp) (Chapter 1.5) and the need to safeguard
this crop for the future. Lastly, | discuss the production of recombinant proteins (Chapter 1.6), and

the applications of antibodies in Rca research (Chapter 1.7).

1.1 Carbon Assimilation and Biomass Production

Photosynthesis is the process by which organisms utilise light energy to make energy stores and
assimilate carbon. Itis a vital process in plants which is especially sensitive to increases in temper-
ature (Sage and Kubien, 2007). Through carbon fixation, photosynthesis is a major determinant
of crop yield (Ainsworth and Long, 2005; Faralli and Lawson, 2020). Carbon is fixed during the
light independent reaction of photosynthesis, the Calvin-Benson-Bassham (CBB) cycle (Benson
and Calvin, 1947). The CBB cycle uses ATP and the reducing power of NADPH generated by
the light dependent reactions to generate organic molecules which can be stored as starch or
exported from the chloroplast, and to regenerate ribulose-1,5-bisphosphate (RuBP) which is con-
sumed in the process. The key enzyme required for carbon fixation is ribulose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco). Rubisco is notorious for its catalytic inefficiency and unpro-
ductive oxygenase activity. It can fix either CO, or O, to RuBP, initiating either the CBB cycle or
photorespiration respectively. The CBB cycle ultimately produces triose phosphates, metabolites
used to build carbohydrates, while the oxygenation reaction produces phosphoglycolate, which is
salvaged in an energy-intensive pathway (Andersson and Backlund, 2008). Rubisco’s slow rate
of carboxylation (~1-10 s—1) (Ifiiguez et al., 2020) means that Rubisco is often the limiting factor in

photosynthesis, and requires substantial nitrogen investment to keep photosynthesis functioning
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at acceptable levels (Parry et al., 2003). In fact, Rubisco is by far the most expressed protein in
photosynthetic tissues and the most abundant protein on the planet. While the amount varies by
species, Rubisco can constitute up to 50% of total soluble protein in leaves (Feller et al., 2008).
These limitations and the global importance of Rubisco makes it an attractive target for improve-
ment via genetic engineering. An increase in photosynthesis rates and a decrease in nitrogen
investment in Rubisco has the potential to increase yield considerably (Spreitzer and Salvucci,
2002). However, most attempts at improving Rubisco have been largely unsuccessful, but mod-
ern approaches have shown some promise (Aigner et al., 2017; Batista-Silva et al., 2020; Erb
and Zarzycki, 2018; Whitney et al., 2011; Wilson et al., 2019). Directed evolution and targeted
mutagenesis has been able to improve the carboxylation rate and CO, specificity (Spreitzer et al.,
2005; Zhou and Whitney, 2019).

Plant Rubisco is a large protein (~550 kDa holoenzyme), consisting of eight large subunits
(RbcL) and eight small subunits (RbcS). RbcL is encoded in the chloroplast, and RcbS is encoded
in the nucleus. Chloroplast transformation is more challenging than nuclear transformation, and
techniques are not available for every species, which makes targeted mutagenesis of Rubisco
large subunits difficult (Bock, 2014). Furthermore, Rubisco requires a suite of additional proteins
for proper assembly. RbcL folding is mediated by Cpn60 and Cpn20 and further factors are re-
quired for assembly into an LgSg complex such as the Rubisco Accumulation Factors (Raf1 &
Raf2) and BSD2 (Wilson and Hayer-Hartl, 2018). These considerations complicate genetic ma-
nipulation of Rubisco, since editing the chloroplast genome is significantly more challenging than
the nuclear genome; and makes heterologous expression of Rubisco a difficult task which was
attempted for decades and only recently achieved by Aigner et al. (2017). For a review of the ad-
vancements and methods of chloroplast editing, as well as which species these techniques have
been successfully applied in, see Yu et al. (2020).

While the limiting factor in photosynthesis is often Rubisco catalysis, other factors can limit
photosynthesis rate depending on species, genotype and environmental conditions. The rate of
electron transport in the light dependent reactions can bottleneck photosynthesis by supplying in-
sufficient ATP and NADPH for regeneration of RuBP (Wise et al., 2004). Triose phosphate use
(TPU), can also be limiting. TPU limitation causes build-up of triose phosphates which has both
short-term and long term impacts on photosynthesis, including increase thylakoid proton motive
force, and a reduction in RuBP regeneration capacity respectively (Yang et al., 2016). However
some suggest this can be often ignored as TPU limitation is rare under physiological conditions
(Sharkey, 2019). Stomatal conductance and mesophyll conductance can also limit photosynthesis
by limiting the amount of CO, available for fixation (Flexas and Medrano, 2002). Light is another
factor which can influence photosynthetic limitations. Rubisco activase (Rca) is the catalytic chap-
erone of Rubisco, and can be a limiting factor under certain light conditions. Rca a isoforms are
modulated by the ATP/ADP ratio which changes with light intensity, causing a decrease in Rca
activity and an increase in Rubisco inhibition in limiting light (Zhang et al., 2002). Rca is discussed

in depth in 1.3. Under steady state light, Rubisco and mesophyll conductance limit photosynthesis
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but under fluctuating light, the limiting factor can be stomatal conductance (Yamori et al., 2020).
Plants often experience fluctuating light due to factors such as leaf movement, canopy dynamics
and cloud cover so this is an important consideration and has been shown to vary significantly
within species (Acevedo-Siaca et al., 2020; de Souza et al., 2020; Soleh et al., 2017). In fact,
modelling work on wheat has shown that the induction and de-induction of photosynthesis in re-
sponse to shade-sun and sun-shade transitions may cost up to 21% of photosynthetic productivity
(Taylor and Long, 2017). In cowpea, rapid deactivation of Rubisco in response to fluctuating light
causes a noteworthy loss in photosynthetic potential (Taylor et al., 2022). Targeted improvement
of these processes may prove viable methods of increasing overall photosynthesis, depending on

the environmental conditions of the plant.

1.2 Genetic Diversity in Photosynthesis

1.2.1 Carbon Concentrating Mechanisms

One potential method of improving photosynthesis is exploiting the genetic diversity of photosyn-
thetic apparatus available in different species. One of the largest differences in photosynthetic
machinery is the presence or absence of a carbon concentrating mechanism (CCM). CCMs com-
partmentalise photosynthetic apparatus spatially or temporally to provide a high concentration of
Rubisco surrounded by a high concentration of CO,. The majority of plants, termed C3 plants, do
not possess a CCM (Yamori et al., 2014), however there are a small fraction termed C4 plants
which physically separate the site of the CBB cycle into bundle sheath cells. Inside these cells,
carbon dioxide is in a substantially higher concentration due to decarboxylation of compounds
such as malate which are shuttled from the mesophyll cells (Burgess and Hibberd, 2015). This
system creates a high CO, environment which favours the carboxylase activity of Rubisco and
reduces photorespiration due to increased likelihood of Rubisco interacting with CO, compared
to O,. This, in turn, allows optimisation of Rubisco’s catalytic properties to have an accelerated
turnover rate in exchange for lower CO, specificity to accelerate photosynthesis without causing
excessive photorespiration (Sage, 2002). In C4 plants, Rubisco is less abundant than in C3 plants,
being only around 10-30% of total soluble protein (Carmo-Silva et al., 2015; Feller et al., 2008).

In addition to C3 and C4 pathways, there exist in plants the Crassulacean acid metabolism
(CAM) and C2 photosynthetic pathways. CAM is a CCM which helps alleviate water loss. CAM
plants close their stomata during the day, when water losses due to transpiration would be greatest,
and open them during the night time to allow entry of CO, (Giriffiths, 1989).

C2 photosynthesis is believed to be an evolutionary “stepping stone” between the ancestral C3
and C4 (Khoshravesh et al., 2016). C2 plants use decarboxylation of photorespiratory glycine in
bundle sheath cells as a CCM. C2 plants do not generate intermediates for the purpose of raising
CO, levels, but rather they more efficiently use photorespiratory byproducts. The intraplastidial

CO, concentrations in C2 plants has been shown to be 3 times higher than in related C3 species
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(Keerberg et al., 2014). Modelling predicts a broad environmental range in which C2 photosyn-
thesis would result in greater carbon fixation compared to its C3 counterpart, and C2 has been
suggested to be a viable method of crop improvement (Bellasio and Farquhar, 2019; Lundgren,
2020).

In addition to the photosynthetic diversity in plants, other photosynthetic organisms have unique
CCMs such as the cyanobacterial carboxysome-based CCM. The carboxysome sequesters Ru-
bisco and carbonic anhydrase inside of a protein shell, where carbonic anhydrase can convert
carbonic acid to water and carbon dioxide to raise CO, concentration for Rubisco. Two differ-
ent types of carboxysome exist from different evolutionary lineages and each with their cognate
Rubiscos, termed a-carboxysomes and B-carboxysomes (Badger et al., 2002). There has been
substantial interest in engineering cyanobacterial carboxysomes and their Rubiscos into C3 plants
to improve photosynthetic efficiency (Hanson et al., 2016). Rubisco has been successfully encap-
sulated inside an a-carboxysome shell in tobacco chloroplasts (Long et al., 2018). The transgenic
tobacco was capable of growth in elevated CO,. This represents an important step towards full
import of a functional carboxysome into C3 plants.

In many algae, there is a structure that is functionally similar to the carboxysome known as the
pyrenoid, this is an important feature in algae as they live in an aqueous environment with lower
CO, than is present in air. As with cyanobacterial carboxysomes, there is interest in engineering
algal pyrenoids into higher plants to improve photosynthetic efficiency. Some important steps
have been made towards this goal. Algal Rubiscos contain a helical loops on the small subunit
required for recruitment to the pyrenoid. Atkinson et al. (2017) created chimeric Chlamydomonas
reinhardtii-Arabidopsis thaliana SSUs containing these a helical loops to enable such recruitment
of Rubisco to the microcompartment. This is an important step in engineering pyrenoids into higher
plants (Sharwood, 2017).

1.2.2 Rubisco Diversity in Form and Function

In addition to the large scale differences between photosynthetic pathways which require anatom-
ical and morphological changes, individual components of the photosynthetic apparatus can vary
significantly between and within species. There is substantial diversity in the structural and func-
tional properties of Rubiscos from different species (Tabita et al., 2008). The most abundant type
of Rubisco is form |, this is found in algae (Taylor et al., 2001), plants and most photosynthetic
bacteria, and is the Rubisco form focused on in primarily in this text. There are also three other
forms of Rubisco: Form Il Rubisco is found in some bacteria, and is composed solely of large sub-
units, as opposed to a hexadecamer composed of both large and small subunits (LgSg in Form 1).
Form lIl is found in archaea and is notable for having exceptionally low substrate specificity, a
feature which is not strongly selected for as archaea are rarely exposed to high concentrations
of molecular oxygen. Form IV is structurally similar to canonical form | Rubisco but does not
share traditional Rubisco carboxylase or oxygenase functions and is termed a Rubisco-like pro-

tein (Tabita et al., 2008). The lowest substrate specificity factor (a measure of the relative capacity
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for carboxylation vs oxygenation reactions) is found in form lll Rubisco and the highest in form I.
The lowest carboxylation rate at 25 °C is found in form Il and form 1l/lll, an intermediate form of
Rubisco from archaea (Ifiguez et al., 2020). This highlights the co-evolution of Rubisco with its
respective CCMs and how the presence or absence of a CCM can influence Rubisco kinetics.

Within form | Rubisco isoforms there are catalytic differences. For example, Paniceae Rubisco
has been shown to be diverse in its activity across a range of temperatures (Sharwood et al.,
2016). Substrate specificity and catalytic velocity are also highly variable properties in Rubisco. It
is often posited that a trade-off exists between these two catalytic properties, i.e. an increase in
one will cause a concomitant decrease in the other. The degree to which the kinetics of Rubisco
are constrained is a point of debate, with some arguing Rubisco can have changes in one kinetic
factor without seriously impacting its other kinetics, and some arguing it cannot (Cummins et al.,
2018; Flamholz et al., 2019; Tcherkez et al., 2006; Tcherkez et al., 2018). Distinguishing between
CO, and O, is a difficult task for Rubisco as the two molecules are similar, and largely featureless.
It is hence unsurprising that increasing the carboxylation rate of Rubisco is usually accompanied
by a proportional increase in oxygenation rate. Analysis of over 300 Rubiscos revealed that over
95% of Rubiscos operate at between 1 and 10 rounds of catalysis per second, and specificity factor
varies by only 30% even between C3 plants and plants containing a CCM (Flamholz et al., 2019).
More recently, a Rubisco with an unusually fast carboxylation rate was found, with substantially
higher activity than the next fastest known Rubisco, by interrogation of Rubiscos from all domains
of life (Davidi et al., 2020).

It should be noted that this is not the only area of photosynthesis with considerable genetic
diversity. Some other examples of photosynthetic traits with interesting and potentially exploitable
diversity, the detailed discussion of which is beyond the scope of this review, are CBB cycle
metabolites (Arrivault et al., 2019), and electron transport. By way of example, an alternative
electron transport chain in Chlamydomonas reinhardtii produces molecular hydrogen in times of
sulphur deficiency (Hemschemeier and Happe, 2011). Chapter 2 explores the genetic diversity of

Rubisco activase in cowpea, another diverse photosynthetic enzyme.

1.3 Rubisco Activase

To perform its carboxylase or oxygenase functions, Rubisco must first have a carbamylated active
site. Both Mg2+ and a non-substrate CO, are required to carbamylate Lys210 and hence prime
Rubisco for a round of catalysis (Lorimer et al., 1976; Stec, 2012). Rubisco is prone to dead-end
inhibition by sugar phosphates. When sugar phosphates bind to the active site of Rubisco, the
enzyme can become inactivated. Examples of these inhibitors include RuBP (the substrate of Ru-
bisco), xylulose 1,5-bisphosphate (XuBP), 2-carboxy-D-arabinitol 1-phosphate (CA1P), fructose-
1,6-bisphosphate and glycero-2,3-pentodiulose-1,5-bisphosphate (PDBP) (Andralojc et al., 2012;
Zhu and Jensen, 1991). RuBP is inhibitory only when bound to a non-carbamylated Rubisco ac-

tive site. Other inhibitors more commonly bind to, or arise from, a carbamylated active site, but
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can bind when non-carbamylated. Rubisco inhibitors can result from catalytic misfires (such as
PDBP and XuBP) but can also be actively synthesised to serve a functional role, such as the noc-
turnal inhibition of Rubisco by CA1P (Gutteridge et al., 1986; Orr et al., 2023; Servaites, 1990).
While Rubisco can reactivate spontaneously, this happens at low rates. Sustained Rubisco activ-
ity requires the action of Rubisco’s catalytic chaperone - Rubisco activase (Rca) (Lilley and Portis,
1990; Portis et al., 1986).

1.3.1 Structure and Function

Rca is an AAA+ protein which uses energy from ATP hydrolysis to remodel the active site of
Rubisco and allow release of the inhibitor. It activates active sites of Rubisco one at a time by in-
terfacing with both the large and small subunits of Rubisco (Bhat et al., 2017). There is evidence to
suggest the functional oligomeric state of Rca is a toroid-shaped hexamer (Waheeda et al., 2023).
The reactivation activity of Rca is coupled to the ATP hydrolysis-dependent dissociation of the
hexamer form into a tetramer and a dimer (Serban et al., 2018). The oligomerisation state of Rca
is ATP dependent, with higher concentrations of ATP, or ATP analogues such as ATPyYS, leading
to larger oligomers and lowering the rate of subunit exchange (Wang et al., 2018). Figure 1.1

shows the dual activities of Rca and important structural features.

A B

a/B subdomain a-helical subdomain
N N

|:| H . Rca B ATP +®
\_/

| | | | Rubisco | Inhibitor release | Rubisco

Rca a >

(inactive) (active)

Walker A Walker B Rubisco C-terminal
recognition extension

Figure 1.1: Simplified schematics of Rca structure and function. A Important motifs in Rca. The
Walker A & B motifs are involved in nucleotide binding. The Rubisco recognition motif binds
Rubisco and confers specificity. In a isoforms, the C-terminal extension controls Rca activity via
a disulfide bridge. The chloroplast transit peptide is not shown as this is cleaved from the mature
protein. B Two activities of Rca. Rca hydrolyses ATP into ADP and inorganic phosphate. Using the
energy of ATP hydrolysis, Rca remodels Rubisco to release its bound inhibitory sugar phosphate.

Created with BioRender.com

Rca is well conserved, being found in all known photosynthetic species, and often with multi-
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ple unique isoforms present in the same genome. These different isoforms often show different
regulatory and induction patterns (Degen et al., 2021). Rca is broadly categorised into two dis-
tinct types, made by alternative splicing or encoded on different genes. There is the shorter 3
isoform and the longer a isoform which contains a redox sensitive C-terminal extension which can
be oxidised by thioredoxin-f to inhibit activase activity (Zhang and Portis, 1999). Rca oligomers
can form between different isoforms of Rca, and exchange these subunits. Mutated subunits can
"poison” an Rca hexamer and make it nonfunctional, this was used to investigate rice Rca-Rubisco
interactions by Shivhare et al. (2019). It was found that mutating residues closer to the periphery
of the toroid resulted in less poisoning than mutating residues closer to the centre of the toroid.
This implies that residues closer to the periphery are necessary for docking onto Rubisco, and
those closer to the centre are important for Rubisco remodelling. Residues in a4-B4, a loop in
the Rca nucleotide binding motif, showed some poisoning, implying they were of importance in
transmitting of forces but not key in Rubisco remodelling.

ADP usually acts as an inhibitor of Rca function, however activity varies between Rca isoforms.
For example, the different isoforms of wheat Rca respond differently to ADP in terms of their
Rubisco activation activities. Wheat Rca 23 Rubisco activation is insensitive to ADP concentration
while 1B and 2a are inhibited (Perdomo et al., 2019).

Rca is usually capable of reactivating not only its cognate Rubisco but also Rubiscos from other
species. The curious exception to this rule is Rca from plants of the Solanaceae family. Activase
from Solanaceae species is a poor activator of non-Solanaceae Rubisco and vice-versa (Li et al.,
2005; Wang et al., 1992). This knowledge has been used to investigate the interaction model
between Rubisco and Rca. A hybrid Rubisco composed of tobacco (Solanaceae) small subunits
and Chlamydomonas reinhardltii large subunits can be efficiently activated by non-Solanaceae Rca
but inefficiently by Solanaceae Rca, implying that the small subunit does not play an important role
in Rubisco-Rca recognition and docking (Wachter et al., 2013).

Under steady state and saturating light conditions, Rca is usually not a limiting factor, but under
fluctuating light, Rca can be limiting. Rca may provide an opportunity for improving sun-shade and
shade-sun transitions (Carmo-Silva and Salvucci, 2013; Mott and Woodrow, 2000).

Interestingly, Rubisco activation state correlates negatively with Rubisco amount, and Rca
expression levels correlate negatively with Rubisco content (Carmo-Silva et al., 2017). Fukayama
et al. (2018) investigated this phenomenon and found no difference in expression of other CBB
cycle proteins in transgenic rice overexpressing Rca. They attributed the lower Rubisco content to
interference in the synthesis stage of Rubisco, and also noted the slightly higher polysome loading
of RbcL mRNA. By contrast, Suganami et al. (2020) investigated the same phenomenon in rice
grown under different nitrogen availabilities. The decrease of Rubisco in Rca-overexpressing lines

was attributed to a decrease in polysome loading.
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1.3.2 Role in Thermotolerance

Rca plays an important role in the thermotolerance of plants. Rubisco itself is rather tolerant to high
temperatures, being an active carboxylase in temperatures at least as high as 50 °C (Salvucci and
Crafts-Brandner, 2004a), but Rca is thermolabile and will aggregate and fail to reactivate Rubisco
at much lower temperatures (Feller et al., 1998). The thermal optimum of Rca and the highest
temperature it will tolerate is dependent on species and the environment that species inhabits
(Salvucci and Crafts-Brandner, 2004b; Salvucci et al., 2001). Camelina sativa and Arabidopsis
for example are plants adapted to cooler climates and have thermal optima at lower temperatures
than Nicotiana tabacum and Gossypium hirsutum, plants adapted to hotter climates (Carmo-Silva
and Salvucci, 2011). This thermolability can make Rca one of the limiting factors for photosynthetic
activity, and capacity for plant growth at higher temperatures (Carmo-Silva and Salvucci, 2012;
Scafaro et al., 2012).

Thermotolerance in some species can be due to activase adapted to withstand higher tem-
peratures. For example, the rice wild relative Oryza australiensis from the northern Australian
savannah maintains much higher leaf elongation rate and Rubisco activation state than Oryza
sativa at higher temperatures. These characteristics and the ability of O. australiensis to survive
and actively grow in such hot conditions are attributable to its activase being able to stay active
at these temperatures (Scafaro et al., 2016). The use of chimeric activases allowed discovery
of the amino acid region which gives Agave tequilana, a CAM plant, its thermotolerant attributes.
A. tequilana activase remains functional even at 45 °C, and this thermotolerance maps to the N
terminal 244 amino acids. A chimeric activase comprised of the N terminal 244 amino acids of A.
tequilana and the C terminal region of Oryza sativa activase displayed thermostability like Agave
tequilana while the inverse had the thermostability of O. sativa (Shivhare and Mueller-Cajar, 2017).

Plants with multiple isoforms of Rca can induce a more thermostable isoform in response to
heat stress (Degen et al., 2021). Wheat (Triticum aestivum) induced Rca 1B and suppress ex-
pression of Rca 2a and 2f in response to heat stress. TaRcai1 is much more tolerant of heat
than the TaRca2 isoforms, with a thermal midpoint (the temperature at which activity is half of
maximum) of 42 °C instead of 36 °C for the TaRca2 isoforms. This difference in thermotolerance
can be attributed to just 11 amino acids, which can be mutated without impacting catalytic velocity
at 25 °C (Scafaro et al., 2019a). A single amino acid difference from wheat Rca 1 vs 23 (M159l)
has been found to increase the temperature optimum by 5 °C (Degen et al., 2020). It is peculiar
that Rca in wheat has evolved to induce a thermostable isoform when under heat stress instead
of constitutively expressing this isoform. The aforementioned thermostable Agave tequilana Rca
does not compromise catalytic efficiency for thermostability, even having an above average rate
of Rubisco activation (Shivhare and Mueller-Cajar, 2017). An activase isoform with a broad ther-
mal optimum may enable plant adaptation to high temperatures and a larger temperature range.
This could aid in crop climate resilience and increase growth in unstable or non-optimal climate
conditions.

There is some debate as to the cause of the thermolabile nature of Rca and the role of this
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in limiting photosynthesis at higher temperatures (discussed in Sage et al., 2008). Some argue
that the thermolabile nature is a flaw of the enzyme and the cause of photosynthetic limitation at
higher temperatures due to decreased Rubisco activation state (Crafts-Brandner and Salvucci,
2000). Another hypothesis is that it is a protective mechanism to inactivate Rubisco when hav-
ing it active would have deleterious effects (Sharkey, 2005). Photosynthetic electron transport
decreases at moderate heat stress and the rate of photorespiration increases compared to car-
boxylation at higher temperatures. This makes active Rubisco potentially dangerous for the cell
as active Rubisco without electron transport leads to energy imbalance and photorespiration can
lead to build up of H,O,, a reactive oxygen species which can damage cells at high concentrations
(Berry and Bjorkman, 1980; Song et al., 2014). Furthermore, there is a potential role in Rubisco
inhibition for Rubisco protection. Overexpressing CA1Pase, a phosphatase which dephospho-
rylates the Rubisco inhibitor CA1P was anticipated to increase net photosynthesis by increasing
Rubisco activation state in wheat. However, it was found that this overexpression decreased Ru-
bisco abundance, implying a mechanism by which Rubisco inhibition may protect Rubisco, and
provide a net fitness benefit (Lobo et al., 2019).

Single amino acid residue changes can have substantial impact on Rca function. Table 1.1

shows some of the known residues which are important for Rca functional diversity.
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Table 1.1: /Important Rubisco activase isoforms from various species and their functional roles in

the protein, from select publications.

Relevant residue

Function

Citation(s)

Tobacco: 311D; Spinach: 311K; Creosote: 313K
Tobacco: 312K; non-solanaceae: 312K(R)
Tobacco: 314L; Spinach: 316V; Creosote: 316V
Tobacco: 16W

Rubisco specificity
Rubisco interaction
Rubisco specificity
Rubisco binding

Henderson et al., 2011; Li et al., 2005
Li et al., 2005; Portis et al., 2007
Henderson et al., 2011; Li et al., 2005

van de Loo and Salvucci, 1996

Arabidopsis: 390E
Arabidopsis: 401D

ATP dissociation
ATP dissociation

Wang and Portis, 2006
Wang and Portis, 2006

Wheat 1B3: 1591; Wheat 23: 159M
Wheat 1B: 161N; Wheat 23: 161K
Wheat 1B: 359K; Wheat 2f3: 359T
Wheat 1B: 362E; Wheat 2B: 362Q

Temperature response, ADP sensitivity
ADP sensitivity
ADP sensitivity
ADP sensitivity

Degen et al., 2020; Perdomo et al., 2019
Perdomo et al., 2019
Perdomo et al., 2019
Perdomo et al., 2019

Rice: 148K
Rice: 321R
Rice: 152Q
Rice: 156E
Rice: 159D

ATPase - activase activity coupling
ATPase - activase activity coupling
ATPase & activase activity
ATPase & activase activity

Activase activity

Shivhare et al., 2019
Shivhare et al., 2019
Shivhare et al., 2019
Shivhare et al., 2019
Shivhare et al., 2019

Tobacco: 241R
Tobacco: 244R
Tobacco: 294R
Tobacco: 296R

ATPase activity
ATPase activity
ATPase activity
ATPase activity

Li et al., 2006
Li et al., 2006
Li et al., 2006
Li et al., 2006

Rice: 215N
Rice: 216K
Rice: 217E; Agave: 217Q

Activase activity
Activase activity
Activase activity

Shivhare and Mueller-Cajar, 2017
Shivhare and Mueller-Cajar, 2017
Shivhare and Mueller-Cajar, 2017

Arabidopsis: 78T
Arabidopsis: 172S

Light induction (phosphorylation site)
Phosphorylation site

Kim et al., 2016
Boex-Fontvieille et al., 2013

Tobacco: 109W
Tobacco: 250W

ATP association
ATP association

Wang and Portis, 2006
Wang and Portis, 2006

Arabidopsis: 392C
Arabidopsis: 411C
Arabidopsis: 111Q

Redox regulation
Redox regulation
Phosphate binding

Zhang et al., 2002
Zhang et al., 2002
Kallis et al., 2000

Wheat 1B: 404K
Wheat 1B: 406L
Wheat 1B: 408E

Temperature response
Temperature response
Temperature response

Scafaro et al., 2019a
Scafaro et al., 2019a
Scafaro et al., 2019a

1.4 Scope for Photosynthetic Improvements

There have been numerous attempts at improving rates of photosynthesis with the goal of im-

proving crop yields (Long et al., 2015). This is seen by many as the next solution to the need

for increased food production. However, there is some debate as to whether or not increased

photosynthesis rates will necessarily improve yields. This issue appears situation specific, and

the impact of increased photosynthesis on yield depends on the crop species, environment and

photosynthetic trait being enhanced (Ainsworth and Long, 2005; Wu et al., 2019).

Engineering Rubisco with the goal of improving photosynthesis has proven a significant chal-

lenge. There is substantial genetic diversity between Rubiscos but most share similar catalytic

properties and the difficulty of genetic transformations makes this difficult to utilise. Furthermore

while the commonly stated axiom is that Rubisco is a sluggish and inefficient enzyme, there is

some debate around this. Bathellier et al. (2018) reviewed Rubisco in the context of other en-
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zymes, in light of which its 1-10 rounds of catalysis per second seemed a lot more reasonable,
with the median of over 2,000 enzymes being 10 per second. Furthermore, in light of the com-
plexity of reactions required by Rubisco, the catalytic velocity and substrate affinity seem rather
reasonable, and its oxygenase activity is not unique to Rubisco, but rather a quite common feature
amongst carboxylases. Nonetheless, they do conclude that there remains potential for improve-
ment of Rubisco (Bathellier et al., 2018 and references within).

Simple overexpression of Rubisco is not a trivial task, requiring both overexpression of the
large and small subunits and RAF1, a Rubisco assembly factor. It has also been met with varying
results. Overexpression of Rubisco in maize has been met by a concomitant decrease in activation
state, but maintained a net increase in carbon assimilation (Salesse-Smith et al., 2018). Whereas
in rice, an increase in photosynthetic efficiency and an increase in yield due to overexpression of
Rubisco was reported (Yoon et al., 2020).

To date, little is known about the genetic diversity of Rca outside of crops and model organisms.
Rca is an important factor in photosynthesis, in terms of thermotolerance, response to changing
light conditions and controlling abundance and activation state of Rubisco. Further research into
activase genetic diversity from species from a wide range of environmental niches may provide
useful information on adapting plants to tolerate high temperatures or more quickly adapt to light

fluctuations.

1.5 Vigna unguiculata

Cowpea (Vigna unguiculata (L.) Walp) is a legume crop - a member of the Fabaceae family, which
is noteworthy for harbouring nitrogen-fixing bacteria in their root nodules. Domestic cowpea is
an annual crop, and has considerable morphological diversity between cultivars. It originated,
and was domesticated in, western sub-Saharan Africa (Herniter et al., 2020). Cowpea is critical
to food security in large regions of Africa, especially in Nigeria where it is produced in the largest
quantities, and its leaf and seed are a major source of caloric intake (Carvalho et al., 2017; Mufoz-
Amatriain et al., 2017). Cowpea seeds are valued for their diverse nutrients and high protein
content (Jayathilake et al., 2018); the leaves are also rich in nutrients such as B-carotene but

preservation of leaves is challenging (Owade et al., 2020).

1.5.1 Trends in Production and Consumption

Cowpea production in Nigeria has been trending upwards, but the rate of yield increase is slowing.

The area in which cowpea is cultivated has also been increasing since the 1980s (Fig. 1.2).
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Figure 1.2: Trends in cowpea production in Nigeria. Data from FAOSTAT.

The productivity of cowpea is relatively low compared to the theoretical potential grain yield of
2,000 kg/ha (Fig. 1.2, Horn et al., 2022 and references therein). Some possible reasons for this
are soil quality, drought and pests (Nkomo et al., 2021). The relatively low per area production of
cowpea and the threat of climate change call for improvements to existing cowpea cultivars and

production techniques.

1.5.2 Growth Conditions

Cowpea is considered a stress tolerant crop. Itis resistant to heat, salt, and drought stress. (Agbi-
codo et al., 2009; Carvalho et al., 2019) with an optimal temperature for germination in the range
of 30-35 °C (Barros et al., 2020). Cowpea is capable of growth in a broad range of temperatures,
from as low as 17 °C to as high as 37 °C. However, temperatures of 30 °C and above have been
shown to reduce crop yield (Barros et al., 2021; Barros et al., 2022 and references therein). This
suggests that Rca may be targeted as a method of increasing cowpea yield under a broad range

of temperatures (Parry et al., 2013).
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1.6 Recombinant Protein Production

Heterologously expressed proteins are commonly used in Rca research. This allows for selec-
tive analysis of individual isoforms as opposed to all isoforms purified from a plant source. In this
project, isoforms of cowpea Rca are purified from Escherichia coli by IMAC (Immobilized Metal
Affinity Chromatography) purification (Block et al., 2009). To purify recombinant proteins by IMAC,
the gene for the desired protein is inserted into a bacterial host. This gene will contain a polyhisti-
dine, aka His, tag - a sequence of typically six contiguous histidine residues. The host is cultured
in a shake flask or fermenter, and expression is induced. The host is then harvested, typically cen-
trifugated, and lysed to expose intercellular contents, including the target protein. Cellular lysate
is clarified by centrifugation, and loaded onto an IMAC column. This column contains a metal ion
resin, which will bind to the His tag. The protein can then be eluted in pure form by the addition of
a competitive binder such as imidazole (Spriestersbach et al., 2015).

Although a routine procedure, there are several steps in this process that can be optimised
to improve the final protein yield and quality. Bacterial growth medium, length of expression and
pre-expression growth stages, and growth temperature can all be optimised to improve protein
yield and solubility (Ahmad et al., 2018). Composition of buffers used in purification, and lysis
parameters can affect protein recovery and quality. The effects of these factors on Rca purification
is not well characterised in current literature. The optimisation of cowpea Rca expression and

purification forms the basis of Chapter 3.

1.7 Antibodies

Antibodies are proteins produced by animals as part of the adaptive immune system. These
are large molecules (~150 kDa), which are composed of two heavy chains and two light chains.
Together, these form a Y-shaped molecule, with a variable domain that controls the specific antigen
to which the antibody binds (Stanfield and Wilson, 2014). The variability of antibody structure
through a process known as V(D)J recombination allows for antibodies to be produced against
almost any target antigen (Chi et al., 2020). Antibodies can bind their target with nanomolar affinity

and high specificity, qualities that have made them an attractive and indispensable tool in research.

1.7.1 Uses of Antibodies

Antibodies have found many uses as research tools in molecular biology. Some of the most com-

mon uses include:
+ Selective purification of an antibody’s target by immunoprecipitation
+ Detection or quantification of an antigen by western blot/dot blot/ELISA

* In vivo detection and localisation of a target by immunohistochemistry
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+ Cell labelling in flow cytometry

Care must be taken when using antibodies in research, as antibodies are not guaranteed to
bind their intended target specifically, and they require careful validation (Edfors et al., 2018).
Antibodies are valuable in Rca research (see Salesse-Smith et al. (2018) and Yin et al. (2014) for
examples of anti-Rca antibodies in research). As previously discussed, multiple, similar isoforms
of Rca are often found in the same species. Antibodies can aid in identifying and quantifying

isoforms that cannot be distinguished by other methods, such as electrophoresis.

1.7.2 Antibody Production

There are three commonly employed types of antibodies used as research tools - polyclonal,
monoclonal, and recombinant antibodies. Figure 1.3 details these different methods of producing
antibodies.

Polyclonal antibodies are produced in animals, commonly small mammals such as mice and
rabbits. The blood serum of an immunised animal is extracted, and the antibodies are purified
from this. This will contain all the antibody clones in the serum, hence the term polyclonal. This
may include antibodies against targets other than the intended antigen, and will target several
sites on the antigen, which can result in a higher signal.

The beginning stages of monoclonal antibody production are the same as those of polyclonal
antibodies. An animal is repeatedly exposed to a target antigen to invoke an immune response. B
cells producing antibodies are fused with a myeloma to produce an immortalised cell line termed
a hybridoma that continues to produce antibodies. These antibodies can be reproduced as the
hybridoma can be indefinitely grown, but the precise antibody sequence may change due to ge-
netic drift. See Lipman et al. (2005) for information on the differences between monoclonal and
polyclonal antibodies.

Recombinant antibodies are produced in vitro from a library of synthetic antibody genes. These
genes are produced synthetically and inserted into viral capsids. The library is initially derived from
an animal source, but no animals are needed after the initial library construction. Antibodies that
bind the intended antigen are selected using in vitro selection methods, such as phage display
(Shukra et al., 2014). After sequencing, recombinant antibodies are able to be produced indefi-

nitely.
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Figure 1.3: Comparison of antibody production methods. Polyclonal antibodies: an animal
such as a mouse or rabbit is exposed to adjuvants and the target antigen by injection. The blood
serum is extracted, containing polyclonal antibodies against the antigen. Monoclonal antibodies:
an animal such as a mouse or rabbit is exposed to adjuvants and the target antigen by injection. B
cells producing antibodies against the target are fused with myeloma cells to produce a hybridoma
expressing the desired antibody. This can be cultured indefinitely. Recombinant antibodies: a
library of antibody variable heavy/light chain genes are produced by synthetic gene synthesis.
These are cultured in bacteria and used for in vitro affinity selection by methods such as phage
display. The selected antibodies are sequenced and produced in vitro. VH: variable heavy chain;

VL: variable light chain. Created with BioRender.com

1.8 Thesis Objectives

The primary objectives of this thesis are to characterise Rca in cowpea, and to explore the genetic
diversity of Rca in diverse plant species. While cowpea is the main focus of this study, Rca from
soybean (Glycine max) is included in some experiments. Soybean is another Fabaceae crop, that

is grown more globally than cowpea is, and can serve as a reference or comparison. Chapter 2
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investigates Rca sequences of different Fabaceae species. By taking sequence data in tandem
with climatological data, three species were identified as candidates with potentially thermotolerant
Rca isoforms.

Chapter 3 is an optimisation study which improves on methods of recombinant Rca expression
and purification. This work was essential to obtain sufficient recombinant cowpea Rca for in vitro
experiments.

Chapter 4 investigates the sequence diversity and catalytic properties of Rca from cowpea.
Individual isoforms were characterised for their temperature response and, where possible, con-
centration response.

Chapter 5 discusses the development and validation of new tools for research into cowpea
Rca in the form of antibodies. Antibodies were produced which were intended to bind all isoforms

of Rca, and which are intended to bind only specific isoforms of cowpea Rca.
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Chapter 2

Identifying Candidate Plants for Rca

Analysis

2.1 Introduction

Little is known of the natural genetic diversity of Rubisco activase. Despite its importance in pho-
tosynthesis, Rca remains poorly characterised outside of important model and crop species, such
as tobacco (Nicotiana tabacum) and Arabidopsis thaliana. Characterising the properties of Rca
from less well-studied species will increase knowledge of the diversity of Rca. Rca is required for
removal of inhibitory sugar phosphates from inactivated Rubisco, its thermal optimum is consider-
ably below that of Rubisco, meaning that the Rubisco is inactivated at higher temperatures despite
its thermostability (Lilley and Portis, 1990; Parry et al., 2007; Salvucci et al., 2001). Amongst the
known and characterised Rca isoforms, there is considerable difference in the catalytic proper-
ties - including ADP sensitivity, thermal optimum, rate of ATP hydrolysis, rate of light induction,
and specificity for Rubisco (Carmo-Silva and Salvucci, 2013; Carmo-Silva et al., 2015; Perdomo
et al., 2019; Wachter et al., 2013). It is known that small changes in the amino acid sequence of
Rca, even single amino acid residues, can significantly alter the catalytic properties of the enzyme
(Degen et al., 2020; Scafaro et al., 2019b). Rca is growing in importance as a target for crop
improvement as its role in maintaining photosynthesis becomes more understood, and its role in
thermotolerance makes it an attractive target in light of climate change, when temperatures are
warming and becoming progressively more unstable (Hayer-Hartl and Hartl, 2020; Parry et al.,
2013). An isoform of Rca with a broader thermal optimum may aid climate resilience in crops, as
photosynthesis can remain active over a broader range of temperatures (Ogbaga et al., 2018).
Some Fabaceae species such as soybean and cowpea are an important part of the global food
supply. Cowpea (Vigna unguiculata (L.) Walp), also known as black-eyed pea, is an important
legume crop in sub-Saharan Africa. Cowpea is cultivated as a forage crop, for direct consump-
tion, and as a subsistence crop. Both the grain in its dry and fresh form, and the leaves are eaten

(OECD, 2019). Nigeria is the world’s largest producer and consumer of cowpea, producing an
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estimated 3,576,361 tonnes in 2019 (FAO et al., 2019, Figure 1.2). The climate of Nigeria covers
several different biomes, with the Northern, more inland regions being arid desert and the South-
ern, coastal regions being tropical (Beck et al., 2018). The temperature in Nigeria can vary sig-
nificantly throughout the country. These drastically different environments make cowpea a prime
candidate for improvements in photosynthesis through Rca activity. An improvement of this kind
could lead to improved yield under unfavourable conditions (Wijewardene et al., 2021). Further-
more, climate change is impacting Nigeria, further destabilising temperature and water availability,
which varies considerably over the year through rainfall (Adenodi, 2018; Daramola et al., 2017).
A broader thermal optimum for Rca may improve the climate resilience of cowpea under these
changing environments by enabling photosynthesis to remain active under a larger temperature
range.

The process of obtaining Rca sequences is complicated by multiple factors. Rca is often
present in multiple copies in a given genome, either arising from gene duplication or alternative
splicing. Each isoform can have varying expression levels, which can change under different
environmental stimuli (Degen et al., 2021; Salvucci et al., 2003; Werneke et al., 1989). This is es-
pecially relevant when the sequence data source is transcriptomic instead of genomic, as genes
with especially low mRBRNA expression levels may not be represented in transcriptomic datasets
with insufficient coverage (Wang et al., 2009). Less expressed Rca genes can be of adaptive rele-
vance. For example, the less expressed Rca 13 gene in wheat ( Triticum aestivum) is upregulated
under heat stress conditions, and has a higher thermal optimum compared to Rca 2@ which is
more expressed under favourable conditions (Degen et al., 2021). Therefore, focusing solely on
the most expressed gene does not give a holistic view of the functional diversity of Rca in a given
species. Furthermore, BLAST of Rca genes will often return non-genuine Rca-like genes which
can be difficult to identify at early stages of analysis due to the low E-value (number of sequences
with the same or higher alignment score that would be expected to be seen by chance), and re-
gions of near-perfect conservation with genuine Rca. By nature of this project’s focus on less
well studied species, there is often only one source of available genomic or transcriptomic data,
increasing the chances of spurious reads or sequencing errors. These considerations necessitate
a reliable method of quality control for sequence data in order to obtain reliable sequences for
further investigation.

Selecting candidate species for Rca with a broad thermal optimum has multiple considera-
tions. Data for plant growing locations are inherently prone to sampling bias and misidentification,
as well as false location records (Maldonado et al., 2015). While there are methods for quality
controlling location records, due to these factors, data will not be completely reliable. Photosyn-
thetic type is an important consideration, with C4 and CAM plants being naturally more resilient to
high temperatures than C3 plants are (Sage and Kubien, 2007), but C3 being more acclimated to
a broad temperature range (Yamori et al., 2014). Crop species do not make ideal candidates as
they may be purposefully bred to be climate resilient in a way unrelated to Rca. Invasive species

are not ideal candidates as while they spread rapidly, they may not necessarily maintain high lev-
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els of photosynthetic competence that would be desired in crops. However, invasive species are
difficult to avoid in this work as species which are capable of adaptation to broad climates will
naturally coincide with invasiveness. Air temperature data is available for most of the globe but
due to stomatal activity and other meteorological factors such as wind speed and air temperature,
often differs from the leaf temperature which will be experienced by Rca (Haseba and Ito, 1975,
1982). This is especially pertinent in areas with high water supply, which can be partially estimated
through precipitation rates but is complicated by availability of groundwater. For these reasons,
ecoregion data are investigated alongside temperature data.

This chapter will focus on the steps taken to obtain reliable Rca sequence data for less well
characterised species and correlate this with geographical and climatological data. The aim is to
find candidate Rca sequences for subsequent analysis which are hypothesised to retain activity
over a broad range of temperatures, for its applicability to climate resilience in Fabaceae crops.
Throughout the chapter, Arabidopsis thaliana Rca and Triticum aestivum Rca will be used as rep-
resentatives of non-crop and crop Rca respectively as these are both well studied. Two separate
analysis are included. Analysis of all plants in the 1KP (1000 plant transcriptomes) shows the
challenges related with obtaining reliable Rca sequences. The scope then narrowed to Fabaceae
species, which are more relevant to Fabaceae crop improvement. Climatological data of locations
occupied by various plant species has been analysed in search of species which grow and remain
photosynthetically active under a broad range of temperatures. Three candidate species and five

amino acid residue polymorphisms have been identified by this analysis.

2.2 Materials and Methods

2.2.1 Cowpea Sequences

Cowpea Rca sequences were identified in the genome of the IT97K-499-35 cultivar of cowpea

using Phytozome.

Table 2.1: Cowpea Rca & Rca-like sequence accession numbers

Isoform Accession number
VuRcalp Vigun01g219300.1
VuRca8a Vigun08g150700.1
VuRca8a Vigun08g150700.2
VuRca10a | Vigun10g051600.1
VuRcal10B | Vigun10g051600.2
VuRca-like | Vigun05g302000.1.p
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2.2.2 Obtaining Fabaceae Rca Sequences

Fabaceae Rca sequences were obtained from the 1KP (One Thousand Plant Transcriptomes Ini-
tiative, 2019) with a consensus Rca sequence derived from publicly available Fabaceae genomes.
Diamond BLAST (Buchfink et al., 2021) was used to find matching sequences and Hisat2 (Kim
et al., 2019) to map these onto the consensus. The sequences with highest amount of reads were

selected.

2.2.3 Bioinformatics

DNA and amino acid sequences were filtered and analysed using Bioconductor 3.13 (Morgan,
2022) packages in R. Multiple sequence alignments were performed using the ClustalW algorithm
in msa 1.24.0 (Bodenhofer et al., 2015). Full taxonomic data was obtained for 1KP species through
Taxize 0.9.99 (Chamberlain et al., 2020).

Putative Rca sequences were obtained from the 1KP project by BLAST (https://db.cngb.org/
blast/blast/blastp/?project=onekp) with the Arabidopsis thaliana short isoform of Rca.

Sequences were quality controlled by the following steps:

+ Remove sequences with an E-value of >1071°.
+ Remove sequences where the scaffold contains multiple matching sequences
* Remove sequences without associated metadata

+ Filter based on sequence length (AtRcaf is of length 388 AA, A conservative threshold is
set at no less than 5% (20AA) shorter than AtRcap. a isoforms should be targeted by this

BLAST search so a more lenient upper bound is set at 460)
+ Removed duplicate AA sequences

+ Remove sequences where % identity to VuRca1p < % identity to VuRca-like

E-value represents the number of sequences with the same or higher alignment score that
would be expected to be seen by chance. Scripts and raw data are available at https://github.
com/DuncanBloemers/RcaAAAnalysis

Percentage identity was calculated using the PID() function of Biostrings (Pagés et al., 2022)

with the following equation:

Identical Positi
Percentage identity = 100 - cntreal ositons

Average Sequence Length

Chloroplast transit peptides were identified using TargetP v.2.0 (Almagro Armenteros et al.,
2019).
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2.2.4 Growing region and Whittaker biome data

All growth accessions for each species were obtained via GBIF and tested for the following com-

” o« ” o« ” o« ” o«

mon quality issues: “capitals”, “centroids”, “equal”, “gbif’, “institutions”, “zeros”, “seas” using the
CoordinateCleaner R package (Zizka et al., 2019).

Locations which were not flagged as erroneous were used to extract climatological data from
WorldClim using raster with the simple extract method. These climatic data are used to calculate
temperature ranges and approximate Whittaker biomes.

Data were analysed in R 4.1 (R Core Team, 2013) and RStudio 1.4.1717 (RStudio Team, 2020)
on macOS Big Sur 11.4. All data were obtained on 2023-03-09. Growth locations of species
of interest were obtained and quality controlled using rgbif 3.6.0 and CoordinateCleaner 2.0-18
respectively. sp 1.4-5 (Bivand et al., 2013) and rgdal 1.5-23 (Bivand et al., 2022) were used to
manage spatial data. raster 3.4-13 (Hijmans, 2022) was used to obtain climate data for each
location from WorldClim (Fick and Hijmans, 2017). Maps were plotted using ggmap 3.0.0 (Kahle
and Wickham, 2013). Approximate Whittaker biomes were plotted using plotbiomes 0.0.0.9001
(Stefan and Levin, 2018). Data were managed and plotted using tidyverse 1.3.1 (Wickham et al.,
2019). Documents for each species of interest were synthesised from this information using knitr
1.33 (Xie, 2022).

Scripts and data are available at https://github.com/DuncanBloemers/2019GBIF

2.2.5 Terrestrial Ecoregions

Ecoregions were obtained from the WWF’s Terrestrial Ecoregions of the World dataset (Olson et
al., 2001). Plant growth locations (see Chapter 2.2.4) were plotted onto these ecoregions using
CairoMakie v0.8.12 and GeoMakie v0.4.2 (Danisch and Krumbiegel, 2021).

Delimited data were handled with CSV v0.10.4 (Quinn et al., 2022) and DataFrames v1.3.4
(Kaminski et al., 2022). Shapefiles were handled with Shapefile v0.7.4.

Data were analysed using Julia v1.7.3 (Bezanson et al., 2017) in VSCodium version 1.69.2 on
MacOS 12.5 Monterey.

Due to hosting limitations, this large volume of data and associated scripts are available upon

request.

2.3 Results

2.3.1 Reliable Rca Sequences From Public Transcriptome Data

Potential Rca sequences were obtained from the 1000 plant transcriptomes (One Thousand Plant
Transcriptomes Initiative, 2019) database using BLAST with A. thaliana Rca 3 isoform as a query.
The returned sequences were subject to quality control measures to help attain reliable sequence

data. To aid in identifying quality of sequences, sequence length and alignment length were used
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as indicators of quality. A strict cutoff of sequence length was set at 5% below the sequence length
of the shorter A. thaliana Rca B isoform and 5% above the longer a isoform. Figure 2.1 shows how

this filtering step changes the distribution of amino acid sequence length for obtained sequences.

Pre length-based filtering
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o

o
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Number of sequences
N
o
o
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Post length-based filtering
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Number of sequences
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Figure 2.1: Distribution of amino acid sequence length of Rca obtained from the 1000 plant

transcriptomes database, before and after filtering based on sequence length.

As shown in Figure 2.1, a significant proportion (66%) of unfiltered sequences were of lengths
too short or too long to be reasonable Rca sequences. Additionally, several of the sequences were
non-genuine Rca-like transcripts, judged by pairwise alignment to Rca-like sequences being more
similar than to Rca, and should be removed from analysis. Rca-like proteins share long stretches
of sequence which are almost identical to genuine Rca, and regions of dissimilarity (figure 2.2A)
which can be used to distinguish them. Furthermore, a proportion of sequences lack complete
metadata such as species of origin and must be removed from analysis. After initial quality control

steps, 1,620 sequences out of 10,038 sequences were retained.
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Figure 2.2B shows the % identity of the remaining sequences to both VuRcai1 and VuRca-
like. Sequences tend to align more closely with one gene over the other. This implies that the

sequences which align poorly with Rca are "contaminating” Rca-like sequences.
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Figure 2.2:

quences from the 1000 plant transcriptomes database showing a region of dissimilarity between

putative Rca and Rca-like amino acid sequences. VuRca1B and VuRca-like are included as con-

% identity to given protein

Identification of Rca-like gene sequences. A Multiple sequence alignment of se-

trols. Sequences are a random subset of the full dataset. B Sequences from the 1000 plant

transcriptomes database are compared to VuRca1( and VuRca-like proteins by percentage iden-

tity.
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Of these remaining sequences, 922 aligned more closely to VuRca1B than VuRca-like and
were retained. The species these sequences are derived from span five phyla: Streptophyta,
Chlorophta, Ciliophora, Prasinodermophyta & Mucoromycota. Table 2.2 shows the number of
species with obtained Rca sequences at different taxonomic ranks. Figure 2.3 compares a con-
sensus Rca sequence derived from the remaining sequences to VuRca1f3. There are 33 amino

acid differences between the sequences.

Table 2.2: Number of species at different taxonomic ranks for which Rca species have been

obtained from the One Thousand Plant Transcriptomes project.

Taxonomic rank | Number of species
Phylum 5
Class 36
Order 130
Family 285

VuRcald ........ LN ANNK QTIKDRWEIGLAYD ISDDQQDITRGKGMVDIJLF QAPMNAG THYAVMSSYEY)MS T GINYT Y NIIDNEIADG){Y TAPAFMDKLVVHI TKNFMyyL| 97
PN e oo 1 N E RS T N e R D QAWK Q TINK DRWISGLAYD ISDDQQADITRGKGMVDSLFQAPMELIGTHEIAVMS SYE YIS TG{MT Y NIRD NN IDGIFY TAPAFMDKLVVHITKNF ML B el
VuRcalb PNIKVPLILGIWGGKGQGKSFQCELVFAKMGINPIYMSAGELESGNAGEPAKLTRQRYREAADITKKGKMCI\LFINDLDAGAGRIRGGTTQYTVNNQMVNATLMN T i
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VuRcalb [ADNPTNVQLPGMYNKEENPRVPIIVTGNDFSTLYAPLIRDGRMEKFYWAPTRINDRYJGVCKGIFRTD[EVP|JEINMYKL.VDTFPGQSIDFFGALRARVYDDEVRKW|Y 307
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VuRcalb GVGVIMeIGKKLVNSKEGPPTFEQPKMEJLINK LL[MY GNMLVQEQENVKRVQLADKYLWEAALGIJANEDA TKRIGRIF ) (Al U101
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Figure 2.3: Pairwise sequence alignment between VuRca1 and a consensus sequence derived
from One Thousand Plant Transcriptomes project sequences. All sequences which passed quality
control measures were used to calculate consensus. Consensus sequences are calculated by the

most common amino acid in each position which is in 225% of sequences.

2.3.2 Select Fabaceae Species Grow in Diverse Biomes

For the 25 species of Fabaceae represented in the 1KP, data on growing regions were obtained
from the Global Biodiversity Information Facility (GBIF). Climatological data was then obtained via
Worldclim for each of the coordinates where each of the 25 species grow, as recognised from
GBIF data. These data were then analysed to estimate the range of growing temperature and the
spread of biomes in which each species grows. Prior to further analysis, GBIF records were quality
controlled to remove spurious records such as those which may have been incorrectly entered or
those near botanical gardens or similar human establishments which would not be representative
of natural growing regions. The amount of GBIF records varied substantially by species, and
consequentially so does the amount of climatological data that can be obtained.

Figures 2.4, 2.5, & 2.6 show examples of the data collected for each species. For each species,

data availability and resolution vary depending on growing locations. Several biologically relevant
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variables are available for geolocations with relevant data. Mean temperature of wettest season

was used as a proxy for growing season temperature.
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Figure 2.4: Plant growth-relevant climatological metrics for geolocations containing Bituminaria
bituminosa GBIF accessions. A Growth locations from the Global Biodiversity Information Facility
for Bituminaria bituminosa. Accessions excluded from subsequent analysis are coloured in red. B
The mean temperature of the wettest season in the areas in which Bituminaria bituminosa grows.

C Estimated Whittaker biomes in the areas in which Bituminaria bituminosa grows.
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Figure 2.5: Plant growth-relevant climatological metrics for geolocations containing Gleditsia
triacanthos GBIF accessions. A Growth locations from the Global Biodiversity Information Facility
for Gleditsia triacanthos. Accessions excluded from subsequent analysis are coloured in red. B
The mean temperature of the wettest season in the areas in which Gleditsia triacanthos grows. C

Estimated Whittaker biomes in the areas in which Gleditsia triacanthos grows.
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Figure 2.6: Plant growth-relevant climatological metrics for geolocations containing Lupinus poly-

phyllus GBIF accessions. A Growth locations from the Global Biodiversity Information Facility for

Lupinus polyphyllus. Accessions excluded from subsequent analysis are coloured in red. B The

mean temperature of the wettest season in the areas in which Lupinus polyphyllus grows. C Es-

timated Whittaker biomes in the areas in which Lupinus polyphyllus grows.

In addition to the sequences obtained across the species represented by the 1KP, high quality

Rca sequences were obtained for the most abundant isoforms of Rca in Fabaceae by Diamond

BLAST. Of the 25 Fabaceae species, sequences were obtained for 24 of them, no sequence is

available for Glycine soja. Fabaceae was the focus of interest due to its relevance to cowpea,



the crop of interest. Table 2.3 shows the number of GBIF accessions which were not flagged
as erroneous for each of the Fabaceae species represented in the 1KP as well as the range of
mean temperatures of the wettest season for these. Of the 25 species, no climatological data
was available for the growing regions of 7 of them and no GBIF accessions were present for 2.
The highest mean temperature of wettest season range is Gleditsia triacanthos at 42.1 °C and
the lowest non-zero temperature range is Acacia pycnantha at 7.1 °C. Most species are found in
only a few continents with 3 species having accessions in all non-antarctic continents - Lathyrus

sativus, Lupinus angustifolius & Gleditsia triacanthos.

Table 2.3: Metrics of growth diversity for Fabaceae species. Aggregate climate data is shown
for the locations at which Fabaceae species grow. Growth data from the Global Biodiversity Infor-
mation Facility. NA: not available. Red text indicates data not available or insufficient to calculate

reliable statistics.

Species Number of non-flagged Difference between highest Number of continents with
GBIF accessions and lowest daily mean accessions
temperature of wettest
season (°C)

Acacia argyrophylla 399 NA 1
Acacia pycnantha 18,281 71 5
Apios americana 3,294 9.1 3
Astragalus membranaceus NA NA NA
Astragalus propinquus 152 NA NA
Bauhinia tomentosa 227 36 3
Bituminaria bituminosa 13,193 36 4
Cercis canadensis 16,611 24.3 3
Cladrastis lutea 28 0 3
Codariocalyx motorius 172 0 2
Copaifera officinalis 34 NA 2
Desmanthus illinoensis 2,690 NA 2
Gleditsia sinensis 189 11.6 2
Gleditsia triacanthos 15,812 421 6
Glycine soja 399 0 1
Glycyrrhiza glabra 1,112 28.7 3
Glycyrrhiza lepidota 2,675 NA 2
Gompholobium polymorphum NA NA NA
Gymnocladus dioicus 1,735 29.5 2
Lathyrus sativus 2,041 38 6
Lupinus angustifolius 7,358 28.9 6
Lupinus polyphyllus 18,512 40.8 5
Senna hebecarpa 788 NA 2
Wisteria floribunda 1,428 20.8 4
Xanthocercis zambesiaca 109 0 2

Figure 2.7 shows an alignment of the Fabaceae Rca sequence obtained from the 1KP. There
is diversity at the 159th and 161st (Triticum aestivum numbering) amino acid residues which are
associated with temperature response (Degen et al., 2020). The 159th residue in Bituminaria
bituminosa is leucine, and is methionine in Gymnocladus dioicus and Gleditsia sinensis. The
most conserved residue at this point amongst the selected species is isoleucine, which implies

adaptation to higher temperatures. Similar amino acid substitutions can be found amongst the
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sequences including substitutions between methionine and amino acids with higher hydrophobicity
which has been suggested to improve thermal tolerance. Gleditsia triacanthos, the species with
the highest range of wettest season mean temperature, does not have an Rca isoform which is
exceptionally different from consensus. There are methionine-leucine & methionine-isoleucine
substitutions in the protein which may contribute to temperature resilience, and other substitutions

which could impact protein function.
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Gleditsia triacanthos ~ ......... J\E IDPRJYQTDKDRWKGLAYD[SDDQQDITRGKGMVDSLFQAPQDAGTHYAV#SSYEYHSTGLRQYNLDNNMDGFYIAPAFMDKLVVHITKNFMTLPNIKVP, 101
Gymnocladus dioicus ......... J\EIDERRQTDXKDRWKGLAYDISDDQQDITRGKGMVDSLFQAPQDAGTHYAVMSSYEYLSTGLRQYNLDNN[DGFYIAPAFMPDKLVVHITKNFMTLPNIKVP 101
Gleditsia sinensis = ......... J\EIDER)YJQTDKDRWKGLAYDSDDQQDITRGKGMVDSLFQAPYIDAGTHYAV#SSYEYLSTGLRQYNLDNNMDGFYIAPAFMDKLVVHITKNFMTLPNIKVP 101
Gompholobium polymorphum ......... J\E IDEMWQTIHKDRWKGLAYDYSDDQQDITRGKGMVDSLFQAPQDAGTHYAVASSYEYLSTGLRQYNLDNRJDGFYIAPAFMDKLVVHITKNFMTLPNIKVP 101
Copaifera officinalis  ....... JNAYE IDERMQ TDKDISWKGLAYDSDDQQDITRGKGMVDSLFQAPDAGTHYAVMSSYEYLSTGLRQYNLDNNMDGFYIAPAFMDKLVVHITKNFMTLPNIKVP, 103
Xanthocercis zambesiaca ......... JN\EIDEMYQTDKDRWKGLAYD|YSDDQQDITRGKGMVDSLFQAPYDEGTHYAVMSSYEYLSTGLRQYJLDNNMDGYIAPAFMDKLVVHITKNMTLPNIKVP, 100
Bauhinia tomentosa = ....... INAYE THEMNNQTDKDRWKGLAYDWYSDDQQADITRGKGRVDSLFQAPUDAGTHYAVMSSYEYLS TGLRI§YWUDNNMDGFYIAPAFMDKLVVHITKNFMTLPNIKVP, 102
Cercis canadensis  ......... J\EIDEMJSQTDKDRWKGLAYD|JSDDQQDITRGKGMVDSLFQAP|JDAGTHYAVMSSYEYLSTGLRQ YRYDNNMDGFYIAPAFMDKLVVHITKNFMTLPNIKVP 100
Glycyrrhiza glabra ~ ......... J\E IDEYQTIFKDRWKGLAYDISDDQQDITRGKGMVDSLFQAPQEAGTHYAVMSS YEYHS TGLRIFYNLDNGWMDGIRY IAPAFMPDKLVVHIFKNFMTLPNIKVP 101
Glycyrrhiza lepidota ......... J\EIDE\JAQTDKDRWKGLAYD[SDDQQDITRGKGMVDSLFQAPQDAGTHYAVMSSYEYLSTGLRQYNLDN]YMDGFYIAPAFMDKLVVHITKNFMTLPNIKVP, 101
Wisteria floribunda = ......... J\E IDE§AQ TIHKDRWKGLAYDISDDQQDITRGKGMVDSLFQAPQEAGTHYAVMSSYEYLSTGLRQYNLDNyQDGRYIAPAFMDKLVVHITKNFMTLPNIKVP 101
Apios americama = ....... INAYE IDEINQTDKDRWEIGLAYDJSDDQQDITRGKGMVDSLFQAPQDAGTHYAVMSSEHEYLSAGLEQ YIIDNNMDGF YIAPAFMDKLVVHITKNFMTLPNIKVP 102
Bituminaria bituminosa = ....... INAYE IHENNQTRKDRWKGLAYDISDDQQDITRGKGMVDSLFQAPEMAGTHYAVMSSYEYLSTGLRQYNLDNNMDGFYIAPAFMDKLVVHJTKNFMTLPNIKVP 103
Codariocalyx motorius  ....... INAAE IDEBMINQTDKDRWKGLAYDISDDQQDITRGKGMVDSLFQAPQDAGTHYAVMSSYEYHS TGLRPYNLDNIYIDGF YIAPAFMDKLVVHIFKNFMTLPNIKVP 103
Cladrastis lutea = ......... J\E[DEWYQTDKDRWKGLAJDISDDQQDITRGKGMVDSLFQAPYIAYJGTHYAVMSSYEYLSTGLRQYNLDNNMDGFYIAPAFMDKLVVHITKNMELPNIKVP 101
Astragalus membranaceus  ......... JNEIDEMJSQTDKDRWIIGLAYDISDDQQDITRGKGMVDSJFQAPQDAGTHYAVMSSYEYMS TGLRIJYNEIDNW#DGFYIAPAFMDKLVVHITKNFMTLPNIKVP 101
Astragalus propinquus ......... JNEIDEMJQTDKDRWIMGLAYDISDDQQDITRGKGMVDS|FQAPQDAGTHYAVMSSYEYMS TGLRIAYNIDN)WRDGFYIAPAFMDKLVVHITKNFMTLPNIKVP 101
Lupinus angustifolius  ........ \43iE IDIREYQA TDMDRWIIGLAYDSDDQADITRGKGMVDSLFQAPQDAGTHYAVMYS YEYMS TGLRQYNLDNyS4DGFYIAPAFMDKLVVHTKNFMTLPNIKVP 102
Lupinus polyphyllus ........ JNAE IDIFWMQ TDNDRWIIGLAYDISDDQQDITRGKGMVDSLFQAPQDAGTHYAVMYSYEYISTGLRQYNLDN)WYDGFYIAPAFMDKLVVHITKNFMTLPNIKVP 102
Lathyrus sativus ~ ........ UWAE TIRZASQTDEDRWIIGLAYDISDDQQDITRGKGIRVDSIFQAPQAGTHYARMSSYEYIMS TGLINQ YNIDNWMEJGFYIAPAFMDKLVVHITKNFMTLPNIKVP, 102
consensus 1% " R R N ] PUTTTRT0 Do D Do Do D Do Do D Dok D DEL DR L DD e D e b DL DL

logo '

g L COCCRREROR) AP CINPL SACELESRRCEPARL RCREAADRNCH LN DGAGR CTCHTVNR VAT NIADPTONEL
Acacia argyrophylla LILGIWGGKGQGKSFQCELVFAKMGINPIMMSAGELESGNAGEPAKLIRQRYREAALITIKKGKMCMLF INDLDAGAGREIGGTTQYTVNNQMVNATLMNIADNPTNVQLPG 214
Acacia pycnantha LILGIWGGKGQGKSFQCELVFAKMGINPIMMSAGELESGNAGEPAKLIRQRYREAALIIKKGKMCELF INDLDAGAGREIGGTTQYTVNNQMVNATLMNIADNPTNVQLPG 214
Desmanthus illinoensis LILGIWGGKGQGKSFQCELVFAKMGINPIMMSAGELESGNAGEPAKLIRQRYREAALIIKKGKMCLF INDLDAGAGRUIGGTTQYTVNNQMVNATLMNIADNPTNVQLPG 213
Senna hebecarpa LILGIWGGKGQGKSFQCELVFAKMGINPIMMSAGELESGNAGEPAKLIRQRYREAAL IIJKGKMCALFINDLDAGAGRYIGGTTQYTVNNQMVNATLMNIADNPTNVQLPG 219
Gleditsia triacanthos LILGIWGGKGQGKSFQCELVFAKMGINPIMMSAGELESGNAGEPAKLIRQRYREAAL ITKKGKMCALFINDLDAGAGRIRGGTTQYTVNNQMVNATLMNIADNPTNVQLPG 211
Gymnocladus dioicus LILGIWGGKGQGKSFQCELVFAKMGINPIMMSAGELESGNAGEPAKLIRQRYREAALJIPKGKMCALF INDLDAGAGRMGGTTQYTVNNQMVNATLMNIADNPTNVQLPG 211
Gleditsia sinensis LILGIWGGKGQGKSFQCELVFAKMGINPIMMSAGELESGNAGEPAKLIRQRYREAALUIKKGKMCALFINDLDAGAGRIRGGTTQYTVNNQMVNATLMNIADNPTNVQLPG 211
(€100, YoJ TN RY SR W TONR Yo g o) il T TL.GIWGGKGQGKSFQCELVFAKMGINPIMMSAGELESGNAGEPAKLIRQRYREAAL IT[JKGKMCALF INDLDAGAGRIRGGTTQYTVNNQMVNATLMNIADNPTNVQLPG 211
Copaifera officinalis LILGIWGGKGQGKSFQCELVFAKMGINPIMMSAGELESGNAGEPAKLIRQRYREAALII)#KGKMCALFINDLDAGAGRIBGGTTQYTVNNQMVNATLMNIADNPTNVQLPG 213
DETNA T A R4 L F A R-T-N]. TL.GIWGGKGQGKSFQCELVFAKMGINPIMMSAGELESGNAGEPAKLIRQRYREAAL ITKKGKMCALFINDLDAGAGRIRGGTTQYTVNNQMVNATLMNIADNPTNVQLPG 210
Bauhinia tomentosa LILGJWGGKGQGKSFQCELVFAKMGINPIMMSAGELESGNAGEPAKLIRQRYREAAL ITKKGKMCELFINDLDAGAGRSGGTTQYTVNNQMVNATLMNIADNPTNVQLPG 212
Cercis canadensis LILGIWGGKGQGKSFQCELVFAKMGINPIMMSAGELESGNAGEPAKLIRQRYREAFL ITKKGKMCALFINDLDAGAGRISGGTTQYTVNNQMVNATLMNIADNPTNVQLPG 210
Glycyrrhiza glabra LILGIWGGKGQGKSFQCELVFAKMGIPIMMSAGELESGNAGEPAKLIRQRYREAAL ITKKGKMC[ELF INDLDAGAGRNIGGTTQYTVNNQMVNATLMNIADNPTNVQLPG 211
Glycyrrhiza lepidota LILGIWGGKGQGKSFQCELVFAKMGINPIMMSAGELESGNAGEPAKLIRQRYREAAL ITKKGKMCMLF INDLDAGAGRUGGTTQYTVNNQMVNATLMNIADNPTNVQLPG 211
Wisteria floribunda LILGIWGGKGQGKSFQCELVFAKMGINPIMMSAGELESGNAGEPAKLIRQRYREAAL ITJKGKMCMLF INDLDAGAGRIBGGTTQYTVNNQMVNATLMNIADNPTNVQLPG 211
Apios americana LILGIWGGKGQGKSFQCELVFAKMJIQP IMMSAGELESGNAGEPAKLIRQRYREAAL I I|JKGKMEJ§L.F INDLDAGAGRIBGGTTQYTVNNQMVNATLMNIADNPTNVQLPG 212
Bituminaria bituminosa LILGIWGGKGQGKSFQCELVFAKMGINPIMMSAGELESGNAGEPAKLIRQRYREAAL#IKKGKMCALFINDLDAGAGRNIGGTTQYTVNNQMVNATLMNIADNPTNVQLPG 213
Codariocalyx motorius LILGIWGGKGQGKSFQCELVFEKMGINPIMMSAGELESGNAGEPAKLIRQRYREAAL ITKKGKMCLF INDLDAGAGRSGGTTQYTVNNQMVNATLMNIADNPTNVQLPG 213
Cladrastis lutea LILGIWGGKGQGKSFQCELVMAKMGINPIMMSAGELESGNAGEPAKL|JRQRYREAAL I IJKGKMEALF INDLDAGAGRISGGTTQYTVNNQMVNATLMNIADNPTNVQLPG 211
Astragalus membranaceus LILGIWGGKGQGKSFQCELVFWNKMGINPIMMSAGELESGNAGEPAKLIRQRYREAS ITJKGKMCALFINDLDAGAGRUEIGGTTQYTVNNQMVNATLMNIADNPTNVQLPG 211
Astragalus propinquus LILGIWGGKGQGKSFQCELVFWNKMGINPIMMSAGELESGNAGEPAKLIRQRYREARL IT)3KGKMCALFINDLDAGAGRUIGGTTQYTVNNQMVNATLMNIADNPTNVQLPG 211
Lupinus angustifolius LILG[JWGGKGQGKSFQCELVFKMGINPIMMSAGELESGNAGEPAKLIRQRYREAAL II|JKGKMCALF INDLDAGAGRNIGGTTQYTVNNQMVNATLMNIADNPTNVQLPG 212
Lupinus polyphyllus LILGYWGGKGQGKSFQCELVFRKMGINPIMMSAGELESGNAGEPAKLIRQRYREAALII|KGKMCALFINDLDAGAGREIGGTTQYTVNNQMVNATLMNIADNPTNVQLPG 212
Lathyrus sativus LILG{YWGGKGQGKSFQIELVFAKMGINPIMMSAGELESGNAGEPAKLIRQRYREAAL TIKKGKMCALFINDLDAGAGREIGGTTQYTVNNQMVNATLMNIADNPTNVQLPG 212
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Figure 2.7: Multiple sequence alignment of the Rca isoforms of represented Fabaceae species from the One Thousand Plant Transcriptomes project. Highlighted in red
are the 159th and 161st amino acid residues (Triticum aestivum numbering) which are relevant to thermal optima of the enzyme. Highlighted in green are similar amino acid

substitutions. Sequence order is determined algorithmically. Text boxes coloured blue indicates > 50% conservation. Alignment continues on next page.
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Three Fabaceae species and five amino acid residues have been identified as potentially rel-
evant for thermostability based on sequence and analysis of geographical distribution Figure 2.8.
The mutations at these locations in relation to VuRca8a are: 1220L (Bituminaria bituminosa),
L241M (Bituminaria bituminosa & Lupinus polyphyllus), E399H (Bituminaria Bituminosa), E399G
(Lupinus polyphyllus), N422S (Gleditsia triacanthos & Lupinus polyphyllus), K435E (Bituminaria
Bituminosa), K435N (Gleditsia triacanthos).
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VuRca8a MAASVSTVGAVNEIIPLSLNSSGIQJASVPSSAFFGYSLKKVIYSRVPEANTH[VSSGSFKIVALLS IDE[KQTDKDRWEIGLAYDISDDQQDITRGKGMVDZLFQAPEUEIGTHYAVMSSYEYLSTGLISQYNLDNNYDGI#Y TAPAFMDKLVVHITKNFMTLPNIKVPL] 162
GmRca2a JMAASVSTVGAVNGIPLSLNESGAGASVPSSAFFGTSLKKVIASRVPNKESSGSFKIVAAEKEIDEKRQTDKDRWKGLAYDYSDDQQDITRGKGAVDSLFQAPQDIYG THY AMSSYEYLSTGLJQYNLDNNMDGFYIAPAFMDKLVVHISKNFMTLPN IKVPLINESUES
e S0y oWl A A SVSTVGAVNRTL L NJNGHGASTIPS SAFF GTSLKKV I ARVPURN TKVSSGSFKIVAAEKE IBERQTEKDRVKGLAYD 1SDDQQDI TRGKGHVDSLFQAPIIAGTHY AVHSSYEYLSTGLRQYNLDNNMDGF YT APAFMDKL VVETKNFNTLPNIKVP LTSS
[T TET PR PN A ASVSTVGAVNRTPLSENSSGAGASVPSSAFIGTSLKKVEESRAPMNIYK VS SGSFK{]V A AE I DESK QTDKDRKGL AYDIISDDQQDI TRGKGMVDSLFQAPQDAGTHY AVIISSYEYHSTGLRQYNLDNNMDGF YT APAFMDKLVVE I TKNFNTLPNIKVP LTI
Lupinus polyphyllus A ASEISTHG AVNRTP LIJINISIG A GV PS SEF F GIIL KK Vs RGN TK VS S GSFK\IV A AENE 1 DEKKQTDEDRWEAGLAYDISDDQAD I TRGKGMVDSLFQAPQDAGTHY AVHIS YEYNSTGLRQYNLDNGEIDGF YT APAFMDKLVVHITKNFMTLPN IKVPLIRTIY
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Figure 2.8: Growth regions and sequence comparisons of select Fabaceae species. A The
most common global growing locations of selected species. B Sequence comparison of Rca
from selected species, and 8a & 2a isoforms from cowpea and soybean respectively. Text boxes

coloured blue indicates > 50% conservation. Image sources are in citations.

Every selected species grows in multiple ecoregions (see Figure 2.9). There is a tendency
for Lupinus polyphyllus to cluster in temperate European regions, and Bituminaria bituminosa to
grow in mediterranean regions. The ability for species to grow in a range of climates is a relevant
consideration due to the interaction between leaf temperature and water availability. A plantin a
warm, wet climate will be able to keep its leaves cooler than one in a warm, arid biome through

use of transpiration.
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Figure 2.9: Terrestrial ecoregions in which selected species grow. Each point is an accession

from the Global Biodiversity Information Facility.

2.4 Discussion

Sequence data has been obtained for Rubisco activase from multiple different species. These
sequences were compared with climatological data at the growth locations they’re derived from to

find species which fulfil the following criteria:
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* Rca amino acid sequence diversity
+ Species grows in a broad temperature range
+ Species grown in a range of climates

Ultimately, three candidate species were found to fit these criteria - Bituminaria bituminosa, Gled-
itsia triacanthos & Lupinus polyphyllus.

Sequence data can be of variable quality, this is especially visible with the presence of short/incomplete
sequences. The reason behind erroneous sequences is not known but may be the result of poor
mRNA integrity or premature transcription termination. Multiple quality control steps can help in-
crease confidence in sequence quality. The sequences obtained provide a view of the genetic
diversity of Rca across the plant kingdom. This process, however, highlights the issues with the
use of BLAST to obtain Rca sequences from large datasets. Of the 10,000 initial sequences, only
920 appear sufficiently identical to known Rca to remain confident in the sequence. The other se-
quences have issues such as sequence length or aligning closer to Rca-like genes than genuine
Rca. Another method of obtaining sequences from direct sequence reads using Diamond BLAST
and hisat2 provides high quality sequence data but is more intensive and only provides reliable
sequences for the most expressed sequences.

The sequences obtained for Fabaceae Rca show potentially interesting amino acid substitu-
tions. It has been suggested that the increase in hydropathy index from methionine to isoleucine
at the 159th amino acid residue of Rca is the reason for the raised thermal optimum (Degen et al.,
2020). Similar amino acid substitutions can be found in these sequences, including substitutions
from methionine to leucine (hydropathy index of 1.9 and 3.8 respectively) and vice versa (Kyte and
Doolittle, 1982). Other potentially interesting sequence changes include single amino acid dele-
tions, and replacement of a more reactive amino acid (such as cysteine, which contains a thiol
group that can form disulfide bonds) with an inert one (such as alanine, which is structurally simi-
lar to cysteine but does not contain a reactive side-chain) (Morrison and Weiss, 2001). There are
also regions of more diversity, including residues at which there is no single amino acid with over
50% prevalence. Residues may show diversity for a number of different reasons - these residues
could functional adaptation to local environment, such as temperature response, or could have
little functional relevance and thus be able to be mutated without harming functionality.

Climatological data has been collected for the Fabaceae species for which there are sequence
data. The main variable of interest is the range of temperatures at which the species will grow,
as this implies active photosynthesis and thus active Rca. Growing months can be predicted
with holistic view of temperature, precipitation and soil moisture data but these factors interact to
define growing season in a species-dependent manner (Lasky et al., 2012; Lasky et al., 2015).
This makes it difficult to properly predict growing season in less well understood species. Because
of this, wettest season was chosen as a proxy for growing season to simplify analysis. However,
this means that the growing season may not be entirely accurate for each species, and a more

robust analysis should aim to integrate knowledge of the precise growing season of the species.
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While analysis of wettest season temperature metrics has not yielded an obviously divergent Rca
isoform, the sequence diversity that is present could be functionally relevant.

As sequence data is only available for one genotype per species, the subspecies diversity
of each Rca isoform is not known. Rca may be adapted within the species to the environment it
inhabits, rather than having evolved an isoform which is more robust to temperature. Furthermore,
since sequences for isoforms other than the most expressed isoform are not represented, the
entire range of sequence diversity is not known.

Three species of interest have been identified as having a broad growing season temperature
range and a broad range of biomes in which they grow, these species are Gleditsia triacanthos,
Lupinus polyphyllus, and Bituminaria bituminosa. These species vary in the regions they grow
in as well as their life cycle and morphology. Bituminaria bituminosa is a perennial herb which is
mostly found in the Mediterranean and Near East, but has been naturalised in Australia (Cardin
and Moury, 2009). It is used as a forage crop and for stabilisation of arid soils, and is resilient
to cold and drought stress (Jones et al., 2012). Lupinus polyphyllus is a perennial herb species
native to North America but also found throughout Europe, Central and Southern Asia, South
American and Oceania (Ramula, 2022). It is commonly grown for ornamental and landscaping
purposes, and has been investigated for grazing purposes (Scott and Tesfaye, 2000). Gleditsia
triacanthos, also known as honey locust, is a deciduous tree which can be found in North and
South America, throughout Europe, and in Southern Asia and Southern Australia (CABI, 2022).
It is considered a hardy plant and despite being capable of growth in tropical environments, it is
cold adapted (Calkins and Swanson, 1998). Lupinus polyphyllus and Gleditsia triacanthos are
considered invasive species. Both are native to North America but have been naturalised in other
continents. The photosynthetic type of these species is not known but given the exceptional rarity
of C4 photosynthesis in trees (Young et al., 2020), Gleditsia triacanthos is likely to be a C3 species.

In the candidate species, five amino acid residues and seven unique substitutions have been
identified as likely relevant to the catalytic properties or thermostability of the enzyme. Some of
these substitutions fit into the category of aforementioned hydropathy index changes which has
been associated with temperature response previously (Degen et al., 2020). Other substitutions
such as K435E/K435N could provide adaptation to local environment. Another hypothesis is that
these residues are not important to the function of the enzyme and are therefore permitted more
variation without causing a fithess loss. It is further worth noting that the species that have been
selected for analysis due to their broad temperature range are amongst the species with the most
GBIF accessions. It is not possible to confirm if the apparent wettest season temperature range is
genuine or due to the larger amount of data increasing probability of accessions being in locations
with different climates.

The sequence and amino acid substitutions identified here expand on the knowledge of diver-
sity of Rubisco activase, which has historically been largely limited to crop and model species.
Some of the sequences identified may provide useful variants of Rca which could aid in identifying

targets for crop breeding or genetic manipulation for improving photosynthesis.
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Chapter 3

Optimising Expression and
Purification of Recombinant

Rubisco activase

3.1 Introduction

Rubisco activase (Rca) is a critical enzyme in photosynthesis, required for the maintenance of Ru-
bisco activity. Rca is often present in multiple isoforms in plant species. In order to characterise the
catalytic properties of these isoforms individually, each isoform must be separately purified. This
makes purification from leaves non-viable for assaying characteristics of individual isoforms. Bio-
chemical characterisation of the properties of Rca requires milligram quantities of pure and active
protein. This task can be subdivided into multiple smaller requirements which enable purification

of adequate Rca quantities:
« Sufficient protein yield
+ Protein solubility & stability
« Activity of purified protein
+ Protein purity
+ Time to attain end product

« Cost-effectiveness

Each of these can be affected by multiple factors such as E. coli growth media and growing
conditions, construct design and protein purification method. There is currently no consensus of

the best conditions for expression and purification of Rca.
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Grow starter culture from glycerol stock

Inoculate culture and incubate

Induce expression with
IPTG and incubate

Harvest and store biomass

Resuspend and lyse biomass

{ Clarify lysate via centrifugation J
Purify protein by binding to,
and elution from, IMAC column

Figure 3.1: Outline of the basic steps of recombinant expression and purification of proteins
using IMAC (Immobilized Metal Affinity Chromatography). Red blocks indicate those targeted for
optimisation. IPTG: Isopropyl! B-D-1-thiogalactopyranoside

Figure 3.1 shows the steps involved in expression and purification of heterologously expressed
protein. Every step has factors which can be optimised for particular proteins to improve overall
yield and quality of final product. Some of the more important factors to consider and how they

are used in previously published Rca expression methods are shown in Table 3.1 and Table 3.2.
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Table 3.1: Growth conditions of E. coli cultures for heterologous expression of Rca from select

publications. NA: not available; IPTG: isopropyl B-D-1-thiogalactopyranoside; LB: lysogeny broth.

Medium Expression Culture Growth Expression Expression Flask Medium Induction | Citation
time/OD | stirring tempera- tempera- time (hr) volume volume condi-
(RPM) ture (°C) ture (°C) (L) (L) tions
LB Mid-log NA 37 23 20 NA NA 0.5 mM Stotz
phase IPTG etal.,
2011
LB ODgq of 225 37 25 12 15 6 0.5 mM Barta
0.6-0.8 IPTG etal.,
2011a
2xYT ODgqg of NA 37 30 4 NA 8 0.1 ug/mL | Hasse
0.4 anhydro- etal.,
tetracycline| 2015
LB ODgq of 225 37 25 12 1 0.4 0.5 mM Scafaro
0.4-0.6 IPTG etal.,
2016
LB ODgq of 200 37 25 8 NA 3 1mM Peterson-
0.6 IPTG Forbrook
etal.,
2017

Publications with Rca purification methods tend to exclude at least a few pieces of information

which are known to be relevant to yield and quality during protein production, making comparisons

of methods challenging and incomplete. LB is the most common medium for production of Rca,

with one research group favouring 2xYT, which contains the same components in different propor-

tions. Aside from medium, various growth conditions are employed for aiding solubility. Hasse et

al. (2015) use heat and salt shock and multiple groups use lower temperature for expression than

for growth (Table 3.1), which has been shown to aid solubility due to a decrease in hydrophobic

interactions which can lead to aggregation.
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Table 3.2: Lysis, purification, and storage methods for Rca expressed heterologously in E. coli

from select publications.

Lysis conditions

Lysis buffer

Purification
conditions

Storage conditions

Citation

Lysed by
ultrasonication

50 mM Tris-HClI,

300 mM NaCl, 10 mM
imidazole, 1 mg/mL
lysozyme, 1 mM
PMSF, pH 8.0

Ni-NTA gravity column
His tag purification,
eluted with 200mM
imidazole, ubiquitin
moiety cleaved
overnight at 23 °C

Dialysed against

50 mM Tris-HCI pH8.0
1mM NacCl, eluted with
a linear salt gradient
up to 500mM on
MonoQ column and
stored after
concentration in 5%
glycerol at -80 °C

Stotz et al., 2011

Five cycles of
sonication, 1 min each,
at 50% of maximum

50 mM HEPES-KOH,

pH 7.0, 5 mM MgCl,,
1 mM EDTA, 0.1%

Ammonium sulfate
precipitation and
anion-exchange

Flash frozen in 20 mM
HEPES-KOH, pH 7.2,

5 mM MgCl,, 0.2 mM

Barta et al., 2011a

sonication, 1 min
each, 30 s pause
between each cycle

Tris-HCI pH 8.0,

150 mM NaCl, 10 mM
imidazole pH 8.0, 30%
glycerol, 1 mM DTT,
0.1 mM ADP, 0.1 mM
EDTA pH 8.0, 1 mM
PMSF and 20 mg hen
egg white lysozyme

(Qiagen), eluted with
imidazole step
gradient from 10 to
500 mM, ubiquitin
moiety cleaved
overnight at 16 °C
during dialysis

HEPES pH 7.2,

250 mM KCI, MgCl,,
1% glycerol, and 2 mM
ATPYS. Stored at

-80 °C

power. 30 s pause (w/v) Triton X-100, chromatography ATP and 2 mM DTT.
between each cycle 2 mM ATP, 5 mM DTT, Stored at -80 °C
20 mM ascorbate,
1 mM PMSF, and
10 mM leupeptin
Five cycles of 40 mL of 25 mM Ni-NTA column Flash frozen in 25 mM Peterson-Forbrook

etal, 2017

Lysed by sonication

20 mM bis-tris propane
pH 8, 200 mM KCl,
10% glycerol, 5 mM

ATP, 5 mM MgCly,
5 mM TCEP

Purified using a
three-step protocol
comprising affinity,
ion-exchange and
size-exclusion
chromatography

Not stored, used for
crystallisation

Hasse et al., 2015

As with expression, a lot of variation exists in the methods for purification of Rca. The com-
munity has largely shifted in favour of tagged protein (usually His-tags) due to the relative ease
of purification with IMAC, but the methods of Barta et al. (2011a) are still employed by some
researchers. The principle of IMAC purification is that histidine residues will bind strongly but re-
versibly to metal ions (Spriestersbach et al., 2015). A polyhistidine tag is inserted on either the N
or C terminus of the protein of interest, which will allow it to bind to the IMAC resin. The protein
of interest can then be eluted using imidazole, which competes with the protein of interest for the
resin’s binding space. For purification of cowpea Rca, N-terminally His-tagged Rca genes were
transformed into E. coli. A T7 expression system enables induction by IPTG (Studier and Moffatt,
1986), and a TEV protease cleavage site allows for removal of the His-tag. An example map of

the plasmids transformed into E. coli can be seen in Figure 3.2.
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EcoRI

RBS
6xHis
TEV

Promoter, +1

PET-His-TEV-VuRcal1p

Promoter ~ 6502 bp

Figure 3.2: Plasmid map of pET-His-TEV-VuRca1. This circular plasmid is represented with
labelled features indicating polyhistidine tag (6xHis), TEV cleavage site (TEV), origins of replication
(ORI), Ribosome binding site (RBS), and additional functional elements.

This chapter will focus on the methods developed to obtain adequate Rca in a robust and
high-throughput manner, with simple shake-flask methodology and no need for reactor scale ex-
pression. It also aims to detail considerations for further developments, and assessments of more
difficult to purify isoforms. The developed protocol was tested on ten Rca isoforms - four from

Vigna unguiculata (cowpea) and six from Glycine max (soybean).

3.1.1 Optimising Media to Improve Protein Production

Three factors are important for heterologous purification of protein - biomass, protein produced
per cell, and solubility of protein, as proteins cannot be purified from insoluble inclusion bodies
without time consuming and laborious methods. Different growth media will affect these factors.
Furthermore, cost effectiveness of these media is important as multiple isoforms are needed which

will be a substantial investment if the media is costly. Lysogeny broth (LB) is a growth medium
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used since the 1950s (Bertani, 1951) and is a standard growth medium for molecular biology work
for bacteria without strict growth requirements. LB and M9ZB are first generation media which
serve as a benchmark for media developed later. Second generation media such as 4xYT and
Terrific broth grow to higher biomass than first generation, and third generation media such as
Dynamite and Magic media are developed to increase per cell productivity and biomass gains
over second generation (Taylor et al., 2017). Magic medium is an autoinducible medium which
begins to express protein of interest upon temperature shift to 20 °C rather than upon addition
of IPTG. Autoinduction was first utilised by Studier et al. in 2005, based on the concept that as
cultures grow, the preferred carbon source of E. coli shifts from glucose to lactose, an inducer of
the T7 promoter system (Studier, 2005). This has the advantage of removing the need to monitor
cultures and manually add IPTG, making protocols more convenient and improving reproducibility.
However, autoinducible media are more complex than regular growth media and must be more
carefully produced (Studier, 2018). The optimal medium for a given project will vary based on
cost, convenience, yield of protein required and the number of different proteins which must be

produced.

3.1.2 Optimising Induction Parameters

The time of induction has been shown to have a significant impact on recombinant protein produc-
tion. Traditionally, the time of induction is based on ODgyg as a metric of cell biomass. ODgqg is
problematic as a proxy for cell biomass due to its narrow linear range and instrument-to-instrument
variance (Beal et al., 2020). Furthermore, the traditional point of induction of ODggg = 0.8-1.0 is
suggested to be too low, and later induction may result in increased protein production (Collins
et al., 2013). The concentration of IPTG used to induce protein synthesis has additionally been
shown to change recombinant protein production. Traditionally, a concentration of 0.1-3.0 mM
IPTG has been used to induce protein synthesis. However, the optimal IPTG concentration for
induction varies with other parameters such as growth temperature, and it has been demonstrated

that the traditional concentrations may be too high (Mihlmann et al., 2017; Slouka et al., 2018).

3.1.3 Optimising Solubility

Protein solubility is a long-standing issue with protein purification. Insoluble proteins in E. coli
form inclusion bodies made of partially folded protein aggregates which lack activity and proper
3D structure. While insoluble proteins are not the dead end waste products they were thought
to be, it is challenging and laborious to isolate active proteins from the insoluble fraction (Ramén
et al., 2014; Singh and Panda, 2005). Inclusion bodies are an interesting area of research as
they can provide a high density source of high purity protein, assuming they can be isolated and
refolded to regain proper activity. With current technology, however, if it can be avoided, it is
simpler to keep the protein of interest soluble for purification. The mechanisms governing protein

aggregation and inclusion body formation are poorly understood but some evidence points to it
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being a concentration-dependent process (Pei et al., 2021). A balance between expression and
proper folding must be maintained but since prokaryotic cells translate mRNA much faster than
eukaryotic cells, insufficient folding factors or excessive translation can cause some proteins to
remain unfolded (Gatti-Lafranconi et al., 2011; Wurm et al., 2017). This can be ameliorated with
concomitant expression of chaperones or other folding factors, or induction of heat shock proteins
such as via heat shock or addition of ethanol (Thomas and Baneyx, 1996). Factors such as
medium pH and temperature can affect inclusion body formation (Strandberg and Enfors, 1991).
The amino acid interactions leading towards insolubility are complex and difficult to characterise,
even single amino acid changes can drive proteins into insolubility with little recourse for recovery
(Izard et al., 1994). While software exists that can predict the solubility of a protein it is imperfect
and often incorrectly predicts solubility (Hou et al., 2018; Raimondi et al., 2020; Trevino et al.,
2007; Yang et al., 2021). Likewise, they employ sequence data primarily and do not typically
account for the exact system of expression such as pH and temperature. The addition of various
supplements to lysis buffer in the preparation of cell lysate can aid in protein solubility prior to
purification. L-Arginine and L-Glutamine are common additives but there is no "silver bullet” which
will work on all proteins and screening experiments are required to find a suitable supplement
(Golovanov et al., 2004; Hamada et al., 2009; Leibly et al., 2012).

3.1.4 Optimising Purification Parameters

Before proteins can be purified, the cells which express the protein of interest must be lysed to
release intracellular content. There are several methods of cell lysis available. The most common
cell lysis methods are sonication, the French press, and chemical lysis (Shehadul Islam et al.,
2017). Simple freeze-thaw cycling can also be sufficient to extract recombinant protein (Johnson
and Hecht, 1994). Sonication is the most prevailing method due to its simplicity and low cost.
It further has the advantage of randomly shearing DNA (Elsner and Lindblad, 1989), while other
methods typically require DNAse treatment to reduce viscosity caused by release of DNA. Soni-
cation is deceptively complex, and results can be affected by factors that are not often considered
such as volume (Feliu et al., 1998), power (James et al., 1972), time of sonication, and cell con-
centration (Pchelintsev et al., 2016). Additionally, sonication produces a lot of heat so adequate
temperature control is necessary (Chisti and Moo-Young, 1986), especially when working with
enzymes which can be quite fragile and prone to heat degradation. Sufficient time of sonication
is needed to release adequate protein, but excessive sonication can cause damage due to heat-
ing, and protein aggregation (Stathopulos et al., 2008). The method also scales poorly so while
it is adequate for small scale purifications it is inefficient for industrial use (Geciova et al., 2002).
Chemical lysis can be done with commercially available reagents or with non-commercial extrac-
tion solutions which often consist of detergents and chaotropic agents (Danilevich et al., 2008;
Peach et al., 2015).

For protein purification, IMAC purification is a rapid and reliable method of purifying a protein

containing a polyhistidine tag (Block et al., 2009). This method can attain a pure and active pro-
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tein with minimal steps without relying on the expressed protein’s biochemical properties such as
size or isoelectric point. The usual eluent of IMAC purification is imidazole, which competes for
binding sites with the polyhistidine tag of the protein of interest (Bornhorst and Falke, 2000). It is
common to encounter some degree of impurity from contaminating proteins during IMAC purifica-
tion. This is typically from proteins with multiple histidine residues which will bind the metal resin.
Some specialised E. coli strains have been developed to mitigate this issue (Andersen et al., 2013;
Robichon et al., 2011). Increasing imidazole during elution will increase protein yield, but may in-
crease contaminating protein. Imidazole can interfere with some assays (Bhat et al., 2018), and
there is conflicting information on whether it improves (Hamilton et al., 2003) or reduces (Mezza-
salma et al., 2007) protein stability and solubility. Thus, it is recommended to remove imidazole
post-purification, and to optimise the concentration of imidazole in the wash and elution stages to
balance protein stability, purity and yield.

During and after purification, (i) buffer choice and composition is an important consideration.
(i) pH is relevant to activity, stability (Talley and Alexov, 2010), and solubility (Kramer et al., 2012;
Pelegrine and Gasparetto, 2005; Zbacnik et al., 2017) of protein. (iii) the choice of buffer depends
on downstream uses of the protein of interest, and any specific protein-buffer interactions. For
example, tris can interfere with some protein activity (Desmarais et al., 2002), and phosphate
buffers are incompatible if measurements of ATPase activity are needed. Various additives may
be needed such as reducing agents for redox sensitive proteins.

Post purification, protein must be frozen to ensure stability during long term storage. Protein
can be lyophilised and stored dry, this is common for therapeutic purposes, but it is simpler to
store protein in solution. Traditionally, protein is flash frozen and stored at -80 °C with small con-
centrations of cryoprotectants (e.g. ~5-10% glycerol) for long term storage but there is conflicting
information over whether this is the best method of protein storage (Bhatnagar et al., 2007; Cao
et al., 2003). Fast freezing such as in liquid nitrogen has been associated with protein unfolding
and loss of enzyme activity, and low temperatures have a large, and buffer-dependent, effect on
system pH (Jiang and Nail, 1998; Park et al., 2021).

This chapter describes an optimisation process to improve yield and solubility of cowpea Rca
isoforms. As early attempts at purification showed VuRca10a as challenging to purify, this was
chosen as an optimisation target. Not every isoform benefits equally from the optimisation process,
but improvement was shown across all isoforms. The improved protocol developed by this work

has enabled purification of sufficient protein for later characterisation of cowpea Rca isoforms.

3.2 Materials and Methods

3.2.1 Cell Transformation

500 ng of plasmid was mixed with 50 uL samples of competent BL21 E. coli cells and left on ice 30

minutes. Competent cells were then heat shocked for 60 s at 42 °C and returned to ice for 60 s.
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1 mL of LB was added to competent cells and they were left to express for 60 minutes before
being streaked on agar plates containing relevant antibiotics (kanamycin and chloramphenicol).

Successful transformants were used to make glycerol stocks for long term storage.

3.2.2 Protein Concentration Determination

Protein concentration was determined using a modified version of the Bradford method (Bradford,
1976; Ernst and Zor, 2010). 0-50 pg of bovine serum albumin was used to construct the standard
curve. 1 puL of sample, 99 pL of milliQ water and 100 pL of Bradford reagent were added in
triplicate to wells of a 96-well plate. Protein concentration was estimated using the standard curve

comparing protein amount to the ratio of absorbance at 590 and 450 nm.

3.2.3 SDS-PAGE

Protein samples were mixed 1:1 with 2x reducing laemmli buffer (20% glycerol, 4% SDS, 10%
B-mercaptoethanol, 0.004% bromophenol blue, 0.125 M Tris-HCI, pH 6.8) and boiled at 95 °C for
5 minutes. Samples were separated by electrophoresis on 12% Mini-PROTEAN TGX Stain-Free
gels (Bio-Rad) at 300 V until the dye front ran off the gel (approximately 40 minutes). SDS-PAGE
Running buffer contains (125 mM Tris, 200 mM glycine, 0.1% SDS) in a 1x stock. After separation,

stain-free gels were imaged on the GelDoc Go gel imaging system (Bio-Rad).

3.2.4 Western Blotting

Stain-free gels were cut down to membrane size and transferred to nitrocellulose membranes
using the iBlot Gel Transfer Device (ThermoFisher) as per manufacturer instructions. Membranes
were rinsed twice in milliQ water and blocked in 4% milk in TBS (tris-buffered saline) (20 mM
Tris, 150 mM NaCl, pH 7.5) for 30 minutes. After blocking, membranes were rinsed in milliQ
water and probed with primary antibody with gentle shaking (15 RPM) either overnight, or for
2 h. Overnight staining and 2 h staining in antibody were found equivalent, and one may be
preferred over another for logistical reasons. Membranes were washed 3x 5 minutes in TBST (TBS
+ 500 pL/L Tween-20) and visualised using the Odyssey Fc (LI-COR) at 700 nm (molecular weight
marker) and 800 nm (antibody). A mouse anti-histidine tag antibody (Bio-Rad Cat# MCA1396
D800GA, RRID:AB_11152596) was used for visualisation of His-tagged Rca. For more information

on quantification of photosynthetic proteins by western blotting see Perdomo et al., 2018.

3.2.5 ATPase Analysis

ATPase activity was measured by the methods of Chifflet et al. (1988). The reaction was initiated
by addition of 5 ug of Rca to reaction mix, and terminated by addition of 50 pL of 12% SDS after
5 minutes of reaction time. Blanks were produced by addition of SDS to the reaction mix prior to

addition of Rca. A calibration curve was constructed from 0 to 50 nmol of inorganic phosphate.
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Absorbance at 850 nm was measured using a SPECTROstar Nano microplate spectrophotometer
(BMG Labtech)

3.2.6 Solubility Analysis

0.5 mL of cell lysate was centrifugated at room temperature in a miniSpin (Eppendorf) centrifuge
at 13.4k RPM for 2 minutes. The supernatant was reserved as the soluble fraction and the pellet
was washed in 0.5 mL of milliQ water and centrifugated under the same conditions as previously
stated. This wash process was repeated once and the pellet was then resuspended in 0.5 mL of
8 M urea. This was reserved as the insoluble fraction. These samples can be used in gel and

western blot analysis.

3.2.7 Rca Expression

Expression conditions as they changed are specified in text. Under the optimized protocol, a
glycerol stock of relevant BL21 E. coli was used to inoculate 15 mL of LB (Lennox, supplemented
with 50 pg/mL of kanamycin and chloramphenicol) in a 50 mL falcon tube. This was then left to
grow overnight with 225 RPM shaking at 37°C. 7 mL of overnight medium was added to 1 L of
dynamite medium (see 3.2.8).

The cultures were then left to express protein overnight with 250 RPM shaking at 24 °C. After
20 h, the cultures were centrifugated in a JLA-10.500 rotor (Beckman) at 5,000 RPM for 20 minutes
at 4 °C. For ease of storage, the biomass can be further resuspended and centrifugated in 50 mL
falcon tubes. The biomass was snap frozen in liquid nitrogen and stored at -80 °C until purification.

For optimisation experiments, smaller 50 mL cultures in 250 mL flasks were used instead of 1

L cultures in 3 L flasks to enable larger sample sizes.

3.2.8 Media Preparation

Proper medium preparation is crucial to enable bacterial growth. During Dynamite medium prepa-
ration it was noted that a precipitate would form after autoclave sterilisation. The recipe for Dyna-
mite medium as described in Taylor et al. (2017) is quoted verbatim here:

Dissolve 12 g of tryptone, 24 g of yeast extract, 6.3 mL of glycerol, 3.8 g of KH,PO,4, 12.5 g
of KbHPQ,, 5 g of glucose, and 0.195 g of MgSO, (anhydrous) in a total volume of 1 L of water,
autoclave to sterilize.

It is known that preparation and sterilisation of individual components can improve specific
protein productivity (Collins et al., 2013; Tanaka et al., 2014), and that autoclaving phosphates in
the presence of metals can lead to precipitation of medium components. Given this, a modified

method of preparation of Dynamite medium has been used.

+ Dissolve 12 g tryptone, 24 g yeast extract, 0.195 g MgSO,, 6.3 mL glycerol in a total volume

of 950 mL of water, autoclave to sterilise.
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+ Dissolve 5 g of glucose in 10 mL of water and filter sterilise through a 0.22 um filter into a

sterile glass bottle.
+ Dissolve 3.8 g of KH,PO,, 12.5 g of K;HPO, each in 20 mL of water and autoclave to sterilise.

+ In a sterile environment, combine all components.

No precipitation of medium components was noted by this method. By the original method of
Taylor et al. (2017), this issue was only noted with a P2222 (Sigma) stock of K;HPO, and not with
a 60353 (Sigma) stock.

LB (Lennox) was prepared as per manufacturer instructions.

3.2.9 Cell Lysis and Lysate Preparation

Cell lysis conditions as they changed are specified in text. Under the optimized protocol, fresh
biomass was resuspended in lysis buffer (50 mM HEPES, 5 mM MgCl,, 3 M NaCl, 50 mM imida-
zole, 1% (v/v) Triton X-100, 20 mM sodium ascorbate 0.2 mM ATP, pH 7.2 with HCI) in a plastic
beaker. 7 mL of lysis buffer was added for each gram of fresh pellet. The cell suspension was
sonicated for 5 minutes (10 minutes including cooling time: 30s on, 30s off), at 50% power in a
VCX 130 Ultrasonic Processor (Sonics & Materials). Ice-water was used as a cooling solution and
the sonicator probe was immersed near the bottom of the beaker. A 500 pL sample of lysate was
taken for solubility analysis and the remaining lysate was centrifugated at 4 °C in a JA25.50 rotor
(Beckman) for 30 minutes at 23,000 x g. The resultant pellet was discarded and the supernatant
was filtered through a 0.45 um filter prior to purification.

When measuring the change of temperature during lysis, RO water was used as a proxy for
lysate as this was shown to have no significant difference on rate of temperature change.

To measure cellular humidity, the mass of an aliquot of cell pellet was measured before and

after drying by heat.

3.2.10 Manual Rca Purification

Purification conditions as they changed are specified in text. Under the optimized protocol, 2 mL
of Profinity IMAC resin (Bio-Rad) per litre of cell culture was equilibrated as per manufacturers
instruction with sodium phosphate buffer (50 mM NaH,PQO,, 300 mM NaCl, 5 mM MgCl,, 50 mM
imidazole). The clarified lysate was left to mix with gentle shaking at 4 °C for 30 minutes. The mixed
slurry was applied to an AGC250 gravity column (Expedeon) and the flowthrough collected for
western blot analysis. The column was washed twice with 5 mL of wash buffer (50 mM NaH,PO,,
300 mM NaCl, 5 mM MgCl,, 100 mM imidazole) per wash. The column was then eluted into 1 mL
fractions with elution buffer (50 mM NaH,PQO,, 300 mM NacCl, 5 mM MgCl,, 300 mM imidazole) until
the fractions no longer developed colour with a qualitative Bradford assay. 50 uL of each aliquot
was taken for gel and blot analysis and the rest was concentrated in an amicon spin column with

a 30 kDa molecular weight cut-off then stored.
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3.2.11 Automated Rca Purification

Purification conditions as they changed are specified in text. Under the optimized protocol, clarified
lysate was loaded onto the Bio-Rad NGC system. The lysate was applied to a 1 mL HiTrap FF
Crude column (Cytiva). The column was then washed with 10 column volumes (CVs) of wash
buffer (50 mM HEPES, 300 mM NaCl, 5 mM MgCl,, 100 mM imidazole) and eluted with elution
buffer (50 mM HEPES, 300 mM NaCl, 5 mM MgCl,, 300 mM imidazole) onto a Bio-Scale Mini
Bio-Gel P-6 Desalting Cartridge (Bio-Rad). Rca was then eluted from the desalting column with
storage buffer (50 mM HEPES, 5 mM MgCl,, 5% (v/v) glycerol, pH 7.2) in 1 mL fractions. 50 uL

of each aliquot was taken for gel and blot analysis and the rest was stored.

3.2.12 Rca Storage

Purified Rca aliquots were combined and supplemented with 2 mM DTT and 0.2 mM ATP then
aliquoted into 50 pL aliquots. The aliquots were pipetted into tubes pre-cooled in liquid nitrogen

and stored at -80 °C long term.

3.2.13 Models and Figure Preparation

Analysis of variance followed by Tukey’s post-hoc tests were used to test for significance of the
effects of optimisation parameters on Rca expression and solubility. Tukey-style box plots are
plotted with summary statistics as described in the ggplot2 documentation.

Data were analysed in R (R Core Team, 2013) 4.1 and RStudio (RStudio Team, 2020) 1.4.1717
on macOS Big Sur 11.4. The Tidyverse (Wickham et al., 2019) 1.3.1 collection of packages and
patchwork (Pedersen, 2022) 1.1.1 was used for plotting of data and general data wrangling. rstatix
0.7.0 and ggpubr 0.4.0 were used for calculating and plotting significance values. Compact letter
display of significance values were calculated using multcomp (Hothorn et al., 2008) 1.4-17.

Plasmid map was visualised with SeqViz (Lattice-Automation). pLannotate (McGuffie and Bar-

rick, 2021) was used for plasmid annotation.

3.3 Results

3.3.1 Expression Optimisation
Growth Medium Affects Rca Production and Biomass

Optimisation of expression using the one factor at a time method is a multi-step process. The first
step in the process was to optimise the growth medium used to grow E. coli. Other factors will
have different optima depending on the medium used. LB was initially selected as growth medium

for culture of E. coli. Itis a simple and cheap medium which can grow E. coli to moderate biomass.
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However, it quickly became apparent during preliminary experiments that LB would produce insuf-
ficient Rca for characterisation without scaling up to extreme amounts, and thus different media
were investigated which have been known to increase heterologous protein production. Six media
were selected for experimentation to find the highest protein production - LB, M9ZB, 4xYT, Terrific
broth, Dynamite medium and Magic medium. As MagicMedia is an autoinducible medium, it does
not require induction with IPTG and instead is often temperature shifted for the expression stage.
Fresh biomass and raw protein expression was obtained for the six different media after induction

with 0.5 mM IPTG (where necessary) at ODggg of 0.6-0.8 followed by 20 h of expression at 25 °C.
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Figure 3.3: The effect of growth medium on recombinant protein production and fresh cell
biomass. Comparison of the expression A of His-VuRca10a and fresh cell biomass B after ex-
pression in six different growth media. C Western blot used to quantify Rca expression. Manually
induced cultures were grown for four hours at 37 °C then induced with IPTG and grown for a further
20 hours after induction at 24 °C. MagicMedia, an auto-inducing growth medium, was temperature
shifted to 24 °C instead of induced with IPTG. Expression was estimated by band intensity on a
western blot probed with anti-His antibody. n = 3 replicates of cultures in each growth medium.
Boxes which do not share a letter indicates significant difference in a pairwise comparison by

Tukey HSD (p < 0.05).

MagicMedia produced the highest volumetric protein production, while LB and M9ZB produced
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comparatively poor amounts of protein (Fig. 3.3A). Note that while no band can be seen for LB and
M9ZB in Figure 3.3C, these become visible under longer exposure, but at the cost of oversatura-
tion of more prominent bands. Being autoinducible, MagicMedia is also highly reproducible and
convenient compared to IPTG inducible media. MagicMedia produced a statistically significantly
higher amount of His-Rca than the next closest amount (Dynamite). However, MagicMedia is a
commercially available product which is comparatively expensive (77.50 GBP/L), while Dynamite
medium can be made quickly from inexpensive components. Because of this, Dynamite medium
was chosen as the growth medium for subsequent optimisation and expression experiments. Dy-
namite contains glucose and glycerol as cellular energy sources. Excessive glucose can cause a
reduction in cell growth (Kazan et al., 1995). The potassium phosphates in the medium serve both
to buffer the pH of the system and as a source of bioavailable phosphates. The amount of fresh
biomass was not significantly different between MagicMedia and Dynamite, but the humidity of
cellular biomass can change from culture to culture and by medium. This makes the dry biomass
a more accurate comparison of cell biomass. The dry biomass of other media was not tested, but
subsequent measurements with Dynamite medium put the humidity of cultures grown in Dynamite

medium at 78%+8%.

Induction Time Affects Rca Production

With a medium selected, the time of induction was the next factor optimised. Cultures were grown
in Dynamite medium at 37 °C then induced at various times of growth. After induction the cultures
were temperature shifted to 25 °C and grown for a further 20 h before collection of biomass. The
amount of soluble recombinant His-Rca produced depends significantly on the time of induction.
Four hours seems to be the optimal time of growth before induction (Fig. 3.4) and induction after

this time results in significantly reduced expression.
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Figure 3.4: The effect of pre-induction growth time on A soluble Rca production, and B insoluble
Rca production. Cultures were fermented at 37 °C for 2, 3, 4, or 5 hours then expression was
induced by addition of IPTG. Cultures were grown for a further 20 hours after induction and ex-
pression was estimated by band intensity of lysate on a western blot probed with anti-His antibody.
Insoluble proteins in the resultant pellet were resuspended in 8 M urea. n = 3 replicates of each
culture condition. Boxes which do not share a letter indicates significant difference in a pairwise

comparison by Tukey HSD (p < 0.05).

After eight hours, the amount of protein produced had dropped to less than the amount pro-
duced at 2 hours (data not shown). The amount of insoluble His-Rca did not depend significantly
on time of induction. A change in the amount of pre-induction growth time is a simple way to

improve the amount of recombinant protein produced.

Expression Temperature Affects Rca Production and Solubility

The next expression factor to be optimised was the temperature of expression. Expression tem-
perature is typically at 37 °C (optimal for growth of E. coli) in single day expression protocols, but
lower for overnight expression. Reducing expression temperature can aid in solubility of recombi-

nant proteins.
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Figure 3.5: The effect of expression temperature on A recombinant protein production and B fresh
cell biomass. Cultures were grown for 4 hours at 37 °C then induced with IPTG and grown for a
further 20 hours after induction at either 16 °C or 24 °C. Expression was estimated by band intensity
of lysate on a western blot probed with anti-His antibody. Insoluble proteins in the resultant pellet
were resuspended in 8 M urea. n = 3 replicates of cultures at 24 °C and n = 2 at 16 °C. Asterisks

indicate significant differences between pairwise comparisons by Tukey HSD (* p < 0.05).

The solubility of His-Rca was greater in cultures grown at 24 °C ( 31% of protein was soluble)
than cultures grown at 16 °C ( 21% of protein was soluble). Moreover, the total amount of His-
Rca was greater at 24 °C than at 16 °C, meaning more soluble protein was produced at 24 °C.
The drastic difference in solubility compared to previous optimisation experiments highlights is-
sues with attaining repeatable results from expression or downstream processing of biomass with

recombinant protein.

3.3.2 Purification Optimisation

After increasing protein available for purification, the process of purification was optimised, with

the aim to maximise Rca yield and quality, while minimising the amount of contaminating protein.

Imidazole Concentration Can Be Optimised to Be Improve Rca Purity

As a competitor for the binding sites on an IMAC column, an increase in the concentration of
imidazole in binding buffer will result in a more pure protein. Proteins which loosely bind the column
will be out-competed by the imidazole in the buffer. However, this will also reduce the amount of
target protein which binds the column and thus the amount of eluted protein. The concentration of

imidazole in binding, wash, and elution buffer was optimised to increase purity without excessive
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loss of protein yield.
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Figure 3.6: The effect of binding buffer imidazole concentration on elution of Rca from IMAC resin.
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Column was washed with 150 mM imidazole and eluted with 500 mM imidazole. A The effect of
binding buffer imidazole concentration on elution of His-Rca in each fraction. Amount of His-Rca
was estimated by band intensity on a western blot probed with anti-His antibody. B SDS-PAGE

gel image analysis of the effect of binding buffer imidazole concentration on purity of first elution.

No imidazole in the binding buffer results in an impure protein (Fig. 3.6) and increasing the
amount of imidazole increases purity substantially. However, at 100 mM, an appreciable amount
of target protein does not bind the column and was lost to the flowthrough. 50 mM imidazole was
selected as the binding buffer concentration to balance purity and recovery.

Imidazole in the wash buffer will similarly strip away loosely bound proteins, reducing the
amount of contaminating protein in the final product. In Figure 3.7, the imidazole concentration

was kept the same in the binding and elution buffer, and changed in wash buffer.
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Figure 3.7: The effect of wash buffer imidazole concentration on elution of Rca from IMAC resin.
Column was eluted with 500 mM imidazole. 50 mM imidazole was used in binding buffer. A
The effect of wash buffer imidazole concentration on elution of His-Rca in each fraction. Amount
of His-Rca was estimated by band intensity on a western blot probed with anti-His antibody. B
SDS-PAGE gel image analysis of the effect of wash buffer imidazole concentration of purity of first

elution.

Every investigated concentration of imidazole in wash buffer resulted in a quite pure product
(Fig. 3.7). Concomitantly with increased imidazole concentration, the amount of His-Rca lost to
the wash step increased. 125 mM imidazole was used in subsequent purification as this slightly
improved purity without a large loss of final protein. Finally, the optimal concentration of imidazole
in the elution buffer was investigated, with the concentration of imidazole in binding and wash

buffer staying the same.
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Figure 3.8: The effect of elution buffer imidazole concentration on quantity of His-Rca eluted from
IMAC resin. Clarified lysate expressing His-tagged VuRca10a was incubated with IMAC resin at
4 °C with agitation for 30 minutes before. The lysate was then split into three identical samples
which were washed with 125 mM imidazole wash buffer before elution at varying concentrations
of imidazole. Elutions were of 1 mL volume. Amount of His-Rca was estimated by band intensity

on a western blot probed with anti-His antibody.

An increase in the concentration of imidazole in elution buffer effects an increase in the amount
of protein eluted from the column (Fig. 3.8). 200 mM was insufficient to elute most of the His-Rca
bound to a column. 500 mM imidazole was sufficient to elute most if not all bound protein in a
tight peak. However, it is not beneficial to expose proteins to high concentrations of imidazole as
this can affect function and stability. 300 mM was chosen as the concentration to use for elution
buffer, which seems to elute almost all protein, albeit in a wider peak. If necessary, the purified
protein can be pooled and concentrated which can solve the issue of insufficient concentration in
some eluates. These experiments decided the concentration of imidazole in buffers throughout
the purification process - 50 mM in binding buffer, 125 mM in wash buffer, and 300 mM in elution
buffer.

Sonication Parameters Can Be Optimised to Improve Temperature Control and Rca Solu-
bility

Prior to protein purification, cells must be lysed to expose intracellular contents. Lysis by sonication
is quick and effective but causes temperature rise which may be damaging to thermolabile proteins.
To find a set of lysis conditions that does not excessively heat sample, and retains soluble protein,
a set of optimisation experiments were conducted (Figure 3.9). Different cooling options (water

& ice-water) were tested for their effects on temperature control, and time of sonication and lysis
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buffer volume were tested for their effects on Rca solubility. The heat produced during sonication
can be damaging to proteins, especially to heat-sensitive enzymes such as Rca. Ice-water controls
temperatures much better than ice (Fig. 3.9A), acting as a simple and serviceable replacement
for more complex cooling solutions such as a cooling jacket. The volume of buffer the cell pellet
is resuspended in was also found to have an important effect on the amount of soluble protein
released during sonication (Fig. 3.9C). A ratio of 2 mL buffer per g of fresh biomass meant only
around 5% of protein was soluble, this improved to almost a 1:1 ratio by doubling the amount of
buffer per g of fresh biomass. More protein was not found to be released by increasing the time
of sonication past 5 minutes (Fig. 3.9B). It can be assumed at this point that almost all if not all of

the cellular protein content has been released.
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Figure 3.9: Optimisation of cell lysis via sonication. A Comparison of change of temperature
during sonication with ice vs ice-water as a cooling solution. Sonication was on for 30 s and off for
30 s for 10 cycles at 50% power. B The effect of increased time of sonication on His-Rca release
and solubility. Every 5 minutes of lysis (10 minutes including cooling), a sample of lysate was
taken for solubility analysis. C The effect of volume of binding buffer on the solubility of His-Rca
after sonication. Fresh biomass was resuspended in various volumes of the same buffer. Amount
of His-Rca was estimated by band intensity on a western blot probed with anti-His antibody. S:

Soluble; I: Insoluble.

From this optimisation study, a 5 minute sonication time, 6 mL of buffer per gram of biomass

and an ice-water bath cooling solution was chosen for further cell lysis work. While 4 mL of buffer
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per g of biomass seems sufficient for improved solubility, it is not known if this is adequate in other

proteins so a larger volume was chosen.

3.3.3 Rca Activity Validation & Quality Control

Quality of pure protein samples was assessed by SDS-PAGE analysis and the change in OD,

during purification. Figure 3.10 shows examples of these quality control measures.
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Figure 3.10: Quality control of purified proteins. A SDS-PAGE gel of VuRca10a purification prod-
uct and byproducts. B The gel in A was used for immunoblotting with anti-His-tag antibody. C
Chromatogram showing OD,  and conductivity through the course of purification. Vertical shading

indicates fraction collection: blue: flowthrough; red: wash; green: elution.

Figure 3.10A shows only one clearly defined band in the eluate lane, indicating a high pu-

rity of final product. The sample is not entirely pure and free of contaminants as some higher
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molecular weight species can be seen. In Figure 3.10B, a smear can be seen beneath the His-
VuRca10a band, indicating possible degradation of the target. The slight asymmetry in the peak
in Figure 3.10C is indicative of small amounts of impurities in the final product. Impurities tend to
manifest as a "shoulder” or "slope” to the elution fraction.

The quality control measures shown can help assess the quality of the final protein, but do not
assess enzymatic activity. The process of purification can be damaging to proteins and reduce
or eliminate enzymatic activity. To confirm that Rca remains active after purification, the ATPase

activity of the purified isoforms was measured (Fig. 3.11).
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Figure 3.11: Validation of Rca ATPase activity. Rca was expressed and purified according to the
optimised protocol described herein - expression in E. coli grown in Dynamite medium at 24 °C
after 4 h induction. Rate of ATP hydrolysis by His-tagged Rca isoforms of Vigna unguiculata and
Glycine max. Box plots are mean and standard error of n = 3 technical replicates. Assays were

carried out at 30 °C for 5 minutes and terminated by addition of 12% SDS.

As expected from previous studies, there is variability in the levels of ATPase activity between
different isoforms of Rca from cowpea and soybean. Every isoform appears to be active with the
exception of GmRca18p which shows very weak activity if any. Note that the scaling of units makes
small differences in absorption appear larger, and that raw blank-corrected absorption values are
only slightly above 0.

Activity of Rca in this study, and future studies, was measured without cleavage of the His tag.
This makes purification simpler and quicker, and reduces the time that the Rca must be unfrozen,
when it is liable to encounter issues with degradation and precipitation. An early experiment (Fig-
ure 3.12) showed no significant difference between the ATPase activity with and without cleavage
of the His-tag. Note that this experiment was conducted using Rca from Triticum aestivum as this

was readily available at this time of experimentation.
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Figure 3.12: Effect of tag cleavage on Rca ATPase activity. Rate of ATP hydrolysis by Triticum
aestivum Rca 18 which has been left with the His-tag used for purification, or which had this tag
cleaved by TEV protease. Box plots are mean and standard error of n = 3 technical replicates.

Assays were carried out at 25 °C for 5 minutes and terminated by addition of 12% SDS.

3.4 Discussion

Described here are the methods used to optimise expression and purification of His-Rca expressed
in E. coli. Expression has been improved many-fold compared to methods employed prior to
optimisation, by a change in medium and expression time. The purity of the final protein was
increased by improvement of stringency of binding and wash buffers, without a drastic loss of
yield. In spite of the improvements to methods, VuRca10a & VuRca10B remain difficult to purify,
while VuRca1B and VuRca8a can be easily obtained in milligram scale. All isoforms that were
tested appeared to be active except for GmRca18p. The lack of ATPase may be a consequence
of the method of purification, or activity of GmRca18p may be naturally low or may require changing
conditions such as temperature or concentration.

The optimisation work was carried out focusing on one isoform of Rca (the a isoform on chro-
mosome 10 of Vigna unguiculata). Although successful for 9/10 attempted isoforms, the factors
identified as optimal for VuRca10a may not be optimal for other isoforms, even a single amino acid

change can affect expression of recombinant proteins so more optimisation work may be needed

88



to optimally obtain other isoforms. Further to this, the parameters investigated here are not an

exhaustive list of factors known to affect recombinant protein expression. Other factors include:
+ Inducer concentration (IPTG)
+ Culture:flask volume ratio
+ Flask architecture
+ Expression time
+ Rate of agitation
+ Growth temperature

The one-factor-at-a-time optimisation methods used here become increasingly time consum-
ing and laborious as increasingly more factors are included, and cannot account for interactions
between these factors, which are known to exist, so truly optimal values can be missed (Czitrom,
1999). A more thorough and robust analysis could use response surface methodology such as
Box-Behnken design which has been used in other optimisation experiments to great effect (Diaz-
Dinamarca et al., 2018; Giordano et al., 2010; Gutiérrez-Gonzalez et al., 2019). This methodology
changes multiple factors in a single experiment and can interrogate the interactions between fac-
tors to find the optimal values of all factors.

Further optimisation work may also look to change expression vector. The choice of expression
vector is an important consideration in protein expression. Bacterial, yeast, mammalian, algal,
insect, and cell-free expression systems are all viable methods of recombinant protein productions
with their own advantages and disadvantages. Table 3.3 provides an overview of some common

expression vectors and their use cases.

Table 3.3: Comparisons of different systems for expression of recombinant proteins. PTM: post-

translational modification.

Expression vector Advantages Disadvantages Citation

Bacterial Cost effective, scalable No PTMs, solubility, disulfide Rosano and Ceccarelli, 2014

bonds can form incorrectly

Yeast Eukaryotic PTMs, scalable, Plasmid instability, low protein Gunduz Ergin et al., 2019
correct disulfide bond yields

formation, high cell densities

Insect Near mammalian protein Complex culture Yee et al., 2018
processing requirements, glycosylation

differs from mammalian

Mammalian Advanced posttranslational Complex medium O’Flaherty et al., 2020
processing requirements, risk of
pathogen infection

Cell-free Can withstand toxic Cost effectiveness, production Khambhati et al., 2019
compounds of cell-free expression system

can be challenging

Escherichia coli was used in this study as an expression vector for heterologous expression

of Rca. E. coli has multiple advantages as an expression vector such as low cost, ease of cloning
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and scalability. E. coli can grow well in large volumes to high biomass without need for spe-
cialised equipment. Despite its advantages, E. coli is not ideal for every application. One note-
worthy drawback for production of recombinant Rca is that E. coli will not express Rca with native
post-translational modifications (PTMs), as bacteria lack the same PTM machinery as is in plants
(Macek et al., 2019). Rca has been shown to have functionally relevant PTMs, such as phos-
phorylation of Thr78 or Ser172 in Arabidopsis (Boex-Fontvieille et al., 2013). The specific strain
of E. coli used in this study is BL21 (DE3). This strain is commonly used for heterologous pro-
tein expression as it enables induction of protein expression upon addition of IPTG through the
T7 expression system. Furthermore, this strain lacks lon protease and OmpT which reduce ex-
pression of heterologous proteins. To make use of the IPTG-inducible T7 RNA polymerase of
the BL21 (DES3) cell lines, a pET expression vector was chosen, which contains a T7 promoter
sequence. This promoter controls expression of the desired isoform of Rca, fused N-terminally
to a 6xHistidine tag and a cleavage site for TEV protease. The His tag is chosen to enable rapid
and high purity purification by use of IMAC. The cleavage site enables TEV protease to restore
the N terminus to near-native (leaving a 2 non-native amino acid overhand) in a highly site specific
manner. It is often useful to be able to restore the N terminus to a native, or near-native, state
as this can impede enzyme activity. No ATPase activity difference was seen between cleaved
and non-cleaved Rca, however any potential effect on Rubisco reactivation was not tested due
to logistical constraints. Furthermore, this experiment was conducted using wheat Rca 13, as
this protein was readily available. A more robust analysis would test all isoforms of cowpea Rca
for both activities. Other common fusion constructs include ubiquitin, which is known to increase
expression and can be easily removed by a deubiquitylating enzyme (Baker, 1996), and maltose-
binding protein (MBP), which can increase solubility of the protein of interest (Kapust and Waugh,
1999). The downsides of these fusions is that the protein can become insoluble after MBP cleav-
age, and the addition of a fusion partner can interfere with cleavage. While MBP works to enhance
the solubility of many fusion partners, it does not work for every protein and there is no known tag
which will enable purification and solubility of any given protein.

Recombinant protein expression is a field that is notoriously difficult to obtain repeatable re-
sults in. The reasons for this can be challenging to identify, and often lie in factors that are in-
frequently considered. Many expression protocols (including the one described herein) use a
saturated overnight starter culture to initiate growth in the full scale culture or in creation of a glyc-
erol stock. A saturated culture may cause plasmid instability with unforeseen repercussions on the
quality of subsequent cultures (Sivashanmugam et al., 2009). This serves as an example of how
simple and routine procedures can cause issues with reproducibility in the field. Furthermore, the
methods used to analyse and quantify effects have notably high variance. The ODgyo method of
cell density diverges from linearity at values as low as 0.25 (Studier, 2018). The Bradford method
of soluble protein determination relies upon dye binding to basic amino acids and thus shows
large protein-to-protein variability, and can show quite low repeatability and sensitivity (Brady and

Macnaughtan, 2015; Zor and Selinger, 1996). Western blotting to quantify protein amounts, while

90



simple and cost effective, is hamstrung by a narrow linear range, differences in transfer efficiency
per protein, blot to blot variability, and saturation at quite low protein concentrations (Pillai-Kastoori
et al., 2020b). This variability, and non-standardised units, make it challenging to compare results
between experiments. For example, Figures 3.4 & 3.5 having notably different quantification val-
ues with a similar experimental setup. Quantification from SDS-PAGE gels likewise suffers from
similar issues, such as narrow linear range and dye binding differing on a protein-to-protein basis
(Alonso Villela et al., 2020).

VuRca1B and VuRca8a had high expression and solubility and were thus easily purified. VuRca10a
and VuRca10pB were challenging to purify. Despite high expression levels, they were largely lo-
cated in the insoluble fraction and thus had low yield. Furthermore, issues arose with precipitation
either immediately after purification, or during spin concentration. Solubilising additives, solubility-
enhancing tags, or a separate optimisation experiment may aid in the solubility of these isoforms.
Unfortunately, the field is far from a catch-all solution to protein purification, and there can be little
help in purifying some proteins.

To the author’s knowledge this is the first study on optimising expression and purification pa-
rameters in Rca. While the parameters identified here will not be optimal for all isoforms of Rca,
it provides a useful starting point in further experiments requiring recombinant Rca, as well as

identifying key areas that can be used to improve expression.
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Chapter 4

The Temperature Profiles of

Cowpea Rubisco Activase

4.1 Introduction

Cowpea (Vigna unguiculata (L.) Walp) is a legume crop primarily grown in sub-Saharan Africa. It
is grown for its seeds and leaves, for primary human consumption, and as animal feed (OECD,
2019). Nigeria is the world’s largest producer and consumer of cowpea (Boukar et al., 2015).
Nigeria is home to a broad range of climates, with a tropical climate in the south near the coast,
and a more arid climate in the northeast near the Sahara (Beck et al., 2018). The climates of Nige-
ria are changing - with higher temperatures, more frequent extreme weather events, and water
supply becoming destabilised (Adenodi, 2018; Olaniyi et al., 2019). The changing climate of Nige-
ria threatens cowpea production, and other agriculture. Safeguarding future cowpea production
will require targeted improvements to improve its resistance to abiotic stress (Lucas et al., 2013;
Srivastava et al., 2022).

A potential target for cowpea crop improvement under heat stress is Rubisco activase (Rca)
(Wijewardene et al., 2021). Rca is an enzyme critical to photosynthesis (see Chapter 1.3 for de-
tails). Itis required to maintain the catalytic competence of Rubisco (Parry et al., 2007; Portis et al.,
1986). Rubisco is a carboxylating enzyme that initiates the Calvin-Benson-Bassham (CBB) cycle
by addition of CO, to its substrate ribulose-1,5-bisphosphate (RuBP). However, sugar phosphate
inhibitors bind to Rubisco, inactivating it. These inhibitors include Ca1P, XuBP, and even RuBP
if bound to a non-carbamylated active site (Lilley and Portis, 1990). Rca has two distinct but re-
lated activities - Rubisco reactivation and ATP hydrolysis. The energy released by ATP hydrolysis
is used to remodel Rubisco and remove inhibitors (Portis, 1990). ATP hydrolysis can still occur
without reactivation of Rubisco, even in the absence of Rubisco, so analysis of both activities is
required to fully characterise the properties of Rca.

Rca can be broadly divided into two groups - a and B isoforms. a isoforms are longer and

contain a redox-sensitive C-terminal extension. B isoforms are shorter, they do not contain this
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extension and are thus insensitive to changes in the chloroplast’s redox state. Plants often, but
not always, have more than one copy of Rca, usually at least a B and an a isoform. These can be
encoded on separate genes or produced by alternative splicing (Waheeda et al., 2023).

Rca is a quite thermolabile enzyme, and as such is implicated in photosynthetic limitation under
heat stress (Salvucci and Crafts-Brandner, 2004a). There is substantial diversity in the response
of Rca to temperature between plants, and between different isoforms in the same plant. In wheat
(Triticum aestivum), the Rca1f isoform has been demonstrated to have a higher temperature opti-
mum than the other two wheat Rca isoforms. This can be attributed partially to a single amino acid
substitution (Degen et al., 2020). Domesticated rice (Oryza sativa) has been shown to have much
less thermotolerant Rca than Oryza australiensis - a wild relative. This confers some degree of
heat tolerance to Oryza australiensis, allowing for higher net photosynthesis rates at supraoptimal
temperatures (Scafaro et al., 2016). Agave tequilana, a CAM plant, has also been shown to have
Rca with a higher thermal optimum than is typical for C3 plants. The temperature optimum of this
Rca is around 10 °C higher than a typical C3 plant (Shivhare and Mueller-Cajar, 2017). Despite
this, even in warm adapted plants, Rca is active at considerably lower temperatures than Rubisco
is (Crafts-Brandner and Salvucci, 2000; Salvucci et al., 2001), and this can make Rubisco activa-
tion rate-limiting for photosynthesis under heat stress. Rca is typically reported to have an optimal
concentration, with lower per molar activity above or below this concentration, which varies by
species and isoform (Keown et al., 2013; Lilley and Portis Jr, 1997; Scafaro et al., 2016). In light
of the known diversity of catalytic properties of Rca, it was hypothesised that cowpea Rca isoforms
would show diversity in their response to temperature and concentration.

This chapter focuses on the characterisation of different isoforms of Rca from cowpea. The ef-
fect of Rca concentration on ATP hydrolysis rate is investigated for the more highly expressing iso-
forms. The dual activities of ATP hydrolysis and Rubisco reactivation are analysed across a range
of temperatures. Keeping Rca active at a broader range of temperatures may help keep plants
actively photosynthesising and growing under changing climates. Research into the diversity of
Rca within cowpea may inform future breeding or genetic engineering efforts for improvement of

this important crop.

4.2 Materials and Methods

4.2.1 Recombinant Expression and Purification of His-Rca

Pure, recombinant, His-tagged Rca was produced using the optimised protocol developed in
Chapter 3.2.

4.2.2 Protein Concentration Determination

Protein concentration was determined using the Bradford method (Bradford, 1976). 0-50 ug of

bovine serum albumin was used to construct the standard curve. 1 L of sample and 200 pL of
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Bradford reagent were added in triplicate to wells of a 96-well plate. Protein concentration was

estimated using the standard curve comparing protein amount to the absorbance at 595 nm.

4.2.3 ATPase activity

ATPase activity was measured using an adapted version of the method of Chifflet et al. (1988).
To initiate reactions, 10 pL of 10 uM Rca stock was added to 40 pL of assay buffer (2 uM final
concentration). After 5 minutes, assays are terminated by addition of 50 L of 12% (w/v) SDS. To
prepare blanks, assay mix was prepared identically, but SDS was added to the reaction mix prior
to Rca. This ensures that Rca is inactivated upon addition to the assay mix.

Prior to reactions, assay mix was allowed to reach temperature for 10 minutes in a pre-warmed
heat block. All reactions at the same temperature were run at the same time for logistical practi-
cality. The order at which temperatures are run, and the order of isoforms at each temperature,
are randomised.

For colour development, 100 uL of 3% (w/v) L-ascorbate in 0.5 N HCI and 0.5% (w/v) ammo-
nium molybdate was added to sample tubes, mixed, and left at room temperature for 3 minutes.
Room temperature was monitored and averages around 25 °C.

After 20 minutes, 150 pL of development solution (1% (v/v) acetic acid, 4% (w/v) sodium
(meta)arsenite, 4% (w/v) sodium citrate) was added, mixed, and left to develop colour for 20
minutes at room temperature. Absorbance of 200 uL of sample was measured at 850 nm. To
calculate phosphate release, a calibration curve was prepared using 0-50 mM KPi stocks.

The following number of unique preps were used for analysis of ATPase activity: VuRca1f: 2;
VuRca8a: 3; VuRcal10a: 3; VuRca10p3: 3

4.2.4 Rubisco Reactivation Activity

Rubisco reactivation activity was measured using the methods of Barta et al. (2011b). Rubisco was
purified from leaves and carbamylated by incubation with Activation Mix (100 mM Tricine—NaOH,
pH 8.0, 10 mM MgCl,, 10 mM NaHCO3, and 50 mM DTT). Carbamylated Rubisco was centrifu-
gated at 400x g and 4 °C through a 2 mL Sephadex G-50-fine column which was equilibrated
with Rubisco ER Desalting Buffer (50 mM Tricine-NaOH, pH 8.0, and 0.1 mM EDTA, prepared
CO,-free by purging with N, prior to adjusting the pH with 60% (w/v) NaOH at 400x g and 4 °C).
This was then incubated with 0.5 mM RuBP for at least 4 h at 4 °C to form a decarbamylated
Rubisco-RuBP complex termed ER. For the assay, ER was incubated with Rca for various length
of time (30, 60, 90, 360 s). The Rubisco which was reactivated in this time was then added to
Rubisco assay mix containing "*CO,, allowing Rubisco to fix carbon for 30 s. Rubisco activity was
quenched with 4 N formic acid, and the assay mix was dried at 100 °C. The vial contents were
rehydrated in milliQ water, and mixed with 3.6 mL of scintillation cocktail. '*CO, contents were

measured using a liquid scintillation counter.
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To account for spontaneous reactivation of Rubisco, another assay was run without addition of

Rca.

4.2.5 SDS-PAGE & Western Blotting

Rca quality and purity was assessed by SDS-PAGE. The methods are described in Chapter 3.2.3.

4.2.6 Cowpea Rca Sequences

Cowpea Rca sequences were identified in the genome of the IT97K-499-35 cultivar of cowpea
using Phytozome. Chloroplast transit peptides were identified using ChloroP v.1.1 (Emanuelsson
et al., 1999).

Accession accession numbers are available in 2.2.1.

4.2.7 Structure Prediction and Visualisation

I-TASSER (Yang and Zhang, 2015) was used for structure prediction using the amino acid se-
quence of mature Rca. PyMol (Schrédinger, LLC, 2015) v2.5 was used for 3D visualisation. The
Rubisco recognition motif was determined by alignment with known Rubisco recognition motif in

Triticum aestivum Rca.

4.2.8 E. coli Transformation

20 ng of plasmid vector was added 50 pL of competent E. coli, and incubated for 30 minutes on
ice. The competent cells were heat shocked for 60 s at 42 °C then left on ice for 60 s. 1 mL of
LB was added to competent cells, and this mixture was shaken for 1 h at 37 °C. For selection, the
transformed cells were streaked onto an agar plate containing kanamycin and chloramphenicol.
Successful transformants were streaked to single colonies, and these were used to make glycerol

stocks for long-term storage.

4.2.9 Models and Figure Preparation

2nd and 3rd order polynomial models were fit to ATPase and Rubisco reactivation data and the
quality of fit was assessed by Akaike’s Information Criterion (AIC). Models with the lowest AIC
value were selected for figure preparation and further data analysis. These models were used to
predict activity values and 95% confidence interval across the tested temperature range. Linear
regression models were used to predict ATPase activity values across the tested concentration
range. Temperature optima and Tgy were calculated using the highest interpolated value of AT-
Pase and Rubisco reactivation activity, and the temperature values which corresponded to =80%
of this. A K-nearest neighbours machine in OutlierDetections.jl (Muhr et al., 2022) v0.3.3 was used

to filter outliers. Prior to this, negative blank corrected values were removed.
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Data were analysed using Julia 1.8.5 (Bezanson et al., 2017) on VSCodium 1.74.3 running on
macOS Ventura 13.2 (22D49). CSV (Quinn et al., 2022) v0.10.9 and DataFrames (Kaminski et al.,
2022) v1.4.4 were used for data wrangling. CairoMakie (Danisch and Krumbiegel, 2021) v0.10.1
was used for plotting. GLM v1.8.1 was used for statistical modelling.

Multiple sequence alignments were made using ggmsa (Zhou et al., 2022) v1.0.3in R 4.2.2.

Percentage identity was calculated using the PID() function of Biostrings (Pageés et al., 2022)

with the following equation:

Identical Positions

P t identity = 100 -
creentageraentity Average Sequence Length

4.3 Results

4.3.1 Cowpea Rca is Similar on a Sequence Level

In cowpea, there are four Rca isoforms - two a isoforms and two B isoforms. These were identified
by BLAST search of the IT97K-499-35 cultivar of cowpea. These isoforms are termed VuRca1p,
VuRca8a, VuRca10a & VuRca10f, indicating the chromosome on which the gene is encoded,
and whether the isoform is a or . The VuRca10 isoform is produced by alternative splicing of
the VuRca10 gene. Other isoforms are encoded by different genes. In addition, there is an extra
splice variant of chromosome 8 VuRca (for convenience termed VuRca8f) that is shorter than
typical B Rca isoforms (295 amino acids vs 384 amino acids for VuRca1pB). Although this splice
variant contains high sequence similarity to genuine Rca, it is missing a critical motif required
for recognition and binding of Rubisco. Figure 4.1 shows a sequence and structural comparison
between VuRca1p and this isoform, highlighting the lack of Rubisco recognition motif. For this
reason, the alternative splice variant of VuRca8a was excluded from further analysis. Any genuine
function of this gene is not at present known. However, it is likely to be an ATPase as it contains
Walker A and Walker B motifs which are well conserved in ATP-binding proteins. Below is a
sequence (Fig. 4.1A), and structure (Fig. 4.1B) comparison of VuRca1 and VuRca8p, highlighting

Walker motifs and the missing Rubisco recognition motif.

104



A

Consensus  X|x|x llx w X|GIA v l GMV PLFIAPMIXG YAVMSSYEVLSTGL xle X X GXVIAP
VUuRcal1p * WAGBLAY G GMVDPLFQAPMN GTHYAVMSSYEVYLSTGLK YN ‘YILAP
VuRcaBB - llu WAGLAY GMV PLF.APM.<G YAVMSSY VL-GL oY LB GLVIAP
Consensus AFM LVV lFMlLP. VPLILGI F @Gl LVFAIMGI.PIXM.AGI GlAG LI
VuRcalp AFM Lvy FM.LP. VPLILGI FOQCELVFAKMGINPI MSAG G.AG LI
VuRca8f AFMlllVV NFMTLPNIKVPLILGI FQCELVFAKMGINP | 1MSA .L.G.AG.PA.LI

100 120 140 160

Consensus |1 TKIKcK AGAG LGG... v ...MV.A.LM.IAl. TNV .LPGMV VP I IVTGNDFSTLYAPL I
VuRca1B [I 1 KK 6 M GAG LGG. YTVNNQMYNATLMNIADNPTNVOLPGMY VPIIVIG FSTLYAPL I
VuRcagB 11KKe M AGAG LGG.. VlVlllMVlAlLM.IA NPTNVQLPGMY VPIIV.G FSTLYAPL I

200 240

<

Consensus [RIBIGRIVERF v v/AP VPxxxxlev-FFGlllxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
VuRca1B GRMEKF YwAP evl [ FEEE F |BRGURIEN o  7 |7 [6/A[L[R[A[R]V]v[0[p[E v[R[K]w]v]s]e]v]a|v][p]a[1]a[k]K[L]v]N
VuRca8p GRMEKFVYWAP wev. xvmuum e A o ot o e e e

241 260 280 300 320

Consensus| XX X X X XXX X X 00X X X X0 XX XXX X X)X 0XOCK X X0X00X XXX 0X0X XX X00X] XX XXX XX XXX XXX X X X X X X
VuRca1@] |S|K|E|G|P|P|T|F|E|Q|P K|M[S|L|D|KL L|a|Y|G|N/M|L|V|Q|E|QfEN|V|K|R|V|Q|L|ADIK|Y|L|NEAIA|L|G|N|AINIE[D[A|I|K|S|G|S|F|F|K|Q
VuReas] |-|-[-|-[-|-|-|-|-[- |- |- [=|-1= === === = - = == === == == = = = =

Figure 4.1: Comparison between VuRca1B and VuRca8f3 sequence and structure, demonstrat-
ing that VuRca8p is likely not a genuine Rca. A Pairwise sequence alignment of VuRca1( and
VuRca8p. Residue colour indicates side-chain chemistry. Uncoloured residues indicate that these
do not conform to consensus. The region indicated by the red box is the Rubisco recognition motif.
The regions indicated by blue boxes are the Walker A & Walker B motifs. B Superimposition of
predicted structures of VuRca1f3 and VuRca8p. Colour scheme - VuRca1p: ; VuRca8p:
sky blue; Rubisco recognition motif: orange; VuRca1B Walker motifs: purple; VuRca8p Walker

motifs: blue. 105



The four isoforms of Rca from cowpea share high sequence similarity. As shown in Table 4.1,
the least similar isoforms are VuRca1p and VuRca10a with 84.2% identity. The most similar iso-
forms are VuRca10a and VuRca10 which, being splice variants, differ only in the C-terminal ex-
tension that VuRca10p lacks. The differences in these isoforms are explored in Figure 4.2. Amino
acid polymorphisms tend to cluster to the N and C termini, with the centre-most amino acids having
higher identity. Alignment residues 161, 163, 360, 362 & 364 are implicated in temperature re-
sponse in wheat (Degen et al. (2020) and Scafaro et al. (2019a)). There is no diversity at residues
161, 360 & 364 of cowpea Rca. At these locations, all cowpea Rca isoforms have the residue that
is associated with higher thermotolerance. At the 163rd residue, VuRca1 and VuRca8a have
a lysine residue, while the chromosome 10 isoforms have an arginine, both of which are linear,
positively charged residues. There is low diversity in known thermostability-related residues in
cowpea Rca sequences. Other residues which are not presently known to affect thermostability
show more diversity (Table 4.1). The sequence differences between these isoforms provide scope

for differing catalytic properties.

Table 4.1: Pairwise percentage identities for amino acid sequences of cowpea Rca isoforms.

Isoform | VuRcalp | VuRca8a | VuRcal0a | VuRcal0pB
VuRca1p - 87.4 84.2 87.8
VuRca8a 87.4 - 89.0 85.9

VuRca10a 84.2 89.0 - 95.4
VuRca10p 87.8 85.9 95.4 -
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Figure 4.2: Multiple sequence alignment of the amino acid sequence of cowpea Rca isoforms.
Residue colour indicates side-chain chemistry. Uncoloured residues indicate that these do not
conform to consensus. Blue boxes indicate residues implicated in temperature response in other

species.
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4.3.2 Linearity in Concentration Response of Cowpea Rca

To investigate the concentration response of cowpea Rca, the rate of ATP hydrolysis was assessed
at 30 °C for VuRca1B and VuRca8a under a range of concentrations. Recombinant, His-tagged
cowpea Rca was used for characterisation of the catalytic properties of cowpea Rca. Figure 4.3

shows the rate of ATPase activity of those isoforms from 0.5-10 uM of Rca.
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Figure 4.3: Concentration response of two cowpea Rca isoforms (VuRca1 and VuRca8a). The
relevant isoform of Rca was incubated at 30 °C for 5 minutes with 2 mM ATP and 5 mM MgCl,. The
reactions were terminated by addition of SDS to a final concentration of 6%. Error bars indicate

mean =+ standard deviation of n = 9 technical replicates.

The tested cowpea Rca isoforms did not show the expected concentration response with an
optimal concentration for per molar activity. The effect of concentration is more similar to classic
Michaelis-Menten kinetics, in which per molar activity is irrespective of enzyme concentration un-
der substrate saturating conditions. This knowledge guided temperature response experiments
which were conduced with 2 uM of Rca, an amount which produced a measurable response while

avoiding wastefulness.

4.3.3 Cowpea Rca Vary in Their Temperature Profile

To investigate if there are differences in the thermal optima of cowpea Rca isoforms, the rates of
ATPase activity and Rubisco reactivation were measured across a range of temperatures for the

four isoforms of cowpea Rca. The rates of Rubisco reactivation by Rca were calculated by the
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difference between the rate of activity of Rubisco in the presence of Rca, and in the absence of
Rca. To calculate ATP hydrolysis rate, Rca was incubated in a reaction mix containing 2 mM ATP
for 5 minutes before quenching and measurement of phosphate release in a colourimetric assay.

A 2nd or 3rd order polynomial model was fit to the temperature profile of each isoform, for each
activity (Figure 4.4). Absolute ATPase activity across the temperature range is shown in Table 4.2.

The calculated temperature optima are shown in Table 4.3.

Table 4.2: Absolute ATPase activity of VuRca isoforms from 25-55 °C. All units are mol ATP

released min"' mol Rca’'. u: sample mean; o: sample standard deviation.

20 25 30 35 40 45 50 55
Isoform

VuRca1 5 2 12 3 15 5 17 4 12 5 7 3 7 2 7 4
VuRca8a 17 9 36 14 42 1 44 1 44 13 26 13 12 2 10 2
VuRca10a | 80 | 35 137 | 44 185 53 261 22 291 34 300 27 269 23 74 | 39
VuRca10B | 85 | 64 114 | 85 156 140 193 | 147 | 188 | 144 | 248 | 167 | 213 | 154 | 82 | 44
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Figure 4.4: Temperature optima of cowpea Rca. 4.4A Temperature response of ATPase activity
of cowpea Rca. The relevant isoform of Rca was incubated at a 2 uM concentration for 5 minutes
with 2 mM ATP and 56 mM MgCl,. The reactions were terminated by addition of SDS to a final
concentration of 6%. ATPase activity values are expressed relative to maximum. 4.4B Temper-
ature response of Rubisco reactivation activity of cowpea Rca. In a two-stage assay, inhibited
Rubisco was activated by Rca for set periods of time. The reactivated Rubisco was then allowed
to fix "*CO,. In both figures, points are mean of n = 3 technical replicates, and shaded regions
indicate 95% confidence interval. Coloured lines within shaded regions represent calculated val-
ues from best-fitting regression models. Vertical yellow lines represent the calculated temperature

optimum.
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Table 4.3: Temperature optima of ATPase activity and Rubisco reactivation for cowpea Rca
isoforms. Top is the temperature at which activity is highest. Tg is the range of temperatures at

which activity is above 80% of maximum. Values are calculated from the data shown in Figure 4.4.

ATP hydrolysis Rubisco reactivation
Isoform
Topt (°C) | Teo (°C) | Topt (°C) | Tao (°C)
VuRcai1 31 25-39 31 25-37
VuRca8a 33 25-41 26 20-34
VuRca10a 42 33-49 33 26-42
VuRca10p 44 36-51 33 25-41

In all four isoforms, the optimal temperature for ATPase activity is equal to or higher than
the optimal temperature for Rubisco reactivation. VuRca1f3 and VuRca8a both have noticeably
lower temperature optima than the chromosome 10 isoforms. Furthermore, there are differences
in the range of temperatures at which these isoforms keep highest activity. The Tgy for ATPase
activity spans 16 °C at the highest (VuRca10a, VuRca8a), and 14 °C at the lowest (VuRca1p).
For Rubisco reactivation activity, the broadest Tgg is also VuRca10a at 16 °C, and the narrowest is
also VuRca1p at 12 °C. The higher temperature profile of these isoforms may imply an adaptation

to the warm climate in which cowpea grows.

4.4 Discussion

Cowpea Rca has been shown to have a wide range of responses to temperature. The chromo-
some 10 isoforms have higher temperature optima than the other isoforms. These temperature (42
& 44 °C) optima resemble the Rca from warm adapted plants such as cotton (Gossypium hirsutum)
(~42 °C) (Crafts-Brandner and Salvucci, 2000). VuRca1p and VuRca8a more closely resemble
temperate plants such as Triticum aestivum (TaRca2a ATPase temperature optimum = 30.8 °C)
(Degen et al., 2020). Accounting for all isoforms, the Tt Spans 25-51 °C for ATPase activity, and
25-42 °C for Rubisco reactivation. Only two isoforms of cowpea Rca were measured for concentra-
tion response due to difficulties in obtaining sufficient pure protein for this work. A more complete
analysis would include the concentration response of VuRca10a & VuRca10B. The VuRca10 iso-
forms also showed notable variability in absolute rate of ATP hydrolysis, but the same trend in
temperature response. This may be an issue with purity differences between purification preps,
and could be normalised for by purity estimation. In spite of the variance, the rate of ATPase
hydrolysis is higher in VuRca10a and VuRca108 than VuRca1 and VuRca8a.

The short splice variant of VuRca8 was excluded from analysis but may be photosynthetically
relevant despite likely not activating Rubisco. Rca is known to form heteroligomers between differ-
ent isoforms (Shivhare et al., 2019), so it is possible this may serve to regulate activity of other Rca

isoforms by direct interaction with them. Experiments which mix different proportions of Rca iso-
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forms could validate this (see Shivhare et al. (2019) for examples of subunit mixing experiments).

It is unusual that cowpea Rca displays a linear response of per molar ATPase activity with
changes in concentration. The concentration of Rca used in these experiments is lower than
chloroplastic Rca concentrations (Portis and Jr., 2003; Robinson et al., 1988), but is typical of in
vitro Rca experiments. Rca is believed to act as a hexamer, and aggregates in a concentration-
dependent manner, implying that there is an optimal concentration for it to be in its active form. In
a paper published by Scafaro et al. (2016), two different temperature profiles can be seen in Oryza
australiensis Rca at different concentrations. This implies an interplay between concentration and
temperature on the rate of Rca’s activities. A possible explanation for this effect is that both tem-
perature and concentration are factors which affect aggregation of proteins. I.e. the concentration
which is optimal for aggregation of Rca to a hexamer will not be the same at every temperature,
and vice-versa. The concentration of ATP is also known to affect Rca thermal stability (Scafaro
et al., 2019a). This interaction could be investigated with a multifactor experiment design (Sel-
vamuthu and Das, 2018) which changes all variables in the same assay, and measures the two
activities of Rca.

There are further characteristics of these isoforms that could be investigated. The effect of
concentration on Rubisco reactivation activity was not investigated due to time constraints, and
lack of sufficient pure protein. Different Rca isoforms respond differently to changing ratios of
ADP:ATP. The ATPase activity, and Rubisco reactivation activity can be independently sensitive
or insensitive to ADP (Perdomo et al., 2019). Preliminary data suggest VuRca1$ and VuRca8a
are more sensitive to ADP inhibition of ATPase activity than the cowpea 10 Rca isoforms are (Pe-
ter Gould, 2022, personal communications). The degree of ADP inhibition of cowpea Rca Rubisco
reactivation is not known. Furthermore, the effects of any posttranslational modifications (PTM)
on cowpea Rca would not be covered by this work, as recombinant expression in E. coli would not
include native PTMs. Analysis of Rca purified from cowpea leaf extract would give information of
activity of native Rca, including PTMs, but would not allow characterisation of individual isoforms.
As Rca is known to have functionally relevant PTMs (Boex-Fontvieille et al., 2013), this would give
a more complete picture of Rca activity in cowpea. In vitro isoform mixing experiments would allow
for interactions between isoforms to be investigated. Another unknown factor is the protein levels
of each isoform in planta. Quantitative RT-PCR experiments suggest that VuRca1p & VuRca8a
are expressed in much higher abundance than VuRca10a & VuRca10. (Rhiannon Page, 2022,
personal communications). However, mRNA expression does not necessarily correlate with pro-
tein expression (Liu et al., 2016), and they may be induced under conditions of stress, in a similar
manner to the less expressed isoform of wheat Rca (Degen et al., 2021). Chapter 5 details the
development and validation of antibodies specific to cowpea Rca isoforms which would enable
quantification of protein expression levels for these isoforms.

To the author’s knowledge, this body of work represents the first characterisation of the bio-
chemical characteristics of cowpea Rca. The information contained herewith may be of value for

crop improvement of cowpea. For example, if a more heat-tolerant cowpea cultivar is desired,
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upregulation of the chromosome 10 isoforms may help to keep photosynthesis active at higher

temperatures.
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Chapter 5

Production and validation of
recombinant anti-cowpea Rca

antibodies

5.1 Introduction

Rubisco activase (Rca) is an important enzyme in photosynthesis. Rca is responsible for main-
taining catalytic competence of Rubisco, and has important implications as a photosynthetic rate
limiter under conditions such as high temperature and fluctuating light. In many species, Rca is
present as several isoforms, which can have different catalytic properties. Research into these
individual isoforms can be challenging as they tend to be highly similar on a sequence level. Al-
pha and beta isoforms can be distinguished on the basis of molecular weight (alpha isoforms are
~4 kDa larger as they contain a C-terminal extension). However, alphas cannot be distinguished
from other alphas, nor betas from other betas, on the basis of charge or molecular weight. This is
relevant in the context of cowpea, as it contains two a isoforms and two 3 isoforms, which have dif-
ferent catalytic properties (Chapter 4). To solve the problem of distinguishing isoforms, antibodies
specific to certain isoforms could be used. This would would enable detection and quantification
of the protein abundance of each isoform. In Chapter 4, the temperature response of the four
isoforms of cowpea Rca was investigated, and in VuRca-specific antibodies would enable further
characterisation of their unique properties, particularly in planta.

Antibodies are near-ubiquitous tools in molecular biology research (see Chapter 1.7 for more
information on antibodies). They are Y-shaped molecules which are found both on the surface of
B-cells, and in soluble form. They originate in the adaptive immune response, where they bind to
specific cognate molecules known as their antigen. The evolutionary requirement for antibodies
to bind to a large array of molecules with high specificity and avidity makes them excellent tools

for detection of specific molecules. The ability for antibodies to bind a target with high specificity
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and avidity makes them invaluable for detection, identification, and quantification of biomolecules.
It is possible for antibodies to distinguish between very similar molecules such as proteins with
a single amino acid substitution, over even a posttranslational modification (Hattori and Koide,
2018; Hebbes et al., 1989). Despite their many advantages, a lot of irreproducible literature can
be traced back to improper use of antibodies (Baker, 2015). It is possible for antibodies to bind
molecules other than their target (non-specific binding), and to bind their target weakly or not at
all. This can lead to misinterpretation of results, and antibodies require extensive validation to
be reliable as detection, purification, and quantification tools. Various methods can be used to
validate antibodies. Heterologous expression of a target protein provides strong evidence that
the antibody binds its target properly, but requires additional validation for non-specific binding in
the context the antibodies will be used. Correlation with genetic strategies such as upregulation or
downregulation of target protein is a strong indicator of specificity, but at a low throughput. Multiple
antibodies can be tested in tandem as a validation strategy, but it is possible they could fail in the
same way (Edfors et al., 2018; Taussig et al., 2018; Voskuil et al., 2020).

Traditional antibody production requires exposure of an animal (usually a small mammal such
as a rabbit or mouse) to an immune challenge with the antigen one wishes to identify. The blood
serum can be harvested directly - producing polyclonal antibodies. Alternatively, a single B cell
producing antibodies can be fused to an immortalised cell line - producing a hybridoma which
can be grown and harvested for monoclonal antibodies (Zaroff and Tan, 2019). Polyclonal and
monoclonal antibodies have their pros and cons. Monoclonal antibodies have a higher up front
cost to produce, but are a somewhat repeatable source of antibody production. Due to genetic
drift, the antibody sequence can change and be lost over time, and monoclonal antibodies are not
always monospecific - frequently expressing more than one antibody clone (Bradbury et al., 2018;
Goodman, 2018). By contrast, polyclonal antibodies are a finite resource - once it is depleted,
the same polyclonal antibody cannot be made again. Moreover, polyclonal antibodies can also
have a higher sensitivity for low abundance antigen as it can bind multiple targets, but this same
characteristic typically results in higher non-specific binding. More information on polyclonal vs
monoclonal antibodies can be found in Lipman et al. (2005).

Due to the cost and ethical concern associated with rearing animals for antibody production,
there is interest in animal-free antibody production. Production of antibodies in bacterial systems
is more challenging than with most proteins due to the machinery required for antibody synthe-
sis. Antibodies are glycoproteins produced in the endoplasmic reticulum (ER) of eukaryotic cells
(Feige et al., 2010). Because of this, expression in bacterial hosts is extremely difficult, though not
impossible (Eaglesham et al., 2021; Robinson et al., 2015). Alternative methods of recombinant
antibody production exist such as phage display. Phage display is an in vitro technology in which
antibody genes are inserted into the phage genome to create an antibody library. These phage-
antibody fusion proteins are expressed on the phage, and the library is panned against the desired
antibody target. Antibodies which bind strongly and specifically can be sequenced and tailored

into the desired format (Roth et al., 2021). This creates a truly repeatable source of monospecific
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antibody.

This chapter details the design process and production of recombinant antibodies against spe-
cific isoforms of cowpea Rca. Phage display was used to generate these antibodies, and the
chosen antibody format is mouse IgG 2a. The results of validation of these antibodies are shown,
and considerations for robust antibody validation are detailed. In the discussion, | discuss the pros
and cons of recombinant antibodies vs traditionally produced antibodies, and explore potential re-

search questions enabled by specific anti-Rca antibodies for cowpea.

5.2 Materials and Methods

5.2.1 Cowpea Rca Sequences

Cowpea Rca sequences were identified in the genome of the IT97K-499-35 cultivar of cowpea
using Phytozome. Chloroplast transit peptides were identified using ChloroP v.1.1 (Emanuelsson
et al., 1999).

Table 5.1: Cowpea Rca sequence accession numbers

Isoform | Accession humber
VuRca1p Vigun01g219300.1
VuRca8a | Vigun08g150700.1

VuRca10a | Vigun10g051600.1
VuRcal10p | Vigun10g051600.2

5.2.2 Recombinant Rca Expression & Purification

Pure Rca used for antibody validation was produced using the optimised method described in
Chapter 3.2.

5.2.3 Leaf Extract Preparation

Crude leaf extracts were extracted from 15 day old Vigna unguiculata plants. Four leaf discs of leaf
area 0.55 cm? were ground in ice-cooled mortars containing 600 uL of extraction buffer (50 mM
tricine-NaOH pH 8.0, 10 mM EDTA, 1% (w/v) PVP4, 20 mM B-mercaptoethanol, 1 mM PMSF,
10 uM leupeptin). Leaf homogenate was centrifugated at 4 °C and 14,000x g. Supernatant was

mixed with laemmli buffer to make SDS-PAGE samples as described in 5.2.5.
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5.2.4 Protein Concentration Determination

Protein concentration was determined using the Bradford method (Bradford, 1976). 0-50 pg of
bovine serum albumin was used to construct the standard curve. 1 pL of sample and 200 pL of
Bradford reagent were added in triplicate to wells of a 96-well plate. Protein concentration was

estimated using the standard curve comparing protein amount to the absorbance at 595 nm.

5.2.5 SDS-PAGE

Protein samples were mixed 1:1 with 2x reducing laemmli buffer (20% glycerol, 4% SDS, 10%
B-mercaptoethanol, 0.004% bromophenol blue, 125 mM Tris-HCI, pH 6.8) and boiled at 95 °C for
5 minutes. Samples were separated by electrophoresis on 12% Mini-PROTEAN TGX Stain-Free
gels (Bio-Rad) at 150 V until the dye front ran off the gel (approximately 70 minutes). SDS-PAGE
Running buffer contains (125 mM Tris, 200 mM glycine, 0.1% SDS) in a 1x stock. After separation,
stain-free gels were imaged on the GelDoc Go gel imaging system (Bio-Rad).

For specificity determination, 5 uL of 0.5 pg/uL of each protein sample was loaded. For linear
range analysis, a range of 0.5-3 pg of Rca was loaded. 2 uL of molecular weight marker (Bio-Rad

Precision Plus Protein Dual Color Standards) was loaded on each gel.

5.2.6 Western Blotting

Stain-free gels were cut down to membrane size and transferred to nitrocellulose membranes
using the iBlot Gel Transfer Device (ThermoFisher) as per manufacturer instructions. Membranes
were rinsed twice in milliQ water and blocked in 4% milk in TBS (tris-buffered saline) (20 mM Tris,
150 mM NaCl, pH 7.5) for 30 minutes. After blocking, membranes were rinsed in milliQ water
and probed overnight with 20 mL of primary antibody (Abcalis) against the relevant Rca isoform
at 10 nM concentration with gentle shaking (15 RPM). Membranes were washed 6x 15 minutes
in TBST (TBS + 500 pL/L Tween-20), then rinsed with milliQ water and incubated with 20 mL
goat anti-mouse secondary antibody (LI-COR Biosciences Cat# 926-32351, RRID:AB_2782998),
diluted 1:10000, for 2 h. Membranes were then further washed 4x 15 min in TBST, rinsed in milliQ
water, and visualised using the Odyssey Fc (LI-COR) at 700 nm (molecular weight marker) and
800 nm (antibody).

The mass concentration of anti-Rca antibody solutions was supplied by Abcalis. This was con-

verted to amount concentration using the average molecular weight of an IgG molecule (150 kDa).

5.2.7 Band Quantification

Band intensity was quantified using the quantification feature of Image Studio (Li-COR).
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5.2.8 Models and Figure Preparation

Linear regression models were fit to subsets of antibody binding data. Model quality was assessed
by Akaike information criterion (AIC) and the coefficient of determination (R?).

Data were analysed using Julia 1.8.5 (Bezanson et al., 2017) on VSCodium 1.74.3 running on
macOS Ventura 13.2 (22D49). CSV (Quinn et al., 2022) v0.10.9 and DataFrames (Kamiriski et al.,
2022) v1.4.4 were used for data wrangling. CairoMakie (Danisch and Krumbiegel, 2021) v0.10.1
was used for plotting and image annotation. GLM v1.8.1 and StatsBase v0.33.21 were used for
statistical modelling and calculation of model quality metrics.

Multiple sequence alignments were made using ggmsa (Zhou et al., 2022) v1.0.3 in R 4.2.2.

5.3 Results

5.3.1 Design of Antibodies

As the sequences of cowpea Rca (see Chapter 4) are highly similar, antibodies to distinguish them
must be carefully designed to target regions of dissimilarity. The primary application of these an-
tibodies is in western blotting, so a and 3 isoforms can be distinguished on the basis of molecular
weight. However, antibodies targeting a isoforms must not cross-react with other a isoforms, and
likewise for 3 isoforms. Alongside isoform-specific antibodies, antibodies were produced target-
ing all Rca isoforms (termed pan-Rca), ideally from all plant species. In Figure 5.1, a multiple
sequence alignment of cowpea Rca isoforms is shown highlighting regions that were targeted for
antibody production. These peptides were synthesised and used for selection or deselection of
antibodies. Two peptides were targeted for pan-Rca antibodies - GNAGEPAKLIRQRYREAAD (Box 1) &
IRDGRMEKFYWAPTREDR (Box 2). An important note is that the cowpea Rca sequence in Box 2 is one
amino acid different from the sequence used for antibody selection. This antibody is intended to
target Rca from a wide range of species, and the chosen sequence is more common. The regions
that were targeted are conserved in cowpea Rca, and show little diversity across broader plant
phylogenies. Two peptides were targeted which are specific to VuRca10 isoforms - RTDGIPKEDIIKL
(Box 3) & KTGNFYGQAAQQVHVP (Box 4). One peptide was targeted against VuRca1 and VuRca8a,
respectively - RTDGVPEEEVTKL (Box 3) & KRGAFYGKAAQQINVP (Box 4). These regions were selected
for their sequence diversity between cowpea Rca antibodies that cannot be distinguished on the

basis of molecular weight.
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Figure 5.1: Sequence comparison of the Rca isoforms of cowpea. Blue boxes indicate regions
targeted by pan-Rca antibodies. Red boxes indicate regions targeted by VuRca isoform-specific

antibodies.
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5.3.2 Antibody Validation for Target Specificity

Multiple antibody clones against specific isoforms of cowpea Rca, or pan-Rca, were produced by
Abcalis (Table 5.2). To confirm specificity of these antibodies, western blots were run with heterol-
ogously expressed, pure protein for each isoform of cowpea Rca. Alongside these, recombinant
wheat Rca isoforms were loaded as a control and as additional tests for the pan-Rca antibodies.
After washing, each blot was incubated with 20 mL of goat anti-mouse IgG fluorescent secondary
antibody, as the recombinant antibodies are formatted to mouse IgG.

A blot was run for each antibody clone, and the aggregate results of these experiments can
be seen in Table 5.2. The blots used for validation of successful antibodies and the unsuccessful
antibody targeting VuRca1f are shown in figures below. Figures 5.2B, 5.2D, 5.2F, 5.2H, & 5.2J
show the results of successful pan-Rca antibodies. Figure 5.3B shows the results of the unsuc-
cessful VuRca1-specific antibody. Figures 5.3D & 5.3F show the results of the VuRca8a-specific
antibodies, and lastly Figure 5.3H is the successful VuRca10-specific antibody. Note that both a

and 3 isoforms are targeted by this antibody.
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Figure 5.2: Gels and blots used for validation of pan-Rca Abcalis antibodies. A, C, E, G, |
Recombinant Rca from cowpea and wheat were separated by SDS-PAGE and visualised with a
Bio-Rad GelDoc Go. B, D, F, H, J The relevant gel was used for inmunoblotting with the noted

antibody. 2.5 ug of purified protein was loaded in each gel lane.
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Figure 5.3: Gels and blots used for validation of isoform-specific Abcalis antibodies. A, C, E,
G Recombinant Rca from cowpea and wheat were separated by SDS-PAGE and visualised with

a Bio-Rad GelDoc Go. B, D, F, H The relevant gel was used for immunoblotting with the noted
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antibody. 2.5 ug of purified protein was loaded in each gel lane.

Table 5.2: Specificity of antibody binding. Validation results for each antibody produced against

pan-Rca or isoforms of cowpea Rca. Antibody ID, target sequence, targeted protein and success

or failure of antibody to bind its intended target are shown.
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o ©
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> > = L =
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Antibody ID Target sequence Target Binds target? Notes
ABK286-1-D03-M IRDGRMEKFYWAPTREDR Pan-Rca
ABK286-1-D12-M IRDGRMEKFYWAPTREDR Pan-Rca
ABK286-1-E07-M IRDGRMEKFYWAPTREDR Pan-Rca False Weakly binds VuRca8a
ABK286-1-G12-M IRDGRMEKFYWAPTREDR Pan-Rca False
ABK286-1-B01-M IRDGRMEKFYWAPTREDR Pan-Rca Binds only weakly to VuRca1p
ABK302-1-A02-M | GNAGEPAKLIRQRYREAAD | Pan-Rca
ABK302-1-A04-M | GNAGEPAKLIRQRYREAAD | Pan-Rca False
ABK302-1-E01-M | GNAGEPAKLIRQRYREAAD | Pan-Rca False
ABK302-1-E07-M | GNAGEPAKLIRQRYREAAD | Pan-Rca
ABK296-1-A04-M RTDGVPEEEVTKL VuRca1 False
ABK298-1-C05-M KRGAFYGKAAQQINVP VuRca8
ABK298-1-E07-M KRGAFYGKAAQQINVP VuRca8
ABK296-2-B01-M RTDGIPKEDIIKL VuRca10 False
ABK296-2-G01-M RTDGIPKEDIIKL VuRca10 False
ABK300-1-B02-M KTGNFYGQAAQQVHVP VuRca10
ABK300-1-E01-M KTGNFYGQAAQQVHVP VuRca10 False

In total, out of nine pan-Rca antibodies, five bind to all tested isoforms of Rca. Of these, one

binds only weakly to VuRca1B making it a less viable anti-Rca antibody than the others. Two

different sequences were targeted for pan-Rca, each of which produced viable clones.

Only a single clone was supplied against VuRca1, which did not bind to any isoform of cowpea

or wheat Rca.
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Two clones were produced against VuRca8a, both of which bind specifically to this isoform
and produce similar results.

Two sites were targeted for VuRca10 isoforms. Out of four clones targeting these two dif-
ferent regions, only one clone binds these specifically. This clone binds to both VuRca10a and
VuRca10p, and no other tested Rca isoforms.

In summary, at least one antibody clone is successful for each target except VuRca1B. The
contribution of VuRca1 to the Rca pool can be estimated using the difference between signal

from pan-Rca and VuRca10.

5.3.3 Antibody Binding Profile is Not Linear Across All Concentrations

The linear range of binding is an important consideration when using antibodies for quantifica-
tion. Antibodies have a sigmoidal binding profile, meaning that using a linear regression model to
quantify amounts outside of the linear range will result in an over, or under, estimation of target
amount. To assess the linear range of antibody binding, 0.5-3.0 ug of target protein for success-
ful antibodies was run on SDS-PAGE and transferred to western blots. The signal of each band
was quantified, and used for linear regression analysis. For pan-Rca, an antibody against each of
the binding targets was used. Figure 5.4 shows the quantification of ABK298-1-E07-M binding to
VuRca8a.
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Figure 5.4: Example quantification for antibody linear range analysis. 0.5-3.0 ug of purified
VuRca8a was separated by SDS-PAGE and transferred to western blot. The blot was probed with
VuRca8a-specific Abcalis antibody (ABK298-1-E07-M). Signal was normalised by fold increase
over the minimum value quantified on each blot. Coloured lines indicate linear regression models
applied to subsets of the data. Regression models include all data points spanned by the repre-

sentative line. Error bars indicate mean + standard deviation of n = 4 technical replicates.

Several regression models applied to data subsets are similar, with a higher gradient for models
including larger protein amounts. In addition to visual assessment, model statistics such as the
coefficient of determination (R?) and Akaike Information Criterion (AIC) can be used to assess
model quality. Many models show a low R? due to the inherent variance in western blotting.

These metrics are shown for every tested antibody in Table 5.3.
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(a) ABK300-1-B02-M | VuRca10a (b) ABK300-1-B02-M | VuRca10B

Range of protein loaded (ug) | R?> | AIC Range of protein loaded (ug) | R? AIC
0.5-2.0 0.81 | 8.91 0.5-2.0 0.86
1.0-2.5 0.79 1.0-2.5 0.87 | 15.52
0.5-2.5 0.89 | 7.74 0.5-2.5 16.62
1.5-3.0 082 | 8.5 1.5-3.0 0.86 | 23.53
1.0-3.0 0.89 | 7.31 1.0-3.0 0.89 | 27.22
0.5-3.0 7.15 0.5-3.0 0.9 | 32.49

(c) ABK298-1-E07-M | VuRca8a (d) ABK286-1-D12-M | Pan-Rca

Range of protein loaded (ug) | R2 | AIC Range of protein loaded (ug) | R> | AIC
0.5-2.0 0.5-2.0
1.0-2.5 0.37 | 22.38 1.0-2.5 052 | 44.0
0.5-2.5 0.58 | 29.38 0.5-2.5 0.66 | 50.51
1.5-3.0 0.34 | 38.37 1.5-3.0 0.39 | 64.17
1.0-3.0 0.45 | 43.57 1.0-3.0 0.5 | 74.69
0.5-3.0 49.53 0.5-3.0 0.59 | 84.85

(e) ABK302-1-E07-M | Pan-Rca

Range of protein loaded (ug) | R? AIC
0.5-2.0 0.64
1.0-2.5 0.47 | 37.33
0.5-2.5 41.01
1.5-3.0 0.36 | 63.35
1.0-3.0 043 | 74.3
0.5-3.0 0.53 | 83.8

Table 5.3: Model quality statistics for antibody binding profiles. Linear models were applied
fo subsets of data quantifying western blot band intensity across a range of protein loaded, for
different antibodies and their targets. For Pan-Rca antibodies, VuRcalB was quantified. n = 2
reps (ABK300-1-B02-M); n = 4 reps (others). Text coloured indicates this model is the best
performing, judged by the relevant metric. AIC: Akaike Information Criterion (lower is better); R?:

coefficient of determination (higher is better)

As shown in Table 5.3, models can be of differing quality over different ranges. For example,
ABKB302-1-E07-M has increasing AIC when including more protein loaded, implying that 0.5-2.0
Hg of protein is the best tested range for quantification of target. These model statistics can help

in selecting an appropriate range of protein mass to load for quantification of Rca.
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5.3.4 Cowpea Rca Can Be Identified in Leaf Extract

In addition to recombinant protein, it is desirable that antibodies will detect protein in leaf extracts.

Figure 5.5 shows western blots with cowpea leaf extract, demonstrating that Rca can be identified.

A ABK298-1-C05-M | VuRca8a B ABK302-1-E07-M | pan-Rca
© - " _
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Figure 5.5: Detection of cowpea Rca in leaf extract. 1 ug of recombinant Rca, and 4 uL of leaf
extract from cowpea and were separated by SDS-PAGE. The proteins were transferred to western

blot and visualised with the indicated Abcalis antibody.

In Figure 5.5B, only one band can be seen, presumably due to the higher expression of
VuRca1B compared to other VuRca isoforms. The bands run lower in leaf extracts than recom-
binant proteins, likely due to differences in buffer chemistry and total amount of protein loaded.

700 nm visualisation was omitted due to the high background in leaf extract at this wavelength.

5.4 Discussion

In this chapter, | describe the design process and validation of anti-cowpea Rca and anti-pan-Rca
antibodies. These antibodies have been carefully validated for isoform specificity, using heterolo-
gously expressed Rca. All supplied clones were ELISA positive (data not shown) but some failed
to bind their target in western blot. This may be due conformational differences in the denatured
antigen used in western blotting, and the short peptide fragments produced for ELISA. An alterna-

tive hypothesis is the chemical differences between buffers used in these assays. All antibodies
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were validated with 10 nM antibody concentration, and using 4% milk as a blocking reagent. It is
advised that care be taken if changing these parameters as they can affect non-specific binding of
antibodies (Pillai-Kastoori et al., 2020a). The linear range of selected antibodies has been tested
with supplied model statistics. When using antibodies for quantification, it is important to quantify
proteins only within the linear range of antibody binding. For pan-Rca, only VuRca1 binding was
tested, the intended target should be used for quantification of other proteins.

With these antibodies, all cowpea Rca proteins except for VuRca1p and VuRca10B can be
distinguished from each other on either the basis of size or of antibody specificity. As VuRca1f3
can be detected by pan-Rca antibody, the relative contribution of VuRca1p and VuRca10pB can
be estimated by use of both pan-Rca and VuRca10-specific antibodies. The ability to selectively

identify and quantify individual isoforms of cowpea Rca enables questions such as:

+ Does the protein abundance of cowpea Rca change between different cowpea accessions?

+ Does the protein abundance of specific cowpea Rca isoforms change under conditions such

as heat stress?

+ Does the protein abundance of specific cowpea Rca isoforms change throughout the plant’s

life cycle (senescence)?

+ How does the protein expression of cowpea Rca correlate with mRNA expression?

While these are interesting avenues of research in their own right, antibodies have uses beyond
detection and quantification. For example, immunoprecipitation can be used to selectively purify
proteins which antibodies bind to. This could be used to purify individual isoforms of native Rca
directly from plants.

The choice to go recombinant with these antibodies was driven by the improved reproducibility,
and the ethical concern of animal sacrifice in traditional antibody production. Despite the advan-
tages afforded by recombinant antibodies, adoption remains low. Gray et al. (2020) identify that
this is not due to intrinsic biochemical properties of recombinant antibodies. Instead, they point
to social and economic reasons for the continued use of animal-derived antibodies, such as lack
of knowledge of alternatives, and a propensity to stick with pre-existing methods. Likewise, Groff
(2020) stress the need for recombinant antibodies to fit in with pre-existing protocols. Reformatting
of recombinant antibodies simplifies this as they can be made in the same format as antibodies
from whichever animal is needed. For example, the antibodies in this chapter are in the format of
mouse IgG, allowing anti-mouse IgG secondary antibodies to be used.

VuRca8a and VuRcalB can be detected by western blot of cowpea leaf extract. Neither
VuRca10 isoform was able to be detected in leaf extract (data not shown), presumably due to
their low abundance. Concentration of leaf extract sample may enable detection of VuRca10 iso-
forms by western blot. Polyclonal antibodies hold the advantage of binding to multiple sites of their

target. This allows for signal amplification and the detection of lower abundance targets. Mixing
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of individual monoclonal antibodies can mimic the benefits of polyclonal antibodies and may allow
for the detection of the low abundance VuRca10 isoforms.

The antibodies described herewith are very valuable tools for research into cowpea Rca. A
reliable method for detection and quantification of individual isoforms of Rca enables new research
questions to be answered which were not previously feasible. mRNA quantification can be used
as a proxy for protein abundance, but protein and mRNA abundance rarely correlate 1:1 (Liu et
al., 2016; Perdomo et al., 2021). Thanks to recombinant antibody production technology, these
can be produced as needed, without worry of batch-to-batch variability. We hope this proves a
valuable resource for future research, and provides an example to the photosynthesis research

community on the benefits of animal-free antibodies.
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Chapter 6

General Discussion

Overall, this project has four key outputs. An analysis of Rca sequences and climate data for
diverse species has identified three species which may contain thermotolerant Rca - Bituminaria
bituminosa, Gleditsia triacanthos & Lupinus polyphyllus. Optimisation of recombinant Rca ex-
pression and purification methods has improved Rca purity and increased yield many-fold. Char-
acterisation of the temperature response of cowpea Rca isoforms has identified VuRca10a and
VuRca10p as being more thermotolerant than VuRca1p and VuRca8a. Lastly, a collection of re-
combinant antibodies targeting specific isoforms of cowpea Rca, and non-specific Rca isoforms,
were produced and validated, providing useful tools for further Rca research.

Rca is a thermolabile enzyme required for photosynthesis. It can limit rates of photosynthesis
under conditions such as heat stress (Salvucci and Crafts-Brandner, 2004a) or fluctuating light
(Mott and Woodrow, 2000), and as such is increasingly investigated as a target for crop improve-
ment. Many, but not all plants express multiple isoforms of Rca. Poaceae contain a tandem
duplication, and these isoforms differ in sequence and expression patterns. It is common for
Fabaceae to have 3 or more Rca isoforms (Nagarajan and Gill, 2018). Having multiple isoforms
of Rca allows for adaptation to environment, such as upregulation for a more thermostable isoform
under heat stress (Degen et al., 2021; Ristic et al., 2009). A hypothetical thermostable Rca which
is active across a broad temperature range is enticing as a crop improvement concept (Qu et al.,
2023). More thermostable isoforms from wild relatives have been suggested to safeguard crop
species from rising temperatures, such as the heat adapted Oryza australiensis for domesticated
rice (Oryza sativa) (Scafaro et al., 2016). This concept is the guiding principle behind the bioinfor-
matic analysis in Chapter 2. Comparison to known residues affecting thermostability, and analysis
of the breadth of temperatures and climates in which investigated plants grow, identified candi-
date plants which may have an Rca isoform with a broad temperature optimum. As the species of
interest in this study is a Fabaceae species, other Fabaceae were investigated in this analysis, as
it is more likely these effects of identified residues will be shared in plants of more similar genetic
backgrounds. In this chapter, three Fabaceae species were identified for their diversity of growing

conditions - Gleditsia triacanthos, Lupinus polyphyllus, & Bituminaria bituminosa. Of the Rca in
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those species, five amino acid residue sites were identified as being potentially related to temper-
ature response. The following AA substitutions are shown in at least one of these three species,
but not represented in VuRca: 220L, 220M, 241M, 399H, 399G, 4225, 435N, 435E. Only two of
these residues shows diversity between VuRca isoforms. Compared to VuRca10, VuRca8a has
amino acid polymorphism K399Q; and VuRca8a & VuRca1p have polymorphism K422N. These
substitutions may contribute to the thermal stability of VuRca10 isoforms, and could be further
explored by targeted mutagenesis to the amino acid polymorphisms identified above.

To characterise the catalytic properties of cowpea Rca, milligram quantity of pure Rca is re-
quired. When purification was first attempted, it became quickly evident that current methods
would not reliably fulfil these requirements. Heterologous protein expression and purification is a
large and rapidly developing field of study (Rosano et al., 2019), with rigorous optimisation studies
being concluded for many proteins. However, to the author’s knowledge, there is no thorough
publication detailing optimisation of expression and purification of heterologously expressed Rca.
Moreover, the full scope of factors influencing heterologous protein expression is often not re-
ported in Rca literature. This makes reproduction inconsistent, as these unreported factors can
affect final yield, as well as protein quality and purity.

In the course of expression and purification optimisation, several improvements were made. It
was found that later than standard induction by IPTG, a change in expression medium, and 24 °C
expression temperature greatly improves Rca expression. Regarding IMAC purification, a more
stringent wash produced a more pure product with minimal effect on protein yield, and it was found
that 300 mM imidazole was sufficient for protein elution. The optimised expression and purification
protocol derived from this work enable purification of sufficient Rca for later experiments.

This kind of one-factor-at-a-time optimisation study can be time consuming and costly. Design
of experiments is increasingly being turned to for optimisation of recombinant expression (Uho-
raningoga et al., 2018). These multifactor designs allow for larger range of factors to be tested in
a smaller time, and in a more reproducible manner. Further expression studies for Rca may wish
to use design of experiments to facilitate more robust experiments with quicker turnaround.

Chapter 4 makes use of the improved Rca expression protocol to characterise the individual
isoforms of cowpea Rca. Curiously, the investigated cowpea Rca isoforms did not seem to have
an optimal concentration for per molar ATPase activity. This contrasts with data for Rca in tobacco
(Keown et al., 2013) and spinach (Wang et al., 1993) in which ~1 uM of Rca was found to produce
the highest per molar activity. This may imply that cowpea Rca ATPase activity is independent of
oligomerisation state in this concentration range. An alternative hypothesis is that cowpea Rca
does not change oligomerisation state under these conditions.

VuRca8 has a short splice isoform which is likely not a genuine activase. The function of this
extra-short protein is not known, and to the author’s knowledge has not been reported in any
other genomes. Possible functions of this splice variant could include modulation of Rca activity
by interactions with other isoforms, or as an ATPase with other functions. Rca is a member of

the AAA+ protein family which is responsible for very diverse functions (Khan et al., 2022). It is
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possible this splice variant has diverged into an entirely different purpose.

VuRca10a and VuRca10 proved to be more thermostable than VuRca18 and VuRca8a, and
have a broader Tgg, the range of temperatures across which activity is >80% of its maximum.
This applies to both the ATPase and Rubisco reactivation activities, although ATPase activity has
a higher temperature optimum. The chromosome 10 isoforms are likely an adaptive measure to
high temperatures, as they are upregulated by temperature stress, and could be a target of interest
for crop improvement. Upregulation of these isoforms may help in keeping photosynthesis active
at higher temperatures.

The more thermostable isoforms - VuRca10a and VuRca10f - were challenging to purify, fre-
quently having issues with solubility. These isoforms are also known to be expressed in very low
concentrations in planta, demonstrated by the fact they cannot be detected in leaf extract by west-
ern blot. Proteins in vivo are known to often live “on the edge of solubility” (Vecchi et al., 2020)
meaning that small changes to concentration, structure or milieu could drive a protein to insolu-
bility. Taken together, this could imply that the solubility issues were a result of trying to express
VuRca10 isoforms beyond their solubility limits. Genetic engineering efforts aiming to improve
thermotolerance of cowpea via upregulation of VuRca10 isoforms may wish to focus on improving
protein solubility. Tools exist to predict amino acid substitutions which improve protein solubility
which may aid in this (Raimondi et al., 2020).

Despite their diversity in catalytic properties, Rca isoforms tend to be similar in structure and
sequence. This makes disambiguation of similarly-sized Rca proteins challenging. One potential
solution to this is the use of isoform-specific antibodies. Antibodies are vital tools in molecular
biology research - with widespread uses including detection, quantification and isolation of their
antigen. The fact that antibodies can be developed against a large array of molecules from pro-
teins, to lipids and nucleic acids, makes them incredibly versatile. Despite this, antibodies are a
serious source of irreproducible research. Academic literature is plagued with reports of antibod-
ies not binding their intended target, or binding non-specifically. In order to produce trustworthy
results, antibodies must be carefully validated. A survey (Freedman et al., 2016) found that al-
most 1/3 of early career researchers do not validate their antibodies. There have been efforts to
provide guidelines for what comprises sufficient antibody validation (Edfors et al., 2018; Taussig
et al., 2018; Uhlen et al., 2016), but given the many diverse uses of antibodies it is not possible
to make a strict set of rules for this. Furthermore, antibodies were previously some of the least
identifiable reagents used in research, although modern standards for reporting are changing this
(Menke et al., 2020), in part due to the initiative to report RRIDs (Research Resource Identifiers)
(RINL Resource Identification Initiative et al., 2016).

As an alternative to IMAC purification, antibodies against cowpea Rca could be used for Rca
purification from leaf extract by immunoaffinity chromatography (Moser and Hage, 2010). This
technique uses antibodies as the stationary phase in liquid chromatography to enable selective
purification of the antibody’s target. The primary advantage of this would be that the purified Rca

would be native including all posttranslational modifications, unlike Rca expressed in E. coli. This
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could enable research such as testing whether Rca activity changes as a result of factors such as
environmental stressors or senescence. Additionally, immunoaffinity chromatography is a rapid
technique, and faster purification may aid in the solubility issues that frequently arise in purification
of VuRca10 isoforms.

Further to the use of antibodies for Rca purification, co-lImmunoprecipitation (co-IP) is a tech-
nique used to identify and purify interactors of a protein, alongside the protein of interest (Lin and
Lai, 2017). This could be used to identify Rca interactors and test their impact on the protein
function. For example, Plant Natriuretic Peptide has been identified as an interactor (Turek et al.,
2020) but the functional relevance of this is not currently known.

For validation of pan-Rca and isoform-specific cowpea Rca antibodies, pure, recombinant pro-
teins were used. This can prove a lack of cross-reactivity between Rca isoforms. At least one
antibody clone against each Rca target except for VuRca1@ was successful. These valuable new
tools for distinguishing between similarly-sized cowpea Rca isoforms enable new research ques-
tions to be answered. In addition to those mentioned above, some potential research applications
for isoform-specific Rca antibodies are discussed in Chapter 5.4.

To summarise, this work provides insight into the diversity of Rca from cowpea. The production
and validation of isoform-specific antibodies against cowpea Rca provides an invaluable and trust-
worthy tool for further research into this. The knowledge and tools presented herein lay important

foundations for safeguarding cowpea against changing climates.
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