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Summary

Rubisco activase (Rca) is a key regulator of carbon assimilation. It removes
inhibitory sugar phosphate derivatives from the active site of Rubisco by
using the energy from ATP hydrolysis. However, Rca is thermosensitive and
limits photosynthesis at moderately high temperatures and during photosyn-
thetic induction. A better understanding of the properties of Rca isoforms
present in wheat, a staple crop for human nutrition, will unlock the potential
to improve the efficiency and resilience of carbon assimilation to meet future
food demands in the face of climate change.

The three wheat Rca isoforms were found to vary in the capacity to
activate Rubisco in vitro. Rcalf3 had lower Rubisco activation activity than
Rca2( and Rca2a. Ratios of Rubisco active sites to Rca above 6-11:1 resulted
in maximal Rubisco activation. Furthermore, residues that conferred ADP
sensitivity of Rcalf3 were identified using site-directed mutagenesis of the
ADP-insensitive Rca2$3 isoform. These findings can inform future efforts to
optimise Rubisco activation during shade to sun transitions in crops.

To investigate the thermotolerance of native wheat Rca isoforms,
temperature responses of ATP hydrolysis and Rubisco activation were as-
sessed. Rcalf3 exhibited increased thermotolerance but reduced Rubisco acti-
vation activity, in contrast to Rca2B. An isoleucine residue was shown to
confer thermostability in the mutant Rca2B3-M1591, whilst maintaining high
Rubisco activation rates and efficiency.

To expand the understanding of thermotolerance and isoform abun-
dance in planta, the effect of heat stress on wheat plants was investigated.
The thermotolerant Rcalf increased to 6% of the total Rca protein pool after
5 days of heat stress, but Rubisco activation state remained reduced in heat
stressed plants. Furthermore, activity of CAl1Pase, which metabolises Ru-
bisco inhibitors, increased in plants in recovery conditions (4 h after relief
from heat stress), suggesting a build-up of inhibitors during heat stress and
a wider role of this enzyme in Rubisco regulation.

Exploiting diversity of wheat wild relatives have been suggested as a

strategy for improving modern wheat cultivars. Rca in wild relatives was



highly conserved and highly similar to the donor-species of the three wheat
sub-genomes. Despite the small differences, the observed variation in Rca
expression and protein levels might be associated with the ability of these
species to adapt to high temperatures.

Overall the results from this thesis suggest that engineering thermo-
tolerant Rca isoforms into wheat to improve carbon assimilation will be the
most promising way to make Rubisco regulation in wheat more resilient to

heat stress in changing environments.
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1. Chapter 1: Introduction

1.1 The gap in future wheat yields and food security

By 2050, the world population will have increased to 9.7 billion, with high
population growth in Africa and Asia (United Nations, Department of Eco-
nomic and Social Affairs, Population Division, 2015). Global crop production
needs to double to ensure food security (Ray et al., 2013), which is met when
“all people, at all times, have physical and economic access to sufficient, safe,
and nutritious food to meet their dietary needs and food preferences for an
active and healthy life” (FAOSTAT 2014, 2014). Various climate related
(temperature, precipitation, CO2 and ozone) and non-climate factors (soil
fertility, irrigation, fertilisers, demography and economics) can impact the
food system (Porter et al., 2014). These require certain responses, such as
improving agriculture, livestock and fisheries, as well as non-production as-
pects, such as income, processing, transport, storage and retailing. Taken
together, all these factors contribute to food security. Not only will demand
for food increase, but the nature of demand itself will change. Due to increas-
ing per capita GDP in currently less-developed countries, diets will likely
change and become more calorie and protein rich (Tilman et al., 2011). To-
gether with already unsustainable lifestyles in developed countries, this will
further put pressure on agriculture. Improvements in crop production are
thus essential, not only to meet demands, but also to decrease environmental
impact.

Wheat (Triticum aestivum (bread wheat), Triticum durum (pasta
wheat)) is one of the major crops grown world-wide and provides 20 % of the
calories of the world's population. However, the current trend of wheat yields
is insufficient to double production by 2050 (Ray et al., 2013). It is estimated
that current wheat yields would result in a shortfall of 388 million tons/year
by 2050 and in order to meet demands, an extra 95 million hectares of arable
land would be required. Yet, world-wide area of arable land has remained at
ca. 10 % since 1990 (Fedoroff et al., 2010) and increasing this is not desirable,

as it would put more pressure on ecosystems, which would ultimately be
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unsustainable. Thus, crop productivity on current land has to be increased
by adopting cultivars with enhanced genetic traits resulting in increased yield
potential. Adopting cultivars that were developed during the green revolu-
tion, between 1965 and 2004, has successfully increased yields and thus saved
an estimated 17.9-26.7 million hectares from being brought into agricultural
production, especially in developing countries (Stevenson et al., 2013). These
past successes show that research can be brought to the field and have real
world impact.

Due to the need for increased wheat yields, coordinated international
research such as the International Wheat Yield Partnership
(http://www.iwyp.org) and its collaboration with the International Maize
and Wheat Improvement Centre (CIMMYT) have become crucial. CIMMYT
was the cradle of the first green revolution, however, today climate change
threatens wheat yield across the world and population growth increases de-
mand, calling for a second green revolution, called “golden revolution” by

some (Evans & Lawson, 2020)

1.2 Influence of climate change on crop yields

The effect climate change has and will have on wheat yields has been subject
to some debate (Semenov et al., 2012) and multiple studies have used a mod-
elling approach with a general agreement that rising temperatures will reduce
global wheat yields (Asseng et al., 2013; 2014; Tack et al., 2015; Tanaka et
al., 2015; Liu et al., 2016). These studies predict that with every °C increase,
global wheat production will fall between 4.1 and 6.4 % (Asseng et al., 2014;
Liu et al., 2016). Major effects of temperature are expected in China, India
and the US, the world’s largest wheat producers (Liu et al., 2016). One reason
given for this is the decrease of days between anthesis and maturity, resulting
in a lower grain filling period (Gourdji et al., 2013; Asseng et al., 2014; Pen-
nacchi et al., 2018). Pollen viability and key enzymes in carbon assimilation
are sensitive to heat and will likely perform sub-optimally at higher temper-
atures (Dawson & Wardlaw, 1989; Salvucci & Crafts-Brandner, 2004). These

studies also point out that cultivars respond differently to high temperatures
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(Gourdji et al., 2013; Asseng et al., 2014), which suggests that natural genetic
diversity can be a valuable resource for wheat improvement.

Predicting the effect of increasing atmospheric CO2 (IPCC, 2014) on
crop yields has been somewhat more challenging. Initially it was assumed
that increased CO2 would offset yield loss due to warming, but free-air con-
centration enrichment (FACE) experiments have shown that actual changes
in crop production are much lower than theoretical values at a CO2 concen-
tration of 550 ppm (Long et al., 2006a). At 25°C, yields should theoretically
increase 36 %, but this study showed that for major crops, only a 13 % yield
increase was observed in FACE experiments. For C4 crops (maize and sor-
ghum), no yield increase using the FACE approach was observed, contrasting
the yield increase measured in C4 plants grown in enclosures. For wheat
specifically, yield and photosynthetic increase under FACE conditions was 13
%, whereas in enclosure wheat yield increased by 31 %. Another FACE study
revealed that drought, which is likely to become more prevalent with climate
change, offsets expected yield gains under elevated CO2 for soybean (Gray et
al., 2016). In a survey of Australian wheat yields since 1990, the authors
showed a 27 % decline in water-limited yield potential and attribute this to
increased drought and temperatures (Hochman et al., 2017). The authors also
point out that national yields only increased due to increased use of technol-
ogy, and it remains to be seen if this trend can continue.

These studies highlight the complexity of the effect of increased CO»
under field conditions and further emphasise the need for improved photo-

synthesis in a changing environment.
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1.3 Photosynthesis

1.3.1 Basic concepts

Photosynthesis is the process by which inorganic carbon enters the biosphere

and can be summarised by the following equation 1 (reviewed in (Govindjee

& Whitmarsh, 1999)) :

6 CO2 + 12 H20 + Light Energy = CsHi206 + 6 O2 + 6 H20 Eq. 1
For each CO2, C3 plants would require eight electrons (e7) (Zhu et al.,

2008) resulting in 48 e for Eq.1. Photosynthesis can be divided in two major

reactions: the light reactions and the carbon reactions. These are interde-

pendent, and one does not function without the other.

1.3.2 Light reactions

The electron transport chain (ETC) is located in the thylakoid membranes
in plants. These are compartments found in chloroplasts and are the source
of NADPH and ATP fuelling carbon assimilation. The ETC consists of two
major reaction centres, Photosystem I (PSI) and Photosystem II (PSII), the
Cytbsf complex and ATP synthase (reviewed in (Eberhard et al., 2008)) (Fig.
1A) .

Water is split at the photosystem II water-oxidizing complex (re-
viewed in (Vinyard et al., 2013)), which oxidizes H2O and yields % O3, two
H' and two €. Electron flow begins when energy from light is funnelled into
P680 Chlorophyll a. Excitonic energy is converted into chemical energy when
an e is passed from P680* (singlet excited state) to Pheophytin (Phe’), a
process called charge separation. P680* recovers its lost e from the YZ, ty-
rosine-161 of the D1 protein and the process is repeated. Phe™ passes the e to
the plastoquinone QA at the D2 protein, which, in turn, is passed onto QB
at the D1 protein. QB is reduced to a plastoquinol (QB(H2)) after a second
e from P680 is accepted and it is exchanged with a mobile plastoquinone
(PQ). One € is passed onto the FeS protein in the cytochrome bef complex

which in turn reduces Cytf. The second e from QB(H2) is passed into the Q-
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cycle. While QB(H2) is oxidised, protons are released into the thylakoid lu-
men which are, together with H™ from H2O splitting, building up a proton
gradient across the membrane. The e from Cytf is passed to P700" via plas-
tocyanin (PC) in PSI. The electron is excited again and from P700* it is
passed to NADP " via various phylloquinones (A0, A1), iron-sulphur clusters
(Fx, Fa, Fb), ferredoxin (Fd) and ferredoxin-NADP" reductase (FNR). The
proton motive force, built up by the gradient, is used for ATP generation via
ATP synthase.

In summary, 4 photons are required to reduce one molecule of
NADPH, for which a maximum of 6 protons are moved to the thylakoid
lumen: 4 via the cytochrome bgf complex and 2 from water oxidation. For

the production of 1 ATP, 4 protons are required.
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Fig. 1: The basic system of photosynthesis. A) Electron transport chain. An
electron (e7) is liberated from H2O at the water-splitting complex, which pro-
duces 2H™ and 0.5 O2. In Photosystem II, light energy excites the electron,
which is passed to the Cytbsf complex, where HT are pumped into the
thylakoid lumen, and excited again in Photosystem I, where, finally, NADP*
is reduced to NADPH. The proton gradient across the thylakoid membrane
is used by ATP synthase to regenerate ADP + Pito ATP. B) Calvin-Benson-
Bassham Cycle. Rubisco is activated by Rca, which uses the energy from
ATP hydrolysis. Rubisco uses the substrate Ribulose-1,5-bisphosphate
(RuBP) and can fix CO2 or Oz The former yields 3-PGA, 2-PG, which is
recycled via photorespiration. The latter yields 3-PGA which converted to
1,3-PGA via PGK, which consumes ATP. GAPDH converts 1,3-PGA to
G3P, which is used in RuBP regeneration or exported and used for starch
synthesis. G3P is converted to DHAP, and X5P via TPI and transketolase,
respectively. In addition, FBPA converts G3P to F-1,6P and FBPase uses
this to produce F6P, which is also a substrate for transketolase. X5P is con-
verted to RuP via RPE and F6P to E4P via transketolase. FBPA, SBPase
and Transketolase convert S1,7P and G3P to RuP, which is converted to
RuBP via PRK. Enzymes: Rubisco, ribulose-1,5-bisphosphate carbox-
ylase/oxygenase; PGK, phosphoglycerate kinase; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; TPI, triose phosphate isomerase; FBA, fructose-
1,6-bisphosphate aldolase; FBPase, fructose-1,6-bisphosphatase; TK, trans-
ketolase; SBPase, sedoheptulose-1,7-bisphosphatase; RPE, ribulose-5-phos-
phate 3-epimerase; RPI, ribose-5-phosphate isomerase; PRK, phosphoribulo-
kinase. Blue boxes around enzyme names indicate know redox regulation.
Metabolites, RuBP, ribulose-1,5-bisphosphate; 3-PGA, 3-phosphoglycerate;
2-PG, 2-phosphoglycolate; 1,3-PGA, 1,3-bisphosphoglycerate; G3P, glycer-
aldehyde-3-phosphate; DHAP, dihydroxyacetone phosphate; F1,6P, fructose-
1,6-bisphosphate; F6P, fructose-6-phosphate; X5P, xylulose-5-phosphate;
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E4P, erythrose-4-phosphate; S1,7P, sedoheptulose-1,7-bisphosphate; S7P,
sedoheptulose-7-phosphate; R5P, ribulose-5-phosphate; RuP, ribulose-5-phos-
phate. C) The Thioredoxin system. Reduced ferredoxin reduces ferredoxin
thioredoxin reductase, which in turn reduces disulfide bonds in thioredoxin.
Thioredoxin reduces disulfide bonds in target proteins, such as Rca. Upon
oxidation in the dark, disulphide bonds are formed again in the target pro-
teins. Source: original figure

1.3.3 Carbon reactions

The Calvin-Benson-Bassham-Cycle (CBBC) (Calvin & Benson, 1948) is the
pathway of carbon fixation in photosynthesis taking place in the chloroplast
stroma (Fig.1B). Originally these reactions were termed “dark reactions” or
“light-independent”, but as they are clearly neither happening in the dark,
nor independent of light, the term “carbon reactions” is much more fitting
and in line with the current understanding of its chemistry and regulation.
The CBBC can be broken down into three phases: carboxylation, reduction
and regeneration.

During the carboxylation reaction, ribulose-1,5-bisphosphate carbox-
ylase/oxygenase (Rubisco), uses ribulose-1,5-bisphosphate (RuBP) and CO»
to generate two 3-phosphoglycerate (3-PGA). Rubisco can also use O3 instead
of COz. This process, known as photorespiration (PR), is initiated by O2
fixation and yields one 3PG and one 2-phospho-glycolate (2PG). At 380 ppm
CO2 and at 30°C, this process reduces the theoretical gross photosynthesis of
C3 plants by 48% (Zhu et al., 2008; Walker et al., 2016).

In the reduction phase, 3PGA is converted into glyceraldehyde-3-
phosphate (G3P) by phosphoglycerate kinase (PGK) and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). Most of the G3P is used to regenerate
RuBP, but a fraction is converted into dihydroxy-acetone phosphate
(DHAP), which is exported from the chloroplast via the Pi-triose phosphate
antiporter and constitutes the building block of various cellular structures.
Within the chloroplast, G3P and DHAP are used for starch synthesis. In the
regeneration phase of the CBBC, G3P is converted back to RuBP via multi-

ple pathways catalysed by 9 enzymes including fructose-1,6-bisphosphatase
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(FBPase) and sedoheptulose-1,7-bisphosphatase (SBPase). Overall, to fix one
CO2 and regenerate one RuBP in one C3 cycle, 3 ATP and 2 NADPH are
needed, requiring a total of 8 photons and 12 protons.

The reactions of the CBBC have been subject to much research in
order to identify bottlenecks with the aim to improve carbon fixation (re-
viewed in (Long et al., 2006b)). When a crop is light saturated, photosynthe-
sis becomes limited by the speed of carbon fixation by Rubisco (Vemax) and
RuBP regeneration (Jmax). With rising CO2 and increasing carbon assimila-
tion, RuBP regeneration also has to be increased to achieve a maximum ben-
efit.

A reduction of SBPase has been shown to have a strong control over
RuBP regeneration (Harrison et al., 1997; 2001), as well as the Cytb6f com-
plex in the electron transport chain (Price et al., 1998; Ermakova et al., 2019).
Overexpressing SBPase has resulted in increased yield in greenhouse experi-
ments (Driever et al., 2017) and under fully open air CO2 fumigation (Rosen-
thal et al., 2011). Similarly, increasing FBPase has resulted in enhanced
growth and photosynthesis (Uematsu et al., 2012), as well as a combination
of SBPase and FBPase (Simkin et al., 2015).

Besides optimising RuBP supply by targeting key enzymes, other
strategies can be implemented to improve carbon fixation, which are summa-
rised in Fig.2, and reviewed in Andralojc et al. (2018). Increasing CO2 supply
to Rubisco can be achieved by concentrating mechanisms such as employing
carboxysomes or pyrenoids. Furthermore, efforts are being made to convert
C3 crops, such as rice, into C4 crops. Recently, understanding and optimising
mesophyll conductance has also become of greater interest (Flexas et al.,
2016).

Improving Rubisco and its regulation is a promising strategy to im-
prove carbon assimilation. As detailed below, the carboxylating enzyme Ru-
bisco is characterised by a number of inefficiencies and subject to much re-
search aimed at improving its function. Surveying Rubisco from wheat wild
relatives has shown great diversity of catalytic rates (Prins et al., 2016; Orr

et al., 2016), especially with regards to temperature response and these
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isoforms can be used to replace native Rubisco. Furthermore, changing spe-
cific residues (Whitney et al., 2011; Orr et al., 2016) or transplanting Rubisco
small subunits (Ishikawa et al., 2011) are additional strategies, as well as
improving Rubisco regulation by targeting its molecular chaperone, Rubisco
activase (Rca) (Carmo-Silva et al., 2015).

Replacing native
Rubisco with

g X Improy
Increasing | optimsingcataytic  "poroend \SZe
C O properties activation  gis.
2 by changing amino P~

Engineering COz acid residues

concsntfatlng Transplanting

mechanisms the small subunit
to improve

catalysis

Converting C3
into C4 crops

Optimising stomatal
and mesophyll
conductance

Fig.2: Strategies to improve carbon fixation in crops. Published in An-
dralojc et al. (2018)

1.4 Rubisco

Rubisco is a multimeric enzyme, consisting of eight large and eight small
subunit LgSg (Fig.3). The large subunit (rbcL) comprises the N-terminal o+
domain (ca. 150 residues) and the C-terminal domain (ca. 325 residues). RbcL
is organised as an antiparallel dimer, containing two active sites. These are
located between the C-terminal domain of one subunit and the N-terminal
domain of the adjacent one. In addition, Rubisco contains small Rubisco sub-
units (RbcS) and the oligomeric L8S8 form of Rubisco contains eight active

sites.
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Fig.3: Crystal structure of green-type LsSs Rubisco. Dark grey colour indi-
cates the RbcS subunits, light grey the large Rbcl: subunits. Adapted from
Bracher et al. (2017).

The large subunit is encoded by rbcL in the chloroplast genome. The
small and much more divergent small subunit is encoded by a family of RbcS
genes in the nuclear genome (Spreitzer, 2003). Its expression is regulated by
several transcription factors, including GUN1/ABI4, which is in turn con-
trolled by rbeL expression. The RbcS mRNA is imported to the chloroplast
via the TOC/TIC mechanism. rbcL and RbcS are then assembled into the
holoenzyme in the chloroplast (Jarvis & Soll, 2002).

In order for Rubisco to function, the active site requires carbamyla-
tion by binding non-substrate CO2 to Lys2o1, followed by Mg?" binding to the
carbamylated residue to stabilise it (Lorimer et al., 1976; Lorimer & Miziorko,
1980). When RuBP binds the carbamylated active site, it is available for
carboxylation or oxygenation. However, when RuBP binds to an inactivated,
uncarbamylated site, for example under low CO2, Rubisco becomes inhibited
and the loop 6 of Rubisco closes and locks the enzyme into an inactive con-

formation (Parry et al., 2008).

1.4.1 Rubisco reactions

Rubisco catalyses the carboxylation of RuBP, using atmospheric CO2 as a
carbon source via a series of complex reactions. The steps of Rubisco reactions
are summarised in Fig.4 (Bracher et al., 2017). The first step is the enolisation

of RuBP by deprotonation. This highly reactive enediolate is then used as
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the substrate for carboxylation and oxygenation. Hydration, bond cleavage
and stereospecific protonation results in two molecules of 3 3-PGA. As a
result of oxygenation, one 2PG and one 3PGA are produced in step 6. 2PG
is toxic and has to be recycled via photorespiration (reviewed in Bauwe et al.
(2010)). The inhibitor D-xylulose-1,5-bisphosphate (XuBP) can be formed
when the enediolate is misprotonated (step 5), a reaction that increases with
temperature (Schrader et al., 2006). Steps 7-9 result in the formation of fur-

ther inhibitory sugar-phosphates following oxygenation of RuBP.
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Fig.4: Reactions of Rubisco. Figure was taken from Bracher et al. (2017).
RuBP, ribulose-1,5-bisphosphate; XuBP, xylulose-1,5-bisphosphate; 3PGA,
3-phosphoglycerate; 2PG, 2-phosphoglycloate; KABP, 3-ketoarabinitol-1,5-
bisphosphate; PDBP, D-glycero-2,3-pentodiulose-1,5-bisphosphate; CTBP,
2-carboxytetritol-1,4-bisphosphate; H2O2, hydrogen peroxide

All of the described steps are catalysed by Rubisco during the complex
reactions of carboxylation or oxygenation. The multistep processes are con-
siderably slower than more straight-forward reactions in nature, which results
in the slow catalytic turnover of Rubisco, with 2-5 molecules of CO2 being
fixed per second per enzyme (Bracher et al., 2017). The slow turnover and
the dual nature of Rubisco as a carboxylase/oxygenase limit photosynthetic
efficiency and require high amounts of the enzyme to be present in leaves (ca.
50% of soluble leaf protein (Feller et al., 2008)) to sustain adequate rates of

photosynthesis (Carmo-Silva et al., 2017).
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Rubisco has been a target for modification and improvement over the
past 4-5 decades, a goal that is hindered by the fact that the enzyme is en-
coded in two genomes, and chloroplast transformation is still difficult to
achieve. However, natural variation in Rubisco can be exploited (Orr et al.,
2016; Prins et al., 2016) (Sharwood et al., 2016; Hermida-Carrera et al., 2016),

and gene editing could open new doors for crop improvement.

1.4.2 Regulation

The active site of Rubisco requires the formation of a carbamate by binding
of non-substrate CO2 before catalysis can occur. Therefore, Rubisco will only
become active when CO32 is present and will be inactive during the night or
under stress, when no or less COz is available (Lorimer et al., 1976). In addi-
tion, Mg?" is required to stabilise the carbamate(Lorimer & Miziorko, 1980),
thus fluctuations of Mg?" in the stroma can also impact Rubisco activity.
The naturally occurring sugar-phosphate RuBP and its derivatives XuBP can
bind to uncarbalylated sites and form a dead-end complex, whereas 2-Car-
boxy-D-arabinitol 1-phosphate (CA1P) and D-glycero-2,3-pentodiulose-1,5-
bisphosphate (PDBP) can bind to the carbamylated active site of Rubisco
and form a dead-end complex (Zhu & Jensen, 1991; Pearce, 2006).
2-Carboxy-D-arabinitol 1-phosphatase (CA1Pase) has been shown to
regulate Rubisco by metabolising CA1P, 2-Carboxy-D-arabinitol 1,5-bisphos-
phate (CABP), 2-carboxy-D-ribitol-1,5-bisphosphate (CRBP) and D-glycero-
2,3-pentodiulose-1,5-bisphosphate (PDBP), but this was only shown for
French bean, tobacco and rice, while in Arabidopsis and wheat CA1P was
not detected (Andralojc et al., 2012). The Km for the sugar-phosphate deriv-
atives CABP and CRBP is lower than for CA1P (Andralojc et al., 2012),
highlighting that CA1Pase metabolises other sugar-phosphate derivatives as
well. Since CA1Pase is present in wheat and can metabolise other sugar phos-
phate-derivatives, it is likely that it is involved in Rubisco regulation, which
has been shown by decreased Rubisco abundance and grain yield in a wheat

CA1Pase overexpressor line (Lobo et al., 2019).
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Rubisco is not only regulated by cellular processes, but also by envi-
ronmental factors, such as light. The availability of light to a plant varies
greatly throughout the day, as clouds can block the sun, wheat leaves in a
canopy can shade neighbouring plants and no light is available during the
night. The thioredoxin system (Fig. 1C) is a way for a plant to regulate many
enzymes in response to light availability (Michelet et al., 2013). Under illu-
mination, ferredoxin is reduced via Photosystem I (Fig. 1C), which in turn
reduces ferredoxin-thioredoxin reductase. Following this, a disulphide bridge
between two cysteine residues (Cys) in thioredoxin is reduced. Cys can be
found in many redox responsive enzymes and provide a regulatory function
in response to conditions affecting the redox status of the chloroplast, such
as light intensity. Finally, the disulphide bridge of the target enzyme is re-
duced. In the dark, the target protein returns to its oxidised state. Under
fluctuating light, the presence of oxidants in the chloroplast increases, result-
ing in the oxidation of many proteins, thus requiring the thioredoxin system
to maintain functionality (Kaiser et al., 2019). One such protein is Rubisco
activase (Rca), a key regulator of Rubisco (Salvucci & Crafts-Brandner,
2004), which can be responsive to redox status of the chloroplast (Zhang &
Portis, 1999), allowing for Rubisco regulation under fluctuating light. In ad-
dition, Rca has been shown to be regulated by Mg?* availability (Hazra et
al., 2015). As an AAA+ ATPase, Rca uses the energy from ATP hydrolysis
to remove inhibitory sugar-phosphate derivatives from Rubisco's active site
(Somerville et al., 1982; Salvucci et al., 1985; 1986), making it catalytically
competent. Because of the complexity of Rubisco activation, understanding
Rca regulation and its role as a molecular chaperone is important in order to

improve carbon assimilation.

1.5 Rubisco activase

1.5.1 The AAA-+ protein family

ATPases associated with various cellular activities (AAA) constitute a large
protein family and are found in all domains of life (Neuwald et al., 1999).
AAA-+ proteins, a subsection of the AAA family containing certain distin-

guishing features, hydrolyse ATP and use the released energy to remodel the
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structure of target proteins. The ATPase module is highly conserved between
these proteins (Neuwald et al., 1999), making it feasible to use sequence align-

ment to identify new members of this family.

Walker A GIuSW|tchA A Walker B A
S Ca by M= by (@
1
A/GxxxxGKT/S N GLYW GLYW hhhhDE GLYW 123

Arg Finger Sensor 2
.e BB h{ w6 HE @ s |
140 GAR '

231

F1g.5: Structural elements of the AAA+ domain. Secondary structures (o-
helices and B-sheets) are numbered in order of appearance from the N- to C-
terminus. Pore loop insertions are indicated with brown arrows. Consensus
sequences for various defining motifs are given. Taken from Wendler et al.

(2012).

AAA-+ proteins are members of the larger p-loop family and contain
a unique a/f fold (Fig.5), termed o/ subdomain. This contains five a helices
and five 3 sheets (dark grey Fig. 5), which forms an o--a sandwich. They
contain a C-terminal o-helical bundle which forms a lid over the nucleotide
binding site and mediates subunit interactions in complexes (Neuwald et al.,
1999). In addition to these features, certain motifs are conserved amongst the
AAA+ family members (Fig. 5).

Firstly, the Walker A motif, consisting of GXXXXGK|T/S|XX, where
X can be any amino acid and the final one can be threonine or serine, is
forming a loop between (1 and ol, representing the p-loop, which is the de-
fining structure for members of the p-loop family (Neuwald et al., 1999). The
lysine residue in the Walker A motif interacts with the $ and y phosphates
of ATP. The Walker B motif consists of hhhhD[D/E|, where h can be any
hydrophobic residue and the last amino acid can be either aspartate or glu-
tamate. Mutations of the glutamate residue in the Walker B motif have been
shown to abolish ATP hydrolysis (Neuwald et al., 1999), known as the glu-
tamate switch. This glutamate interacts with an asparagine on the 32 strand

when ATP is bound. Upon binding of the target enzyme, the AAA+ protein
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into the fully active ATPase configuration. Both Walker motifs are therefore
essential for ATP binding.

Next to the Walker motifs, the second region of homology is a defining
feature. This includes part of a4, partial f4 and the loop connecting o4 to (35
(Ogura et al., 2004). This motif contains the Sensor 1 domain and the arginine
finger, both of which are essential for ATP hydrolysis. In a protein complex,
the WalkerA /B motifs and Sensor 1 are located on the same subunit, whereas
the arginine finger can be found on the neighbouring one, contributing to the
nucleotide binding site. Hence, two subunits are interacting in a protein com-
plex. In addition, the sensor 2 domain facilitates conformational change dur-
ing ATP hydrolysis and directly interacts with the a-phosphate of bound
ATP (Ogura et al., 2004). Finally, an N-linker, N-terminal to o0, runs per-
pendicular to the 3 strand of the a-f-o core and is involved in forming the
ATP binding pocket and connects the ATPase module with other domains,
such as the target protein recognition site. It also may play a role in coupling
ATP hydrolysis to conformational changes (Neuwald et al., 1999; Smith et
al., 2004; Judson, 2017).

AAA+ ATPase proteins are involved in many diverse cellular pro-
cesses, such as DNA replication, transcription, proteolysis, protein disaggre-
gation and repair (reviewed in Ogura and Wilkinson (2001)). Hence, improv-
ing understanding an ATPase like Rca, might help in understanding other
cellular processes too. Furthermore, this knowledge can be applied elsewhere,
for example in biotechnological processes where an ATPase is required to
perform molecular processes. A substantial effort in the past has been made
to understand Rca because of its key role in Rubisco regulation and its sen-
sitivity to high temperatures (detailed below) or redox state of the chloro-

plast.

1.5.2 Structure of Rubisco activase

To date, three distinct types of Rca have been identified: the CBBQO-type
of proteobacteria (Tsai et al., 2015), the red-type (Mueller-Cajar et al., 2011)

and the green-type (Salvucci et al., 1985) (Fig. 6). These types were recruited
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from different areas of the AAA+ proteome and their AAA+ modules contain
less than 25% sequence identity (Ammelburg et al., 2006), suggesting a degree
of convergent evolution. Although Rca types are very diverse, all contain a
functionally similar AAA+ core and are organised as a functional hexamer
and contain a Rubisco recognition domain and a C-terminus (Bhat et al.,
2017). These domains can be found in chlorophyte Rca and in all plants.
During endosymbiosis, a chloroplast transit peptide and an N-terminal do-
main were added to Rca. Upon land colonisation of green algae, a C-terminal
extension was added, and alternative splicing evolved (Nagarajan & Gill,
2018).

Fig.6: Structure of green type Rca from N. tabacum. A) Domain structure
of tobacco Rca. B) Crystal structure of the Rca monomer. C) Model of the
hexamer. Taken from Bhat et al (2017).

During the evolution of plants on land, monocot and dicot Rca copy
number in the genome increased (Nagarajan & Gill, 2018). The Solanaceae
crop Solanum lycopersicum (tomato) contains two Rca genes, while Nicotiana
tabacum contains six copies. Interestingly, species of the Solanaceae family
have lost the C-terminal extension of Rca (Nagarajan & Gill, 2018). In the
monocot family poaceae, a tandem duplication of Rca occurred, resulting in
Rcal and Rca?2 genes. Rca?2 is alternatively spliced and yields the longer

redox-sensitive o-isoform and a shorter 3-isoform which lacks the C-terminal
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extension. A short B-isoform lacking the C-terminal extension is produced by
Rcal. Within the poaceae, Rca continued to evolve. O. sativa , for example,
does not express the Rcal gene and in sorghum, there is no alternative splic-
ing, Rcal encodes the o-isoform, whilst Rca?2 only encodes the shorter (-
isoform (Nagarajan & Gill, 2018). In hexaploid Triticum aestivum, three cop-
ies of Rcal and Rca2 can be found in the A, B and D genomes. Rcal and
Rca?2 produce 42kDa (-isoforms and Rca? also produces the 46 kDa a-isoform

containing a C-terminal extension (Carmo-Silva et al., 2015).

1.5.3 The role and regulation of Rca in higher plants

The role of Reca was first described in Arabidopsis thaliana (Somerville et al.,
1982; Salvucci et al., 1985; Salvucci et al., 1986) where it was shown that a
rca mutant was incapable of activating Rubisco in the light. In vitro experi-
ments showed that adding Rca and ATP to inactivated Rubisco restored its
activity (Robinson & Portis, 1989). Rca has been found in many higher plant
species, including the cereal grains oat, barley (Salvucci et al., 1987) and
wheat (Feller et al., 1998), as well as in Chlamydomonas reinhardtii (Salvucci
et al., 1987) where it was shown to be located to the pyrenoid (McKay et al.,
1991). Rea is therefore a highly conserved regulator in photosynthetic eukar-
yotes and prokaryotes (Mueller-Cajar et al., 2011; Tsai et al., 2015).

When the active site of Rubisco is inhibited by RuBP or sugar phos-
phate-derivatives, Rca uses the energy from ATP hydrolysis to remodel the
active site and subsequently inhibitors are released (Salvucci et al., 1985;
1986). It is thought that the N-domain of green type Rca interacts with Ru-
bisco and H9 helix recognises Arg89 on RbcL (Portis et al., 2008). The inhib-
itory sugar-phosphates include Rubisco's substrate RuBP, as well as XuBP
formed by misprotonation, a process increasing with temperature (Salvucci
& Crafts-Brandner, 2004). Misfire products bind less tightly at higher tem-
peratures to Rubisco because the enzyme structure becomes more mobile

(Schrader et al., 2006).
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Activation at high temperatures, however, is reduced due to the heat
sensitivity of Rca and not Rubisco activity, which is still functional at 50°C
(Salvucci & Crafts-Brandner, 2004). Photosynthesis thus decreases at high
temperature because Rca cannot remove inhibitors fast enough due to its
impaired activity and consequently Rubisco deactivates (Salvucci et al.,
2006). A. thaliana mutants which expressed only the short B or long o Rca
isoform individually still showed photosynthetic impairment under high tem-
perature, supporting the concept of denaturation of Rca under high temper-
ature (Salvucci et al., 2006). Expression of A. thaliana Rca isoforms is not
affected by heat (Kumar et al., 2009), but heat stress induced Rcal expression
in wheat (Scafaro et al., 2019a). In that study, protein abundance was not
quantified and it remains unclear how Rca gene expression and protein levels
correlate. This shows, that the sensitivity of Rca to heat between species
differs, as shown with an Australian wild rice species (Scafaro et al., 2016)
and Rca from the CAM plant Agave tequilana (Shivhare & Mueller-Cajar,
2017). Mutant screens have been developed to identify more thermostable
Rca isoforms in A. thaliana by changing one amino acid residue (Kurek et
al., 2007). Overexpressing a more thermostable Rca variant from tobacco in
Arabidopsis has been shown to increase photosynthesis at moderately high
temperatures (Kumar et al., 2009), highlighting the scope for improving Ru-
bisco activation in a model species. However, to date this has not been suc-
cessfully implemented in crops.

As shown above, Rca can limit photosynthesis at moderately high
temperatures and more thermostable enzymes have been identified. Scafaro
et al. (2019a) showed that Rca2B from wheat became more thermostable by
mutating 11 residues which were found in warm-adapted species and Degen
et al. (2020) identified a single isoleucine residue that increase thermotoler-
ance of Rca.

Rca is not only a limiting factor at high temperature, but also under
fluctuating light. For wheat, slow induction of photosynthesis from shade to
sun has been shown to limit carbon assimilation (Taylor & Long, 2017). The

C-terminal extension of the longer o isoform contains two cysteine residues,
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that respond to redox changes in the stroma. In the oxidised state, the ex-
tension can dock into the ATP binding pocket of Rca which prevents ATP
from binding, but not ADP (Zhang et al., 2001). By this mechanism, Rca
activity is regulated by the redox state of the stroma. Arabidopsis plants with
only the o isoform had reduced Rubisco activity under limiting light and
activity was reduced and increased more slowly under saturating light,
whereas lines with only the short (8 isoform had wild type levels of CO2 as-
similation (Zhang et al., 2002). Furthermore, Arabidopsis plants lacking the
redox-sensitive isoform produced higher biomass under fluctuating light
(Carmo-Silva & Salvucci, 2013). This highlights the potentially limiting role
of the o isoform under limiting light and in non-steady state conditions which
crop plants experience in the field due to shade from the canopy and the
moving sun.

A second mechanism linking Rubisco activation to light reactions is
the sensitivity of some isoforms to the ATP:ADP ratio in the stroma. The 3
isoforms from tobacco and spinach have been shown to be partially inhibited
by an ADP:ATP ratio of 0.11 and experience complete inhibition at a ratio
of 0.33 (Salvucci et al., 2003). The {3 isoform from Arabidopsis, however, is
much less sensitive to ADP inhibition. A tobacco mutant which contained 17
resides from Arabidopsis showed reduced sensitivity to ADP inhibition
(Carmo-Silva & Salvucci, 2013), yet, it remains to be elucidated which resi-
dues are responsible for this. The oxidised C-terminal extension of Arabidop-
sis has been shown to result in increased ADP sensitivity, likely because of
increased cross linking of the oxidised extension in the presence of ADP and
the ATP binding pocket (Wang & Portis, 2006). In Arabidopsis, the acety-
lated residue K474 has been implicated in ADP inhibition (Hartl et al., 2017).
Rcalf and 2a isoforms of wheat contain a lysine residue at this position as
well, whilst it is lacking in the ADP-insensitive Rca2 3 and the partial role
of this residue in ADP sensitivity has recently been confirmed (Scafaro et al.,
2019b).

As a member of the AAA+ protein family, Rca functions as a hex-
amer, however some data suggests it might already be able to hydrolyse ATP

as a dimer (Keown et al., 2013). Furthermore, ATP has been identified as a
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driving force of oligomerization (Wang et al., 2018). ATPyS (a form of ATP
that cannot be hydrolysed) has been shown to promote tetramer/hexamer
formation from dimers for concentrations between 1 and 10 pM (Wang et al.,
2018). ADP on the other hand has been implicated in disassociating com-
plexes by increasing the rate of subunit exchange >2 fold. Protein concentra-
tion and the multimeric state of Rca appears to influence ATPase activity,
as current evidence suggests that 1-2 pM subunit concentration results in a
spike of activity and that higher concentrations reduce ATP hydrolysis (Ke-
own et al., 2013).

Finally, Rca requires Mg?>" and excess binding increases the affinity
for ATP and results in a hexameric assembly of Rca (Hazra et al., 2015).
Mg?* concentration varies in the stroma throughout the day and it is esti-
mated to be 0.50 mM in the dark and 1.95 after 10 min illumination (Ishijima
et al., 2003). This links Rca activity to light availability and provides a plau-
sible mechanism by which ATP hydrolysis by Rca in the dark is prevented.

Rca has been shown to repair Rubisco’s active site with great selec-
tivity, in order to prevent destabilization of other parts of Rubisco. Rca re-
pairs one active site at a time by positioning the C-terminal of Rubisco in
order to stabilise the catalytic centre so the hexamer pore of Rca can be
accessed. In order to release inhibitory sugar-phosphates, Rca pulls on the C-
terminal RbcL tail with great specificity (Bhat et al., 2017).

As a key regulator of carbon assimilation, Rca of model species has
been studied to a great extent. In order to understand and improve Rubisco
regulation in crops, species-specific studies of Rca are needed. Since crops
experience varying light environments in an agricultural setting, as well as
increasing average temperatures, improving Rca activity has the potential to
become a promising strategy to improve crop yields sustainably in the face
of climate change.

This can be achieved by characterising the activity of wheat Rca
isoforms in vitro and by understanding how gene expression and protein levels
vary in planta under heat stress. Furthermore, variation in the regulation of
carbon assimilation in wheat wild relatives that are adapted to diverse envi-

ronments can be exploited to improve wheat productivity.
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1.6 Thesis aims

This thesis is divided into four results chapters and addresses the following
research hypotheses:

1. Rca isoforms from wheat differ in activity and is concentration-de-
pendent and varies in its response to ADP inhibition.

2. Rca isoforms from wheat differ in their temperature response and in-
dividual amino acids contribute to thermostability.

3. Short-term heat stress induces Rca expression and changes the Rca
protein pool and reduces Rubisco activation in wheat.

4. Wheat wild relatives offer genetic diversity in Rca sequences.
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2. Chapter 2: Wheat Rca isoforms vary in their concentra-
tion-dependent activity and ADP sensitivity

Abstract

Rubisco, the central enzyme of carbon assimilation, can be inhibited by sugar
phosphate derivatives. The ATPase Rubisco activase (Rca), removes these
inhibitors by remodelling the active site of Rubisco. Rca has been character-
ised in many model plant species, but little is known about the concentration
dependence and regulatory properties of Rca in wheat, a staple crop for hu-
man nutrition. Reca isoforms purified after expression in E. coli were shown
to differ in their in vitro capacity to activate Rubisco and vary in concentra-
tion-dependence and regulatory properties. Rca23 and o had faster Rubisco
activation activities than Rcalf. Rca specific activity showed that a Rubisco-
Active sites: Rca ratio of 11-6:1 are most efficient for activating Rubisco in vitro.
Rca2( was insensitive to ADP inhibition, in contrast to Rcal@ and two amino
acid residues involved in ADP sensitivity were identified. Improving Rca re-
sponse to ADP:ATP ratios in combination with tuning Rubisco to Rca ratios

will inform future efforts to improve Rubisco activation by Rca in planta.
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2.1 Introduction

Rubisco activase (Rca), a key regulator of carbon assimilation, removes in-
hibitory sugar phosphate derivatives form the active site of Rubisco, thereby
restoring catalytic capacity (Salvucci et al., 1985; Salvucci & Anderson,
1987). Rca has been characterised from many model plants, such as tobacco
and Arabidopsis (Carmo-Silva & Salvucci, 2013). This research investigated
the regulatory properties of Rca from wheat, the most widely grown crop in
the world, which provides 20 % of daily calories and protein to 4.5 billion
people (FAOSTAT, 2019). Projected wheat yields are insufficient to meet
future demands (Ray et al., 2013), however, improving photosynthesis has
been identified as a strategy to increase crop yields while minimising the use
of agricultural resources (Long et al., 2006; Ort et al., 2015). Plants often
experience non-steady state conditions in an agricultural setting, where shad-
ing and sun movement can drastically change light environments. Activation
of Rubisco during shade to sun transitions has been identified as a bottleneck
in wheat, with an estimated productivity cost of 21% (Taylor & Long, 2017).
Hence, understanding the regulation of Rca is vital for improving Rubisco
activity under increasingly variable environmental conditions in order to meet
future food demands.

As a member of the AAA-+ protein group, Rca uses the energy from
ATP hydrolysis, which yields ADP and inorganic phosphate, to remove Ru-
bisco inhibitors by remodelling the active site (Bhat et al., 2017b). Plants
contain different Rca isoforms, with some species containing only a short {3
version, such as tobacco, and others containing a 3 as well as a longer o
isoform, such as Arabidopsis and wheat (Nagarajan & Gill, 2018). The longer
o isoform, which is sensitive to ADP inhibition, contains a redox-sensitive C-
terminal extension, which contains two cysteine residues. Upon oxidation,
these form a disulfide bond, which results in lower Rca activity (Zhang &
Portis, 1999; Zhang et al., 2001). Activity can be restored by reducing the
disulfide bond in the light (Portis et al., 2008), via the thioredoxin-f system.

It is well established that Rca functions as a hexamer (Bhat et al., 2017a),
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however, many questions remain on the precise mechanism of Rubisco acti-
vation due to limited structural information (Henderson et al., 2011; Stotz et
al., 2011; Hasse et al., 2015). Understanding how Rca concentration, ATP
supply and ATP:ADP ratios affect Rca activity is important in order to im-
prove catalytic properties.

Physiological ratios of ADP:ATP in the stroma of wheat protoplasts
have been estimated to be ca. 0.33 in the light and 0.9 in the dark (Stitt et
al., 1982), although this could differ in intact plants. Activity of tobacco Rca
has been shown to be inhibited by increasing ADP concentrations, whereas
Rca isoforms from Arabidopsis differ in their response (Carmo-Silva & Sal-
vucci, 2013). The longer o isoform from Arabidopsis exhibited ADP sensitiv-
ity, while the shorter 8 isoform was insensitive. By changing the composition
of Rca isoforms, plants can adapt to the prevailing light environment by
modulating Rubisco activation state (Zhang & Portis, 1999).

Wheat contains the Rcal and Rca2 genes, which encode the isoforms
RcalB and Rca2B and Rca2o (Carmo-Silva et al., 2015; Nagarajan & Gill,
2018). The isoforms encoded by Rca2 are the product of alternative splicing
between exon 5 and 6. A C-terminal lysine residue has been found to increase
ADP sensitivity in Rca (Hartl et al., 2017; Scafaro et al., 2019). The results
both suggest that the C-terminal extension is a mechanism of modulating
Rca activity in response to the redox status and ADP:ATP ratio in the leaf,
which is ultimately affected by the light environment.

The aim of the work described in this chapter was to characterise the
activities of wheat Rca isoforms in witro, to evaluate the enzyme-concentra-
tion dependence of Rca activity and to understand diversity in the regulation

of wheat Rca isoforms by ADP:ATP ratios.

2.2 Results

2.2.1 Rca ATPase and Rubisco activation activities

Rca isoforms from wheat B genome proteins were expressed in E. coli and
purified (Barta et al., 2011a). Recombinantly produced enzymes were assayed

for ATP hydrolysis, by measuring the release of inorganic phosphate (Chifflet
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et al., 1988) in the presence of 5 mM ATP at 25°C. Rcalf, the isoform pro-
duced from the Rcal gene showed ATPase activity of ca. 45 pmol ATP min
! pmol Rea! (Fig. 1A). Rca2p, the short isoform produced from the Rca2
gene had significantly higher ATPase activity at ca. 50 pmol ATP min™ pmol
Recal. Rca2a, the long isoform produced via alternative splicing from the
Rca2 gene, had significantly lower ATPase activity of ca. 25 pmol ATP min-
! pmol Real, compared to Realf and Rea2o.

In order to fully characterise the properties and catalytic capacity of
Rca, the rate of reactivation of pre-inhibited Rubisco was measured (Fig. 1B-
D) using the assay described in (Barta et al., 2011b). Rubisco activation is
calculated from the activity of three reaction types (Fig. 1B). In the “ECM”
assay, inhibited Rubisco (ER) is incubated with Rca2B in the absence of
RuBP in the first stage assay (Fig. 1B, C). Inhibited Rubisco (ER) was pro-
duced prior to the assay by incubating purified Rubisco with RuBP at 4°C
for 48 h. Rubisco activase removes inhibitory RuBP from the active site,
which allows for non-substrate CO2 and Mg?>" to bind to the active site
(termed carbamylation). After 1, 3 and 5 minutes, a fraction of the first stage
is then added to the second stage to assay Rubisco activity for 30 s and
determine the rate of CO» assimilation (Vi), expressed as pmol CO2 min™ mg-
! Rubisco.

In the second reaction type “Rca”, pre-inhibited Rubisco, Rca and
RuBP (which acts as an inhibitor here) are included in the first stage assay.
After 0.5, 1.5 and 3 min, an aliquot of the first stage assay is added to the
second stage in order to measure Rubisco activity and assess the increase in
Vi over time due to the removal of RuBP from uncarbamylated Rubisco
active sites (Ras.) by Reca (Fig. 1C). The first “ECM” assay is used to yield
the maximum Rubisco activity and is used to calculate the fraction of Rubisco
activated by Rca using Eq. 1 and expressed as pmol Ra s min™' pmol Real.

In the third reaction type “ER”, Rca is excluded in the first stage, and
pre-inhibited Rubisco is incubated with 6 mM RuBP. Aliquots are added
from the first stage to the second stage at the same times as for “Rca”. This

reaction allows for the measurement of spontaneous release of RuBP and
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consequent Rubisco activation and is calculated according to Eq. 2. Vi in-
creases slightly over time, due to spontaneous release of RuBP from Ras.
(Fig. 1C) and this is accounted for when calculating the rate of Rubisco ac-
tivation by Rca. Rubisco activation by Rca is corrected for spontaneous ac-
tivation by subtracting the activity calculated in Eq. 2 from Eq. 1 (Eq. 3,
Fig. 1D). It should be highlighted that spontaneous activation increases with
temperature because the active site becomes more mobile (Schrader et al.,
2006). Hence, it is important to measure the spontaneous reactivation of Ru-
bisco when assaying Rubisco activation activity of Rca at various tempera-
tures. Rca2 and Rca2a exhibited much greater capacity for Rubisco activa-

tion than Rcal(3, which had significantly lower activity (Fig. 1D).
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Fig. 1: Rubisco activase activities. A) ATP hydrolysis of the three wheat
isoforms at 25°C containing 5mM ATP in the assay buffer. B) Scheme of the
Rubisco activation assay. “ECM?” is incubated for 1, 3 and 5 min in the first
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stage, compared to “Rca” and “ER”, which are incubated for 0.5, 1.5 and 3
min (T1-3). 25 pL of the first stage is transferred to the second stage at the
indicated times to initiate Rubisco carboxylation activity. Reactions are
quenched after 30 s and incorporation of “C is measured by liquid scintilla-
tion counting. C) Rubisco activities at 30 °C in the second stage assays.
“ECM” assay contained Rca2( in the first stage buffer, “Rca” contained 6mM
RuBP and different Rca proteins (indicated by three different colours) and
ER contained 6mM RuBP in the first stage assay but no Rca. Rubisco activ-
ity was assayed for 30s after the three different assays had been incubated in
the first stage assay for 0.5 — 5 min at T1,2 & 3. Final Rubisco and Rca
concentrations of 0.5 mg mL™"' and 0.1 mg mL"' were used, respectively, re-
sulting in ca. 2 pM Rca monomer and ca. 6 pM Rubisco active sites in the
first stage assays. D) Rubisco activation activities of the three native wheat
isoforms expressed as pmol Ra s, min™! pmol Rea™!, calculated from C) accord-
ing to Eq. 1,2 and 3. Box lines represent the median, first and third quartiles,
whiskers show the range, n = 3-5 technical replicates. ANOVA showed sig-
nificant differences between Rca isoforms (P > 0.05) and different letters
indicate significance groups (Tukey’s honestly significant difference [HSD]
mean-separation test, P < 0.05).
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2.2.2 Concentration-dependence of wheat Rca isoforms

Rca is active as a hexamer and activity is therefore concentration-
dependent (Bhat et al., 2017a; Wang et al., 2018). Fig. 2 shows the effect of
increasing Rca concentrations on ATP hydrolysis and increasing Rca concen-
tration on Rubisco activation. All Rca isoforms showed highest ATPase ac-
tivity at 1-2 pM and activity declined at higher concentrations (Fig. 2A, B).
Rubisco activation expressed as pmol Rubisco active sites (Ra.s.) min! pmol
Rcal, termed Rca specific activity, showed that Rubisco activation by Rca
declined with increasing Rca concentration, suggesting an optimal Ru-
biscoa.s.:Rca ratio of 11:1 for Realf3, 9:1 for Rca2u and 6:1 for Rca2B (Fig.
2E). Overall, Rca2f and Rca2a had similar Rubisco activation activities and
exhibited a 2-fold higher activation capacity than RcalB3. In contrast to Rca
specific activity, Rubisco activation expressed as fraction of Rubisco activated
(FA min™) showed that activity increased with increasing Rca concentration

(Fig. 2F).
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Fig. 2: Concentration-dependence of wheat Rca isoforms activity. A) ATP
hydrolysis at various Rca concentrations. B) ATPase activity relative to the
maximum activity measured in (A). C) Rca specific activity. Rca concentra-
tion was calculated using the protein molecular weight of the Rca monomer
and ca. 6.4 pnM Rubisco active sites (A.S.). D) Rubisco activation relative to
the maximum activity measured in (C). E) Rca specific activity plotted
against Ras:Rca ratio. F) Fraction of Rubisco activated (FA) by Rca at
various Rubisco concentrations. The second x-axis scale for E shows the
Ras:Rca ratio. Symbols represent the average calculated from n = 3 tech-
nical replicates. Some Error bars represent the standard error and in some
cases are smaller than the symbol. ANOV A showed a significant effect of Rca
concentration on the rates (P < 0.05) and different letters indicate signifi-
cance groups (Tukey’s HSD test, P < 0.05.). * = all three isoforms have a
Tukey group “a”.
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2.2.3 ADP sensitivity of wheat Rca isoforms

Rca activity is modulated by the ADP/ATP ratio of the chloroplast,
and diversity in the regulatory properties of Rca has been reported for the
isoforms from Arabidopsis and tobacco (Zhang & Portis, 1999; Carmo-Silva
& Salvucci, 2013). The wheat Rcalf and Rca2B protein sequences were
aligned with the Arabidopsis sequence, which contains an isoform that is
insensitive to ADP inhibition and with tobacco Rca, which is sensitive (Fig.
3). This alignment was used to identify putative residues in wheat Rca that

could confer ADP sensitivity.

a/B subdomain
TaRcal MEAKK ¢ BDE CKOIN - DRWKGIA YD) | SDDOQDIN - GRGIVDSIEQAP /GG - Kills SYENAISOEIRKYD - DN | VDG | VITAPAEVDKISIVEL * KNENT
TaRca2) A/ENEDE RV - - DKWKGIA YD | SDDQQDINR GRGIVDSIFQAP | G GITH - AVIE S SYEYVSQGEKKYD - DN | MG F VAP AFNMDKIVVHIE S KNENT
Tobacco B:Q DMD? « KIQID < DRWKGH /D - SDDOQDINTR GKGMVDSIEQAR | G | GIH AV  SYEVVSOGIRQYN | DN« [1DG F VARAPAEMDKIVAHIITKNED
Arabidopsis B »M¥ EDKQIID -DRWRGEA YD | SDDQ@DINIR GRGMVDSVEQAR /G | GITH - AViI'S SYENVSQGERQYN | DN/ DG F VAAPAEMDKIEVVHI TKNEET

/B subdomain

159 161
(Walker A > ' [Walker B
TaRcal LPNIKVPLILGIWGGKGQGKSFQCELVFAI  KGKMCCLF INDLDAGAGRMGGTTQYTVNNQMV
TaRca2) LPNIKIPLILGIWGGKGQGKSFQCELVFAKMGINPIMMSAGELESGNAGEPAKL IRQRYREAADMIKKGKMCCLF INDLDAGAGRMGGTTQYTVNNQMV

Tobacco LPNIKVPLILGIWGGKGQGKSFQCELVF KMGINPIMMSAGELESGNAGEPAKL IRQRYREAAE I IRKG MCCLF INDLDAGAGRMGGTTQYTVNNQMV
Arabidopsis 3 LPNIKVPLILGIWGGKGQGKSFQCELV AKMGINP IMMSAGELESGNAGEPAKL IRQRYREAADL I KKGKMCCLF INDLDAGAGRMGGTTQYTVNNQMV

/B subdomain a-helical domain

TaRcal NATLMNTAD PTNVQLPGMYNKEEN RVPIIVTGNDFSTLYAPL IRDGRMEKFYWAPTREDRIGVCKGIFRTDNV DE VVRLVD FPGQSIDFFGALR
TaRca2) NATLMNTAD PTNVQLPGMYNKEEN RVPIVVTGNDFSTLYAPL IRDGRMEKFYWAPTRDDRIGVCKGIFQTDNV DE VVKIVD FPGQSIDFFGALR
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Arabidopsis f NIATRENINNNAD! | EARNNVOINPIGIVINKIENEN / RIRNN | K IGENEIREED) < Ml < DIEIO NV T VD EPGQSIIDEEGAIR

C-terminal extension

arhelical domain T
T ——— =
TaRcal ARVNDDEVRKWY - - | GVE N\l > K RIVNSR EGP P TEDQPKNVT | EKIEMEVGHWEY Q EQENVKRVOINAD - Vil S EAAIG ) AN DAN < TGAENMGK

TaRca2
Tobacco ARVAYDDEVRKWA - . | GINE| G D KINENS - DGPIP TEEQPKVT | EKINEENGNMEY Q EQENVKRVQIAD « Vil < EAANGDAN DA | GSEH " -
Arabidopsis B

Fig. 3: Alignment of mature Rca isoforms from wheat, tobacco and Arabidop-
sis. The residues that were the target of site-directed mutagenesis are high-
lighted with red arrows. Alignment was made with Geneious. Sequences from
(Carmo-Silva & Salvucci, 2013; Carmo-Silva et al., 2015).

Sequence alignment revealed four residues of interest (Fig. 3), which
were used to produce three mutants using site-directed mutagenesis. This
resulted in two double mutants Rca23-M159I/K16IN and Rca2B-
T358K/Q362T and one quadruple mutant which combined both double mu-
tants (Rca2B-M1591/K161N-T358K /Q362T).

In order to determine the effect of mutations on ADP sensitivity, ATP
hydrolysis and Rubisco activation were assayed at ADP:ATP ratios of 0.00,
0.11 and 0.33. ATPase activity and Rubisco activation activity of Rcalf3 and
Rca2a was sensitive to ADP inhibition, whereas Rubisco activation of Rca23
was insensitive (Fig. 4). ATP hydrolysis of Rca2@, however, was still inhibited
by ADP and Rca2a showed ADP sensitivity for both assays.
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ATPase activity of the double mutant Rca2p3-M1591/K161N was less
sensitive to ADP inhibition than Rca2@. Rubisco activation by this mutant
was also insensitive to ADP inhibition, showing a similar response to Rca2(.
Conversely, ATPase activity and Rubisco activation of Rca2B3-T358K/Q362T
were much more sensitive to increasing ADP:ATP ratios than Rca2f, sug-
gesting that these residues are involved in ADP sensitivity. The ATPase ac-
tivity of Rca23-M1591/K161N-T358K/Q362T exhibited ADP sensitivity sim-
ilar to Rca23-M1591/K161N, whereas Rubisco activation was insensitive to
ADP. ADP sensitivities of Rca isoforms from species and mutants discussed

in this chapter are summarised in Table 1.
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Fig. 4: ATPase activity and Rubisco activation in response to increasing
ADP:ATP ratios relative to 0.00 ADP:ATP control of native wheat isoforms
and three mutant proteins. ATPase assays contained 5 mM of ATP or 5 mM
of 0.11 or 0.33 ADP:ATP and reactions were initiated by adding Rca to a
final concentration of 2 pM. Rubisco activation was assayed by using final
concentrations of 2 ptM Rca and 6 pM of active sites of inhibited Rubisco
(ER) at the same ATP and ADP:ATP ratios. Bars represent the mean cal-
culated from n = 3-6 technical replicates, bars represent the standard error.
Two-way ANOVA showed significant effects of Rca isoform and ADP:ATP
ratio, and a significant interaction (P < 0.05). Different letters indicate sig-
nificance groups (Tukey’s HSD test, P < 0.05). This data was published in
Perdomo et al. (2019) as Figure 4.
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Table 1: ADP sensitivity of Rubisco activation by Rca in different species.

Species Rca isoform ADP sensitivity Reference
_Sil
Tobacco short sensitive (S(;EIL\IZE:;,SIQ‘(;? 38)5
Ara- short (B3) insensitive (Carmo-Silva &
bidopsis long () sensitive Salvucci, 2013)
. 28 sensitive (Scafaro et al.
R, )
1ee 20 sensitive 2019)
16 sensitive
28 insensitive
2{3-M1591/K161N insensitive
P .
Wheat | 28 -T358K,/Q362T sensitive ( erd;gf;)et al,
2@—M1591/K161N— . it
T358K /Q362T insensitive
20 sensitive

2.3 Discussion

Rubisco activase (Rca) plays a central role in the regulation of carbon assim-
ilation. Diversity in the properties of Rca isoforms is known to exist but has
received relatively little attention until recently (Carmo-Silva & Salvucci,
2013; Scafaro et al., 2016; Perdomo et al., 2019; Scafaro et al., 2019; Degen
et al., 2020). Wheat Rcalf and Rca2B had similar rates of ATP hydrolysis,
whereas Rca2a activity was much lower. It could be speculated that the C-
terminal extension of purified Rca2a was oxidised (Zhang et al., 2001; 2002),
which resulted in low ATPase activity. However, Rubisco activation of Rca23
and o showed similar activities (Fig. 1C), suggesting another mechanism that
reduced activity in the ATPase assay or that larger protein molecular weight
of Rca2a could influence the capacity for ATP hydrolysis. Compared to the
important crop rice (O. sativa), wheat Rca2o exhibited much higher activity
and rice Rca2a was found to have much lower activation activity than Rca23
(Scafaro et al., 2016). A glutamic acid residue is present in the rice Rca2a C-
terminal extension (Degen et al., 2020), which has been found to lower
ATPase activity (Portis et al., 2008) and likely also affects Rubisco activation
activity. However, comparisons with data from other publications is compli-
cated by the fact that other enzyme assays exist, which use different units

1

such as ECM produced min™, and no consensus exists to report Rca and
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Rubisco concentrations in uM or mg mL!. Using pM would control for dif-
ferences in protein molecular weight and make activities of the shorter 3 and
longer o isoforms more comparable. In addition, temperature responses of Rca
isoform from different species would be comparable between studies.

Rca activity of multiple species has been found to be concentration-
dependent (Keown et al., 2013; Scales et al., 2014; Wang et al., 2018) and
activity of wheat isoforms studied here peaked at around 2 pM Rca and
declined with increasing Rca concentration. The decline in ATPase activity
at high Rca concentration could be a result of increasing ADP levels as a
result of ATP hydrolysis. Accumulating ADP could therefore inhibit ATPase
activity and relative values show that the ADP-sensitive isoforms Rca2a and
RcalP have lower activities at 4 pM Rca, compared to the ADP- insensitive
Rca2B (Perdomo et al., 2019). Rubisco activation, expressed as fraction of
Rubisco activated min!, increased above 2 nM of Rca, however, Rca specific
activity declined with increasing concentration. This finding confirms data
shown for tobacco Rubisco and Rca (Scales et al., 2014). It could be that
with increasing Rca concentration, Rubisco becomes limiting and Rca is not
saturated. This was highlighted in Scales et al. (2014), where increasing Ru-
bisco concentration at a constant Rca concentration resulted in increased Rca
specific activity. Previous results show that at 1-2 pM Rca forms hexamers
(Keown et al., 2013; Wang et al., 2018), which is the optimal subunit ar-
rangement for ATP hydrolysis and Rubisco activation (Bhat et al., 2017a).
Interestingly, wheat Rca isoforms exhibited different activities at the same
Ras:Rca ratios. Rca2P3 and a had much higher activities at a 4:1 ratio com-
pared to Rcal(3, highlighting the inefficiency of the latter isoform isoform.
Overall, this data suggests that ratios above 6:1-11:1 result in highest Rca
specific activity. This should be considered when altering Rca expression in
plantae in order to optimise Rubisco activation.

Rca activity is sensitive to ADP:ATP ratios, which can vary in the
leaf as a result of the light environment. The sensitivity to ADP has been
described previously for tobacco (sensitive) and Arabidopsis (8 isoform is in-
sensitive, o isoform is sensitive, summarised in Table 1) (Carmo-Silva & Sal-

vucci, 2013). Wheat RcalB and Rca2a showed ADP sensitivity in their
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ATPase and Rubisco activation activities, whereas Rubisco activation by
Rca2B was insensitive to 0.33 ADP:ATP. This suggests that the C-terminal
extension in 2a and amino acid differences between 18 and 23 confer sensitiv-
ity. The C-terminal lysine residue of Rcal(3, which is also present in Rca2a,
confers ADP sensitivity (Scafaro et al., 2019). While Rca23-M1591/K161N
failed to show increased sensitivity to ADP, Rubisco activation by Rca2(-
T358K/Q362E was inhibited by increasing ADP in the assay, which con-
trasted with the lack of sensitivity in Rca2f}, suggesting that these residues
also confer ADP sensitivity to Rcalf. It could be speculated that additional
residues in Rcalf interact with the residues described and explain the differ-
ence in regulatory properties between the wheat Rca isoforms.

The results in this chapter show that Rca isoforms from wheat differ
in their capacity to activate Rubisco and vary in their concentration-depend-
ent activity. Furthermore, native wheat isoforms also differ in their ADP
sensitivity and two amino acid residues were shown to influence enzyme ac-
tivity in response to increasing ADP concentrations. These findings contrib-
ute to the understanding of the Rubisco activation mechanism of wheat and
may inform future efforts to improve wheat productivity under variable light

conditions.
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2.4 Material and Methods

Purification of enzymes. Rubisco activase (Rca) enzymes were expressed in
E. coli and purified as described by Barta et al. (Barta et al., 2011a), with
the following modifications. The frozen cell pellets were lysed and thawed by
suspending the pellet in 130 mL of cell extraction buffer (50 mM HEPES-
KOH pH 7.0, 5 mM MgCl, 1 mM EDTA, 0.1% (w/v) Triton X-100, 2 mM
ATP, 5 mM DTT, 20 mM ascorbate, 1 mM PMSF, and 10 pM leupeptin)
for 30 min on ice, and the protocol was followed hereafter. After adding am-
monium sulphate to 37.5% (w/v), collecting the precipitated material and
suspending in 10 mL of cell extraction buffer, the solution was centrifuged at
200,000 x g for 30 min in a Beckman centrifuge (Beckman Coulter) using a
swinging bucket ultracentrifuge rotor SW 31 Ti. Rubisco was purified from
wheat leaves according to Orr & Carmo-Silva (Orr & Carmo-Silva, 2018).
Wheat (Triticum aestivum cultivar Cadenza) was grown in a glasshouse at
ca. 22 °C and a light level of ca. 500 pmol m? s! (16h day, 8h night) for two
weeks. Supplementary lighting was turned on once light inside the greenhouse
fell below 200 pmol m™2 s!. Leaf material was flash frozen in liquid nitrogen
and stored at -80 °C until purification. Protein concentration was determined
by the Bradford method (Bradford, 1976). Molecular weight of proteins was

calculated from the respective amino acid sequence using The Sequence Ma-

nipulation  Suite  (Stothard, 2000) at  https://www.bioinformat-

ics.org/sms/prot _mw.html.

Site-directed mutagenesis Site-directed mutagenesis (SDM) was performed
using the QuickChange Lightning Multi Site-Directed Mutagenesis Kit (Ag-
ilent Technologies) according to the manual (https://www.agilent.com/cs/li-
brary/usermanuals/public/210513.pdf). Primers were designed based on the
coding sequence of Rca 20 from the B genome of wheat using the Quick-
Change Primer Design website (https://www.agilent.com/store /pri-

merDesignProgram.jsp). The Rca 20 coding sequence was ligated into the
pET-23(+) vector and used as a template to create the mutants described by

(Perdomo et al., 2019). After validation by sequencing of the Rca coding
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region the plasmid was cloned into BL21(DE3)pLysS cells for expression and

purification of the proteins.

Rubisco activase activity: ATP hydrolysis The rate of ATP hydrolysis by
Rca isoforms was assayed using the method of (Chifflet et al., 1988) with the
following modifications. ATP hydrolysis was measured at a 25°C for 5 min in
an assay mix (50 pL) containing 100 mM Tricine-NaOH pH 8.0, 10 mM
MgClz, 10 mM NaHCOs, and 5 mM ATP or 5 mM of 0.11 and 0.33
ADP/ATP. The reaction was initiated by adding Rca at a final concentration
of ca. 2 pM and quenched after 5 min by adding 12% sodium dodecyl sulfate
(SDS). Blanks were prepared by adding SDS to the reaction tube before add-
ing the enzyme. Phosphate standards for a calibration curve were prepared
by adding 0, 2.5, 5, 10, 15, 20, 32.5 and 50 mM KPi (final concentrations) to
the reaction mixture described above (in the absence of Rca). Tubes contain-
ing the assay mix were incubated in a temperature block (Torrey Pines Sci-
entific, Echotherm) until the desired temperature was reached before initiat-
ing the assay (typically 3 min). The temperature of 50 pl. H>O incubated
alongside the reaction tubes was monitored using a thermocouple (Omega
Thermometer RDXL4SD, Omega Engineering). After the addition of SDS,
all reactions and standards were kept in the fridge until Pi determination in
a spectrophotometer (BMG Labtech) as detailed in (Perdomo et al., 2019).
For the three native wheat isoforms and the double mutant, enzymes from
two independent purifications were used. For each ADP/ATP ratio, 3-6 tech-

nical replicates were used.

Rubisco activase activity: Rubisco reactivation. The rate of Rubisco reacti-
vation by Rca was measured as described by Barta et al. (2011a) and Per-
domo et al. (2019). To prepare inhibited Rubisco complexes (ER), purified
Rubisco was first incubated in activation mix (500 mM Bicine-NaOH pH 8.0,
300 mM MgCly*6H20, 100 mM NaHcO3) for 1h at 4 °C, followed by desalting
in a spin column, protein concentration determination, and incubation of un-
carbamylated enzyme with 0.5 mM RuBP at 4 °C overnight. The assay for
Rubisco activation consisted of two stages (Barta et al., 2011b) in the first

stage, Rubisco (ER) was reactivated by Rca at 25°C and, in the second stage,
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aliquots were taken from the first stage assay to measure Rubisco activity at
30°C. Temperature of Rubisco activation was controlled as described above
for the ATP hydrolysis assay. Assays (90 uL final volume) contained 0.5 mg
mL! Rubisco (ER), 0.1 mg mL" Rca, 5 mM ATP plus an ATP regenerating
system, and 5 mM RuBP. Three variants of assays were performed for fully
activated Rubisco (ECM, this contained no RuBP in the first stage assay),
Rca (contained all components) and ER (contained no Rca, negative control).
Rubisco activity (Vi) was calculated from the blank-corrected disintegrations
per minute (DPM), adjusted for Rubisco concentration in the assay and ex-
pressed as pmol min! mg!. The rate of Rubisco activation (fraction of Ru-

bisco sites activated per minute) in the Rca reaction was calculated as:

(VRubisco+Rca 1.5 — VRubisco+Rca 0.5)/t

Eq.1:

VRubisco ECM

, where VRubisco+Rea 0.5 and 1.5 are Rubisco activities of the Rca assays after
having incubated 0.5 and 1.5 min in the first stage reaction and VRubiscorCM
is the activity of fully activated Rubisco and t the difference in incubation
time in the first stage assay (Carmo-Silva & Salvucci, 2011). Spontaneous

activation of Rubisco was calculated as:

(VRubisco ER 1.5 — VRubisco ER 0.5)/t

Eq.2:

VRubisco ECM

, where Vruniscorr 0.5 and 1.5 are the activities of Rubisco in the ER assays
after having incubated 0.5 and 1.5 min in the first stage reaction. The rate
of Rubisco activation by Rca was calculated as:

Eq.3: Eq.1 - Eq.2

The Rubisco activation activity was corrected for protein concentration in
the assay, which takes into account the different protein molecular weights
of each isoform and expressed as mol Rubisco active sites (Ras.) activated
min ! mol Real.

For the three native wheat isoforms, the double and single mutant enzymes
and Rubisco, one purification was used and for all assays, 3-4 technical repe-

titions were used.

Statistical analysis One-way ANOVA was used to test statistical significance
of differences between means. This was followed by a Tukey’s honestly sig-

nificant difference [HSD] mean-separation test, where alpha level was set to
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0.05 and letters were assigned to indicate significant differences. Statistical
analysis was performed with R (version 3.6.0) and RStudio (version 1.2.5001).

Box and whiskers plots were prepared using ggplot2 (Wickham, 2017).
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3. Chapter 3: An isoleucine residue acts as a thermal and
regulatory switch in wheat Rubisco activase

Summary

Regulation of Rubisco, the gatekeeper of carbon fixation into the biosphere,
by its molecular chaperone Rubisco activase (Rca) is essential for photosyn-
thesis and plant growth. Using energy from ATP hydrolysis, Rca promotes
the release of inhibitors and restores catalytic competence to Rubisco active
sites. However, Rca is sensitive to moderate heat stress and becomes progres-
sively inhibited as the temperature increases above the optimum for photo-
synthesis. Here, we identify a single amino acid substitution (M1591) that
fundamentally alters the thermal and regulatory properties of Rca in bread
wheat (Triticum aestivum L.). Using site-directed mutagenesis, we demon-
strate that the M1591 substitution extends the temperature optimum of the
most abundant Rca isoform by 5°C in wvitro, while maintaining the efficiency
of Rubisco activation by Rca. The results suggest that this single amino acid
substitution acts as a thermal and regulatory switch in wheat Rca that can
be exploited to improve the climate resilience and efficiency of carbon assim-

ilation of this cereal crop as temperatures become warmer and more volatile.
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3.1 Introduction

Photosynthesis is the entry point of carbon into the biosphere. However, sev-
eral processes of carbon fixation have been identified to operate below their
theoretical maximum, limiting the efficiency of photosynthesis (Ort et al.,
2015). Therefore, strategies to optimise or redesign photosynthesis represent
a promising opportunity to increase crop yields sustainably. Enhancing the
efficiency of photosynthesis would lead to increased biomass production with
equal or lower resource inputs, thereby helping to meet rising food demands
from a growing world population and the shift to higher calorific diets (As-
seng et al., 2015), while minimising the negative impact of agriculture on the
environment.

Wheat is one of the world’s most important crops, providing over 20%
of humanity’s calories (Ray et al., 2013) and in 2017 accounted for 15% of
the global harvested agricultural area (FAOSTAT, 2019). Modern domesti-
cated wheat is a temperate hexaploid cereal crop that emerged as a result of
natural hybridization of three grasses (Mayer et al., 2014). It grows optimally
at 22°C and temperatures exceeding 25°C have been found to negatively im-
pact wheat growth and productivity (Porter & Gawith, 1999). Decreased
carbon assimilation has also been reported in wheat above this thermal
threshold (Silva-Pérez et al., 2017). Worryingly, climate resilience in Euro-
pean wheat has declined in recent years (Kahiluoto et al., 2019) and climate
change has already affected global wheat yields negatively (Asseng et al.,
2013; Ray et al., 2019). Thus, efforts to increase wheat crop yields must be
accompanied by improvements in yield stability during environmental oscil-
lations (Pennacchi et al., 2018).

Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) plays a
central role in carbon assimilation. Prior to the binding of ribulose-1,5-
bisphosphate (RuBP) and subsequent reaction with the gaseous substrate,
CO2 or Oz, Rubisco catalytic sites must be carbamylated, via binding of non-
substrate CO2 and Mg?* to form a stable carbamate (Lorimer and Miziorko,
1980). In addition, Rubisco activity in vivo is constrained by naturally occur-

ring inhibitory phosphorylated compounds, including the substrate RuBP
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when it binds to uncarbamylated active sites. A number of other sugar-phos-
phate derivatives have been described to inhibit Rubisco, including D-xylu-
lose-1,5-bisphosphate (XuBP), a product of RuBP misprotonation that accu-
mulates at elevated temperatures (Zhu & Jensen, 1991; Schrader et al., 2006).
To restore catalytic competence to Rubisco, inhibitory compounds must be
removed from active sites by Rubisco activase (Rca). Rca is a member of the
AAA-+ protein family and uses energy from ATP hydrolysis to promote the
release of such inhibitors (Salvucci et al., 1985; Salvucci & Ogren, 1996). The
activity of Rca is regulated by the redox status, the ADP:ATP ratio, and the
Mg?* concentration in the chloroplast (Robinson & Portis, 1989; Hazra et al.,
2015), thereby adjusting Rubisco activity to the prevailing irradiance level,
e.g. during photosynthetic induction when leaves transition from low to high
light (Taylor & Long, 2017). Post-translational modifications have also been
shown to influence Rca activity and are likely to contribute to the regulation
of carbon assimilation in vivo (Hartl et al., 2017; Kim et al., 2019).

The activity of Rubisco in planta declines as temperatures exceed the
species-specific optimum temperature for plant growth (Carmo-Silva & Sal-
vucci, 2012). For example, in the warm-adapted crop cotton, the activation
state of Rubisco remains stable up to 35°C, while in the temperate crop
wheat, Rubisco activation state decreases at temperatures above 30°C (Eck-
ardt & Portis, 1997; Crafts-Brandner & Salvucci, 2000). In vitro experiments
have shown that Rubisco itself is stable and remains active at temperatures
up to 50°C (Crafts-Brandner & Salvucci, 2000). Conversely, Rca has been
shown to be sensitive to elevated temperatures (Eckardt & Portis, 1997; Sal-
vucci & Crafts-Brandner, 2004). In the warm-adapted species tobacco, Rca
can hydrolyse ATP at temperatures up to 40°C, which is 20°C below Ru-
bisco’s denaturing temperature (Salvucci et al., 2001). Hence, photosynthesis
at high temperatures is not constrained by Rubisco itself, but by the inability
of Rca to remove inhibitors and maintain Rubisco activity in wvivo. It has
been postulated that this thermolabile nature of Rca might act as a thermal
fuse to limit carbon assimilation, and that tight-binding inhibitors might pro-
tect Rubisco from proteolysis during short periods at supra-optimal temper-

atures (Sage et al., 2008), although this hypothesis remains to be tested.
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Species from contrasting thermal environments have Rca isoforms
with different thermal optima; i.e. Rca activated Rubisco best at 20°C in
Antarctic hairgrass and 30°C in the desert dwelling creosote bush (Salvucci
& Crafts-Brandner, 2004). In warm-adapted wild rice (Oryza australiensis),
Rca has low catalytic activity but can promote Rubisco activation at warm
temperatures when cultivated rice (Oryza sativa) Rea is largely inactive (Sca-
faro et al., 2016). Importantly, maximum rates of ATP hydrolysis by the Rca
isoforms present in these species were observed at temperatures 5-7°C higher
than maximum rates of Rubisco activation by the same Rca isoforms (Sal-
vucci & Crafts-Brandner, 2004; Scafaro et al., 2016). This indicates that the
two reactions catalysed by Rca, ATP hydrolysis and Rubisco activation, have
different temperature profiles and both reactions must be taken into account
to describe the temperature response of Rca activity.

Most plant species have two Rca isoforms, a shorter B isoform (742
kDa) and a longer o isoform (746 kDa), that are produced via alternative
splicing of a single gene, while other species only have the short isoform or
encode the long and short isoforms on separate genes (Nagarajan & Gill,
2018). In wheat, two genes encode three Rca isoforms: Rcalf, Rca2f and
Rca2a (Carmo-Silva et al., 2015). Recently, Scafaro et al. (Scafaro et al.,
2019a) showed that RcalP was more thermostable by using differential scan-
ning fluorimetry. In the same study, 11 amino acid residues that are present
in Rca isoforms from warm-adapted species increased Rca thermostability by
7°C. However, the effect of the 11 amino acid residues on the temperature
response of Rubisco activation by Rca was not tested and it remained unclear
if all 11 residues were required for improved thermostability. In Arabidopsis,
expression of thermostable Rca isoforms resulted in faster photosynthetic
rates as well as increased plant biomass and seed yield during moderate heat
stress (Kurek et al., 2007; Kumar et al., 2009), highlighting the importance
and scope of increasing the temperature optimum of Rubisco activation by
Rca to enhance plant resilience to global warming.

Wheat Rca isoforms have also been shown to differ in their response
to increasing ADP:ATP ratios (Perdomo et al., 2019; Scafaro et al., 2019b),

which are likely to change in wheat at high temperatures due to reduced
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photosystem II efficiency and increased cyclic electron flow (Sharkey, 2005;
Haque et al., 2014). Combined, these observations suggest that Rca thermo-
tolerance and ADP sensitivity might be co-regulated. Here, we identify a
single isoleucine residue in the a/B-subdomain of Rca that increases the ther-
mostability of Rubisco activation in wheat. Characterisation of the tempera-
ture response of both ATP hydrolysis and Rubisco activation for the three
wheat Rca isoforms showed that Rcal3 was the most thermostable but was
less efficient at activating Rubisco. Substitution of a methionine residue by
an isoleucine in the wheat Rca2f isoform (Rca2B3-M159I) improved the ther-

mal optimum without affecting the efficiency of Rubisco activation.
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3.2 Results

Identification of a residue putatively associated with the temperature

optimum of Rca

The wheat Rca residue 159 (numbering of wheat Rca2f lacking the chloro-
plast transit peptide) was identified as putatively associated with the tem-
perature optimum of Rca (Figure 1). The Rca sequences from two warm-
adapted rice species and the wheat Rcalf isoform, which was recently shown
to be more thermostable than the Rca2p isoform (Scafaro et al., 2019a), have
an isoleucine at position 159, while the wheat Rca2( contains a methionine
at position 159 (Figure 1). This residue is located in the a/f subdomain of
the Rca AAA+ module, between the Walker A and Walker B nucleotide
binding motifs (Stotz et al., 2011; Miller & Enemark, 2016).

To test the hypothesis that replacing the wheat Rca2$3 methionine at
position 159 by an isoleucine increases the temperature optimum of Rca ac-
tivity, the single mutant Rca2B3-M1591 was generated by site-directed muta-
genesis. A double mutant of wheat Rca2B with two residues changed to the
corresponding amino acids in Rcalf, including the residue change at position
159, was recently described (Rca23-M159I/K161N; (Perdomo et al., 2019)).
The mutation M1591 was also present, while K161N was absent, in two re-
cently characterized mutant proteins of wheat Rca containing 8- and 11-res-
idue residue changes and characterized by enhanced thermal stability (Sca-
faro et al., 2019a). These results suggest that the residue change M1591, ra-

ther than K161N, might be associated with the temperature optimum of Rca.
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Triticum aestivum Rca1 3 B IRINGGREENAAID! | BN \ KNG A 100% similar
Triticum aestivum Rca2 3 B IRINGGREENAAID /Ml K KEGIKIM  [A] 80 to 100% similar
Oryza sativa Rca2 B RIVIRIEVAVAID | MNK KIGIKIVI|  [A]60 to 80% similar
Oryza australiensis Rca2 ¢ |IRINGGRIEIAAID | M K KNG Less than 60% similar

Figure 1. Selection of residues putatively involved in the temperature re-
sponse of Rca. (Above) Amino acid sequence alignment of the a/3-subdomain
of wheat RcalP and Rca2p from the B genome (numbering according to wheat
Rca2p lacking the chloroplast transit peptide). The Walker A and Walker B
motifs and two residues (159 and 161) differing between the two sequences
are identified. (Below) Amino acid alignment of a short sequence within the
o/B-subdomain of the two Rca isoforms from wheat and the Rca isoforms

from two rice species that are adapted to warmer temperatures.

Wheat Rca2B-M1591 exhibits higher temperature optima of ATP hy-
drolysis and Rubisco activation

In order to verify that the residue change M1591 is associated with the tem-
perature optimum of Rca, the temperature response of ATP hydrolysis and
Rubisco activation were determined for the Rca23-M1591 single mutant and
compared to the native wheat Rca isoforms and the double mutant Rca2(3-
M1591/K161N (Figure 2). ATP hydrolysis peaked at lower temperatures for
Rca2p, intermediate for Rca2B-M159I and Rca23-M1591/K161N, and higher
temperatures for Rcal( (Figure 2A), consistent with higher thermal stability
of Realf (Scafaro et al., 2019a). Rca2a hydrolysed ATP at slower rates (Fig-

ure S1A) but showed a similar temperature response profile to that of Rca2p
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at 20-40°C (Figure S1B). Maximum ATPase activity was highest for Rcalp,
Rca2B3-M1591I had a maximum rate of ATP hydrolysis comparable to Rca2f,
and Rca23-M159I/K161N was intermediate to Rca2@ and Rcalf3 (Table 1).
The temperature at which Rca23-M1591 and Rca23-M159I/K161N reached
maximum rates of ATP hydrolysis (Tmax) was ca. 3°C higher than Rca2(, but
not as high as RcalP (Table 1).

The temperature optimum of ATPase activity of Rca23-M1591 shifted
towards higher temperatures compared to Rca2$3, with the mutant showing
lower rates at temperatures up to 35°C and higher rates at 35-45°C (Figure
2A, Table S2). Shifts in temperature optimum are best visualised by consid-
ering the activity of each protein relative to the maximum activity (Figure
2B). Relative ATPase activities were not significantly different between
Rca2B-M1591 and Rca2B-M159I/K161N at temperatures between 20 and
37.5°C, however above 40°C Rca2B3-M159I presented significantly higher rel-
ative ATPase activity compared to Rca23-M159I/K161N (Figure 2B, Table
S2). M1591 also presented a shift towards a higher temperature optimum
range (Topt) and a higher temperature at which 50% of the maximum ATPase
activity of remains (Tos5) compared to Rca23-M1591/K161N (Table 1).

The rate of Rubisco activation by Rca23-M1591 was intermediate to
the slower Rcalf and the faster Rca2B at 20-25°C (Figure 2C, Table S3). The
native wheat isoforms Rca23 and Rca2a activated Rubisco at comparable
rates across the temperature range of 20-45°C (Figure S1C, Table S3), show-
ing a similar temperature response profile (Figure S1D). The ER complex,
consisting of uncarbamylated Rubisco bound to RuBP, is very stable at 20-
25°C and remains inactive throughout the assay; however, as temperatures
increase, RuBP spontaneously releases from Rubisco catalytic sites (Figure
S2). The rate of Rca-dependent Rubisco reactivation was determined by the
difference between the rates of Rubisco reactivation in presence and absence
of Rca measured in parallel at each temperature (Figure S2A; Carmo-Silva
and Salvucci, 2011) to account for the increase in spontaneous release of in-
hibitors from Rubisco active sites at high temperatures (Schrader et al.,

2006). At 42.5-45°C, the rate of spontaneous Rubisco activation in assays
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without Rca is significant and wheat Rca isoforms become unable to reacti-
vate Rubisco, resulting in very low or even negative rates of Rubisco activa-
tion by Rca (Figure 2 and Figure S1).

Importantly, the temperature response of Rubisco activation by both
Rca23-M1591 and Rca2B-M1591/K161N was characterised by a broader peak
compared to the temperature response of Rca2(, which peaked at 25.2°C
(Figure 2D). The Topt of Rubisco activation by Rca23-M1591 and Rca2B-
M159I/K161N extended ~5°C above Rca28 and ~5°C below Rcalf (Table 1).
The maximum rates of Rubisco activation by Rca23-M1591 and Rca2(-
M159I/K161N were intermediate to the lower rates measured for Rcalf3 and
the higher rates measured for Rca2f3 and Rca2a, and occurred at a tempera-
ture comparable to Rca2B (Table 1). However, at 35°C Rca2B-M159I had
significantly higher relative Rubisco activation activity compared to Rca2(

(Figure 2D, Table S3), with a consequent increase in To5 (Table 1).
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by Reca. (A4, C) Rates of ATP hydrolysis and Rubisco activation by wheat

73



Rcalf (dark blue), Rca2B (orange) and the mutant proteins Rca2B3-M1591
(light blue) and Rca2B-M1591/K161N (green). Assays were performed at the
indicated temperatures using 2 uM Rca monomer and 5 mM ATP. Activation
of pre-inhibited Rubisco used 6 uM Rubisco active sites (Ras.) in the ER
form (1:3 Rca:Ras.). Values are means + standard error (n = 5-19 technical
replicates in A and n = 3-15 technical replicates in C). Lines represent the
best-fit for each enzyme (AIC, Table S1) and coloured areas denote the 95%
confidence interval for each fit.(B, D) ATP hydrolysis and Rubisco activation

relative to estimated maximum activities (Table 1).

Table 1. Temperature optimum of Rca activity. Maximum rate of ATP hy-
drolysis and Rubisco activation and corresponding temperature (Tmax), opti-
mum temperature range (Topt, above 70% activity) and temperature above
the optimum at which 50% of the maximum activity remains (Tos) as esti-
mated from the best-fit models applied to describe the temperature response

of each Rca protein (Table S1).

Maximum ATPase ac-

ity Tpe (C) T (0) T3 (C)
Rca - ° ° °
(mol ATP min™ mol rmax opt 05
Rea™)
lﬁ 73.4 + 4.2 38.9 £ 0.0 25-42.5 44.3 + 0.2
28 61.6 = 4.2 31.6 £ 0.0 20-35 37.8 £ 0.3
200 33.0 £ 4.7 30.8 £ 0.0 20-35 38.6 £ 0.6
2B-M1591 55.5 + 4.6 35.0 £ 0.0 25-40 41.0 £ 0.4
2ﬁ—1\11591/K161N 68.4 £+ 3.9 35.3 £ 0.0 20-37.5 39.5 £ 0.1
Maximum Rubisco
R activation rate T (C) T. (C) T, (C)
ca o
(mol Ras. min"' mol max opt 05
Rea™)
18 0.47 4+ 0.09 29.7 + 0.3 25-35 38.6 £ 1.0
28 0.96 £+ 0.13 25.2 £ 0.0 20-30 35.6 £ 0.9
20 0.90 £+ 0.25 26.0 £ 0.1 20-30 373+ 18
2B-M1591 0.60 &= 0.08 25.4 + 2.2 20-35 37.9 £ 0.9
2ﬁ—1\ﬂ591/K161N 0.80 £+ 0.18 25.0 £ 1.2 20-35 39.2 £ 1.8
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M1591 alters the regulatory properties of Rca

In addition to the increased temperature optimum of ATP hydrolysis and the
broader temperature optimum of Rubisco activation, the residue substitution
M1591 also caused changes in the relative rates of Rca activity. To test the
hypothesis that M1591 might affect the regulation as well as the thermotol-
erance of Rca, the rates of ATP hydrolysis and Rubisco activation by Rca2p-
M1591 were determined at 25°C in presence of increasing ratios of ADP:ATP.
Rubisco activation by Rca23 was previously shown to be insensitive to inhi-
bition by ADP, in contrast to Rcal which shows inhibition of both ATP
hydrolysis and Rubisco activation as the ADP:ATP ratio increases(Perdomo
et al., 2019). Rubisco activation by Rca23-M1591 was inhibited to a greater
extent than ATP hydrolysis in presence of increasing ADP:ATP ratios (Table
2), indicating that this amino acid substitution causes Rubisco activation by
Rca to become more thermotolerant, but also more sensitive to inhibition by
ADP.

The efficiency of Rubisco activation by Rca was estimated as the
quantity of Rubisco active sites activated per quantity of ATP consumed, i.e.
the rate of Rubisco activation divided by the rate of ATP hydrolysis for each
enzyme at each temperature and nucleotide treatment. Rcalf3 was the least
efficient, especially as temperatures increased above 30°C (Figure 3A) and in
presence of ADP (Figure 3B). Rca28-M1591 and Rca2B3-M159I/K161N
showed comparable efficiency to Rca2( at 20-35°C (Figure 3A). The apparent
increase in Rca efficiency at 40°C for Rca2B and Rca23-M159I/K161N re-
sulted from a more marked decrease in ATP hydrolysis than Rubisco activa-
tion activity at this temperature (Figure 2). The efficiency of Rca2( also
increased in presence of ADP (Figure 3B) due to the inhibition of ATP hy-
drolysis with no effect on Rubisco activation (Perdomo et al., 2019). Rca2(-
M1591 and Rca2B-M1591/K161N maintained efficiency independent of ADP
presence, because both ATP hydrolysis and Rubisco activation activities were
inhibited (Rca2B-M159I, Table 2) or very little affected (Rca2pB-
M159I/K161N; (Perdomo et al., 2019)) as ADP:ATP ratios increased. The

response of Rca23-M159I to ADP contrasts with that observed for Rca23 and
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shows that the single mutation significantly affects both the regulatory prop-

erties and the temperature optimum of Rubisco activation by Rca.
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Table 2. ADP sensitivity of Rca23-M1591. The rate of ATP hydrolysis and
Rubisco activation by Rca was measured at 25°C with 2 uM Rca monomer
and (for Rubisco activation) 6 uM Rubisco active sites (Ras.) (i.e., 1:3
Rca:Ras.). Adenine nucleotide concentration was maintained at 5mM. The
0.00 ADP:ATP control (ve, 5 mM ATP and 0 ADP:ATP) contained ATP
regeneration system, but this was absent in assays with 0.11 or 0.33
ADP:ATP (vi). Values are means + standard error (n = 3 technical repli-
cates) of rates normalised to the 0.00 ADP:ATP control. Different letters

denote significant differences (Tukey HSD, P < 0.05).

ATP hydrol- Rubisco activa-

ADP:ATP ysis tion
(vi/ve) (vi/ve)
1. + 0.
0.00 a 00 0.007 1.00 4+ 0.010 a
. + 0.02
0.11 283 0.029 0.62 & 0.048 b
71 £+ 0.01
0.33 S 7 0.019 0.53 & 0.004 b
Aol . B) .
- O 2B -
£ 25 A 2B-M159) £ 251
E V- 2B-MIS9UKI6IN| B |4 ¢
@ 207 s . v % 20
e |V v e |° e A
g 15 e B sy v
H £
S 10 L. Lo S 0] ...
g @t @ ... o. & A . g R T ®
E ] e v E 5
& e &
0 ®:-o 0
20 25 30 35 40 45 00 01 0.2 03
Temperature (°C) ADP:ATP

Figure 3. The efficiency of Rubisco activation by Rca. The efficiency of Ru-
bisco activation by wheat Rcal(3 (dark blue), Rca23 (orange) and the mutant
proteins Rca2B-M1591 (light blue) and Rca2B3-M159I/K161N (green). Rca ef-
ficiency was estimated by dividing the rate of Rubisco activation by the rate
of ATP hydrolysis for each Rca isoform at each temperature (A; data from
Figure 2) and ADP:ATP ratio (B; data for M159I from Table 2, for other

Rca isoforms see (Perdomo et al., 2019)).
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3.3 Discussion

A single amino acid residue substitution in the wheat Rca2( isoform (M159I)
extended the temperature optimum while maintaining the efficiency of Ru-
bisco activation by Rca. A previous study (Kurek et al., 2007) showed an
increase in the rate of ATP hydrolysis by Arabidopsis Rca at elevated tem-
perature in a mutant protein with one single residue substitution. However,
to the best of our knowledge, this is the first report of a specific amino acid
residue in Rca that increases the thermostability of Rubisco activation spe-
cifically. Importantly, this residue substitution also altered the regulatory
properties of Rca while resulting in a more efficient activation of Rubisco
compared to the naturally occurring thermostable wheat Rcalf3.

Of the three native wheat isoforms, Rcalf3 activated Rubisco at slower
rates but exhibited high ATPase and Rubisco activation activities at higher
temperatures compared to Rca2P3 and Rca2a. These results confirm and ex-
pand a recent observation that Rcal3 is more thermostable, obtained by in-
cubating Rca at high temperatures and measuring at 25°C, and by inferring
thermal midpoints from differential scanning fluorimetry (Scafaro et al.,
2019a). The higher temperature optimum of ATPase activity compared to
Rubisco activation activity observed for all isoforms (Figure 2) suggests that
the Rca-Rubisco interaction itself is sensitive to temperature and demon-
strates that both Rca activities must be considered when assessing thermo-
stability.

Wheat Rcalf3 and the Rca isoforms in cultivated rice and in a wild
rice species adapted to warm environments for which Rca has been charac-
terised as thermotolerant contain an isoleucine residue at position 159, while
a methionine is present in wheat Rca2p (Figure 1). The two Rca genes in
monocots are organised in tandem and are likely a result of a gene duplication
(Nagarajan & Gill, 2018). Unlike wheat and other monocots, the Rcal gene
in rice is not functional due to multiple deletions (Nagarajan & Gill, 2018),
and only the products of Rca2 expression are present. The presence of an

isoleucine at position 159 in rice Rca2 (Scafaro et al., 2016), may reflect an
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adaptation to warm environments. A switch from methionine to isoleucine
would occur when the third base in the methionine-coding ATG codon mu-
tates to any of A, C or T, suggesting that this residue switch could occur
relatively frequently. Thus, it could be speculated that the ancestral Rca of
monocots contained a methionine residue at this position, since the reverse
switch would be far less likely.

Two mutant wheat Rca2( proteins containing 8 and 11 residues sub-
stitutions to amino acids found in warm-adapted species, including the mu-
tation M1591, showed 5-7°C increases in thermostability (Scafaro et al.,
2019a). It is likely that some of the other amino acid changes may have
contributed to increased Rca thermostability. However, the results presented
here show that the single isoleucine residue substitution at position 159 likely
contributed the majority of the thermostability increase observed in the more
complex mutants. The increased thermostability in Rca2@3-M1591 might re-
sult from increased hydrophobicity, since this amino acid change results in
an increase of the hydropathy index (Kyte & Doolittle, 1982) from 1.9 to 4.5.
Increased thermostability in response to a residue substitution causing in-
creased hydrophobicity has previously been observed in the CutAl protein
from E. coli (Matsuura et al., 2010; 2015).

In wheat, photosynthesis and Rubisco activation start to decline at
leaf temperatures above 30°C (Feller et al., 1998; Perdomo et al., 2017). While
gene expression of Rcalf has recently been shown to increase with tempera-
ture (Scafaro et al., 2019a), the rate of Rubisco activation by Rcalf is con-
siderably slower than by Rca2B (Figure 2), suggesting that the amount of
active Rca at high temperature would be insufficient to maintain Rubisco
activity. Furthermore, RcalP is less efficient than Rca2B due to its high
ATPase activity (Figure 3), meaning that this isoform hydrolyzes ATP at
high rates at elevated temperatures. Rca23-M1591 on the other hand was
much more efficient than Rcalf, even at elevated temperatures (Figure 3),
and less sensitive to ADP inhibition than Rcal (Table 2, (Perdomo et al.,
2019)). However, ADP inhibition may not constitute a bottle neck, since cy-

clic electron transport has been shown to increase at elevated temperatures
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(Havaux et al., 1991; Bukhov et al., 1999; Bukhov & Carpentier, 2000). Meas-
uring cyclic electron flow in plants expressing a genetically engineered Rca2f3-
M1591 would enable investigating changes in ATP demand as the tempera-
ture increases.

The redox-sensitive isoform Rca2a exhibited considerably lower
ATPase activity but comparable Rubisco activation activity to Rca2f (Figure
S1), suggesting that the C-terminal extension reduces ATP hydrolysis specif-
ically, making Rca2a more efficient (less ATP consumed per Rubisco acti-
vated). The difference in ATPase activity between Rca2o and Rca2B was
greater in rice (Scafaro et al., 2016), which might be associated with the
presence of a glutamic acid (E) at the C-terminal extension position 392.
Substitution of this glutamic acid in the rice Rca2o by an alanine (which is
present in wheat Rca2a, Figure S3) to produce a mutant E392A increased
ATPase activity by ca. 30% (Portis et al., 2008), indicating that this residue
may influence Rca2a efficiency.

In addition to broadening the thermal optimum of Rubisco activation
by 5°C, Rca23-M1591 activated Rubisco at lower rates at 20-30°C and showed
increased sensitivity of Rubisco activation to inhibition by ADP compared to
Rca2B (Table 2, (Perdomo et al., 2019)). Recently, a single lysine residue in
the C-terminal extension of Rca was also shown to decrease ADP sensitivity
(Scafaro et al., 2019b). Importantly, the double mutant Rca23-M1591/K161N
was much less inhibited by ADP than Rca23-M1591, suggesting that the res-
idue substitution K161N counteracts the ADP sensitivity induced by M1591.
The efficiency of Rubisco activation by both Rca2B-M1591 and Rca2(3-
M159I/K161N was unaffected in the presence of ADP, as both ATP hydrol-
ysis and Rubisco activation were similarly affected.

In summary, we show that a single isoleucine residue substitution
significantly alters the function of wheat Rca, a key regulator of Rubisco
activity and carbon assimilation. Rca23-M1591 showed a broadened temper-
ature optimum compared to the native wheat Rca2(, while maintaining a
rate of Rubisco activation that is higher, less inhibited by ADP, and much
more efficient than the thermostable native wheat Rcal(3. The findings sug-

gest that the isoleucine residue at position 159 of Rca acts as a thermal and
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regulatory switch that can be exploited to improve the efficiency and climate

resilience of wheat carbon fixation.
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3.4 Material and Methods

Protein sequences

Rubisco activase (Rca) protein sequences from Triticum aestivum (wheat)
(Carmo-Silva et al., 2015), Oryza australiensis and Oryza sativa (Feller et
al., 1998; Crafts-Brandner & Salvucci, 2000; Salvucci & Crafts-Brandner,
2004; Jurczyk et al., 2015; 2016; Scafaro et al., 2016) were aligned using Ge-
neious 9.1.8 and edited with Adobe Illustrator 22.0. The MUSCLE algorithm
(Edgar, 2004) was used and colour coding represents similarity (Henikoff &
Henikoff, 1992). Sequence data for wheat Rca can be found in the GenBank
data library under accession numbers LM992844 (Rcal(3), LM992846 (Rca2()
and LM992845 (Rca2a), corresponding to EnsemblPlants gene numbers
TraesCS4B02G140200 (Real) and TraesCS4B02G140300 (Rca2).

Site-directed mutagenesis

Site-directed mutagenesis (SDM) was performed using the QuickChange
Lightning Multi Site-Directed Mutagenesis Kit (Agilent Technologies) ac-
cording to the manual (https://www.agilent.com/cs/library/usermanu-
als/public/210513.pdf). Primers were designed based on the coding sequence
of Rca2P from the B genome of wheat using the QuickChange Primer Design

website (https://www.agilent.com /store/primerDesignProgram.jsp). The

Rca2( coding sequence was ligated into the pET-23(+) vector and used as a
template to create the double mutant Rca2B-M1591/K161N as described pre-
viously (Perdomo et al., 2019) and the single mutant Rca2B3-M1591 using the
primer 5’-ACCGTGAGGCTGCAGACATAATCAAGAAGGGTAAG-3
(the base change is highlighted in bold). After validation by sequencing of
the Rca coding region, the plasmid was cloned into BL21(DE3)pLysS cells

for protein expression.

Purification of enzymes
Rubisco activase (Rca) enzymes were expressed in E. coli and purified as
described by Barta et al. (Barta et al., 2011a), with the following modifica-

tions. The frozen cell pellets from 10 L cultures were lysed and thawed by
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suspending the pellet in 130 mL of cell extraction buffer (50 mM HEPES-
KOH pH 7.0, 5 mM MgCl, 1 mM EDTA, 0.1% (w/v) Triton X-100, 2 mM
ATP, 5 mM DTT, 20 mM ascorbate, 1 mM PMSF, and 10 pM leupeptin) for
30 min on ice. After adding ammonium sulphate to 37.5%, collecting the
precipitated material and suspending in 10 mL of cell extraction buffer, the
solution was centrifuged at 200,000 x g for 30 min in a Beckman centrifuge
(Beckman Coulter) using a swinging bucket ultracentrifuge rotor SW 31 Ti.
Rubisco was purified from wheat leaves according to Orr & Carmo-Silva (Orr
& Carmo-Silva, 2018). Wheat (Triticum aestivum cultivar Cadenza) was
grown in a glasshouse at ~22°C and a photosynthetic photon flux density of
7500 pmol m™ s (16h day, 8h night) for two weeks. Leaf material was flash
frozen in liquid nitrogen and stored at -80°C until purification. Protein con-
centration was determined by the Bradford method (Bradford, 1976). Poly-
peptides present in the Rca and Rubisco preparations were separated by SDS-
PAGE on 12% gels (Bio-Rad) and visualised by staining with Coomassie Blue
(Figure S4). Molecular weight of proteins was calculated from the respective
amino acid sequence using The Sequence Manipulation Suite (Stothard, 2000)

at https://www.bioinformatics.org/sms/prot_mw.html. Two independent

preparations of four of the recombinant Rca proteins showed no significant
differences in ATPase activity (Figure S5, Table S4). Consequently, only one
purification was used for the single mutant Rca23-M159I and only one prep-

aration per Rca was used for the Rubisco reactivation assays.

Rubisco activase activity: ATP hydrolysis

The rate of ATP hydrolysis by Rca isoforms was assayed using the method
of Chifflet et al. (Chifflet et al., 1988) with the following modifications. ATP
hydrolysis was measured at a range of temperatures (15-50°C) over 5 min in
an assay mix (50 pL) containing 100 mM Tricine-NaOH pH 8.0, 10 mM
MgClz, 10 mM NaHCOs, and 5 mM ATP. The reaction was initiated by
adding Rca (final concentration = 2 yM Rca monomer) and quenched after
5 min by adding 12% SDS. Blanks were prepared by adding SDS to the
reaction tube before adding Rca. Phosphate standards for a calibration curve

were prepared by adding 0, 2.5, 5, 10, 15, 20, 32.5 and 50 mM KPi (final
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concentrations) to the reaction mixture described above (in the absence of
Rca). Tubes containing the assay mix were incubated in a temperature block
(Torrey Pines Scientific, Echotherm) until the desired temperature was
reached before initiating the assay (typically 3 min). The temperature of 50
pL H20 incubated alongside the reaction tubes was monitored using a ther-
mocouple (Omega Thermometer RDXL4SD, Omega Engineering). After the
addition of SDS, all reactions and standards were kept in the fridge until Pi
determination in a spectrophotometer (BMG Labtech) as detailed in (Per-
domo et al., 2019).

Rubisco activase activity: Rubisco reactivation

The rate of Rubisco reactivation by Rca was measured as described by Barta
et al. (Barta et al., 2011b) and Perdomo et al. (Perdomo et al., 2019). To
prepare inhibited Rubisco complexes (ER), purified Rubisco was first incu-
bated in activation mix (500 mM Bicine-NaOH pH 8.0, 300 mM MgCl>*6
H20, 100 mM NaHCOs3) for 1h at 4 °C, followed by spin desalting, protein
concentration determination, and incubation of uncarbamylated enzyme with
4 mM RuBP at 4 °C overnight. The assay for Rubisco activation consisted of
two stages (Barta et al., 2011b). In the first stage, Rubisco (ER) was reac-
tivated by Rca at a range of temperatures (20-45 °C), and in the second stage,
aliquots were taken from the first stage assay to measure Rubisco activity at
30°C by the incorporation of “CQOs into acid-stable compounds. Temperature
of Rubisco activation was controlled as described above for the ATP hydrol-
ysis assay. First stage assays (90 pL final volume) contained 50 mM Tricine-
NaOH pH 8.0, 10 mM MgClz, 10 mM NaHCOs3, 2 mM DTT, 5 mM ATP, an
ATP regenerating system consisting of 40 U mL-! phosphocreatine kinase, 4
mM phosphocreatine, 5 % (w/v) PEG-3350, 6 uM Rubisco active sites (ER),
2 uM Rca monomer, 5 mM ATP plus an ATP regenerating system, and 6
mM RuBP. Three variants of assays were performed for determination of:
fully activated Rubisco activity (ECM, this contained no RuBP in the first
stage assay), Rca-dependent Rubisco activation (contained all components)

and the spontaneous activation of ER (contained no Rca, negative control).
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Second-stage assays to assess Rubisco activity in aliquots taken at time in-
tervals from the first stage assays (Figure S2A) contained 100 mM Tricine-
NaOH pH 8.0, 10 mM MgCly, 10 mM NaH"“COs3 (0.5 Ci mol!) and 0.4 mM
RuBP. The rate of Rubisco activation (fraction of Rubisco sites activated per
minute) in the Rca and ER reactions was calculated from the difference in
Rubisco activity measured 1.5 and 0.5 min after starting the first stage assay,
taking into account the activity of fully activated Rubisco (Carmo-Silva &
Salvucci, 2011). The rate of Rubisco activation by Rca was calculated as the
difference between the rate of increase in Rubisco activity measured at each
temperature in presence and absence of Rca (Rca reaction minus spontaneous
activation in the ER reaction; Figure S2), and corrected for the concentra-
tions of Rubisco active sites and Rca in the assay.

Data analysis and modelling

Data was processed using R 3.5.1 and RStudio 1.1.463, and graphs were pre-
pared using the ggplot2 package (Wickham, 2017). Outliers were detected
using the ggstatsplot package using Tukey’s fences method, where outliers
are defined as extreme values that are 1.5 times the inter-quartile range (1.5
IQR) below the 1% quartile or 1.5 IQR above the 3" quartile. To estimate
maximum ATP hydrolysis and Rubisco activation activities and the corre-
sponding temperatures at which the maximum values are attained, as well as
the temperature above the peak at which half of the activity remains (To.s),
2nd — 4th order polynomials and generalised additive models (GAM) were fit-
ted to the experimental data using the gam function from the mgcv 1.8-24 R
package (Wood, 2017). The model that best fit the experimental data was
selected based on the Akaike information criterion (Akaike, 1974) using the
AIC function (Table S1). The predict function was used to estimate maxi-
mum activity values and corresponding temperatures for each Rca isoform
(Tmax), and the approz. function was used to estimate the optimum temper-
ature range (Topt, above 70% activity) and the temperature above the peak
at which 50% of activity remains (Tos). The standard error calculated for
each model was used to predict 95% confidence intervals for each fit (dashed

lines in the graphs). One-way ANOVA followed by Tukey posthoc tests were
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used to test the significance of differences between Rca isoforms at each tem-

perature and nucleotide treatment (Tables S2-S4).
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Figure S1. Temperature response of ATP hydrolysis and Rubisco activation

by Rca. (4, C) Rates of ATP hydrolysis and Rubisco activation by wheat

Rca2( (orange) and Rca2o (vermillion). Assays were performed at the indi-

cated temperatures using 2 uM Rca protomer and 5 mM ATP. Activation of

pre-inhibited Rubisco used 6 pM Rubisco active sites (Ras.) in the ER form

(1:3 Rca:Ra.s.). Values are means + standard error (n = 6-18 technical repli-

cates in A and n = 3-8 technical replicates in C). Lines represent the best-fit

for each enzyme (AIC, Table S1) and coloured areas denote the 95% confi-

dence interval for each fit. (B, D) ATP hydrolysis and Rubisco activation

relative to estimated maximum activities (Table 1).
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increases with temperature.
(A) Scheme of Rubisco activation assay. The 1% stage Rubisco activation

assays were performed without addition of RuBP to allow Rubisco to fully
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reactivate (ECM), in presence of all components to monitor the Rca-depend-
ent increase in Rubisco activity (Rca), and in the absence of Rca to assess
the extent of spontaneous release of inhibitors (ER). The 1% stage Rubisco
activation assays were carried out at a range of temperatures (from 20-45°C).
Aliquots (25 pL) were taken from each 1 stage assay at specific time points
to measure Rubisco activity in 2" stage assays. The 2"! stage Rubisco activ-
ity assays were always carried out at 30°C and the carboxylation reaction
was quenched after 30 s to determine acid-stable *C by liquid scintillation
counting.

(B) Representative example of time-course assays showing the increase in
Rubisco activity (2" stage assay) in aliquots taken from the 15 stage assays.
Rubisco activation assays (1% stage) used 6 uM Rubisco active sites (Ra.s.)
in the presence/absence of 2 uM Rca. Symbols represent means + standard
error (n = 3-17 technical replicates). Using this data, rates of Rubisco acti-
vation were calculated from the increase in Rubisco activity between 0.5 and
1.5 min (Eq.1 & Eq.2). Calculation of the rate of Rubisco activation by Rca
took into consideration the spontaneous release of inhibitors at each temper-
ature (Eq.3).

(C) Rate of spontaneous Rubisco activation measured in the absence of Rca
at 20-45°C (ER, Eq.2). Symbols represent means + standard error (n = 9-17
technical replicates). The line represents a best-fit model and the shaded area

denotes the 95% confidence interval.
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Figure S3. Amino acid sequence alignment of Rca isoforms from warm-
adapted wild rice (O. australiensis, Oa), cultivated rice (O. sativa, Os)
and bread wheat (7. aestivum, Ta). Rice sequences were obtained from
Scafaro et al. (2016). The red line highlights the C-terminal extension and
the arrow indicates the residue at position 12 of the C-terminal extension
(corresponding to position 392 of the mature protein; numbering according
to wheat Rca2f lacking the chloroplast transit peptide). The residue at posi-

tion 159 is identified by the red box.
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Rca isoforms were expressed in F. coli prior to purification and Rubisco was

isolated from wheat leaves. The total soluble protein (T'SP) concentration in

each preparation was determined by the Bradford method, 3 pg TSP was

loaded in each lane prior to separation of proteins by SDS-PAGE. Gels were

stained with Coomassie Blue. Two independent preparations of wheat Rcal(3

(predicted Mw = 42.9 kDa), Rca2( (42.3 kDa), Rca2a (46.2 kDa) and Rca2B-

M159I/K161N (42.3 kDa), and one preparation of Rca23-M1591 (42.3 kDa)

were used. Abbreviations: LS = large subunit, SS = small subunit, M =

molecular weight marker.
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Table S1. Modelling the temperature response of ATP hydrolysis and Rubisco
activation by wheat Rca isoforms. The model providing the best fit to the
data is highlighted in bold and was selected according to the lowest AIC score
(Akaike information criterion) calculated according to(Akaike, 1974) using
the AIC function in R. Models were applied to the full dataset shown in

Figure 2 and Figure S1, using individual data points.

ATPase assay Rubisco activation assay
degrees Al degrees
Rea f free- Al
Model of free- Model ot tree ¢
dom (K) scor dom score
e (X)
nd nd
2 order 50 931 2 order 50 124
polynom polynom
rd rd
3 order 6.0 995 3 order 6.0 _125
16 polynom polynom
th th
4" order 70 338 4" order 70 193
polynom polynom
GAM 10.7 798 GAM - -
nd nd
2 order 50 108 2" order 5.0 64
polynom 3 polynom
rd rd
3 order 6.0 963 3 order 6.0 62
28 polynom polynom
th th
4" order 70 946 4" order 70 60
polynom polynom
GAM 9.7 942 GAM - -
nd nd
2 order 50 944 2 order 5.0 3
polynom polynom
rd rd
3 order 6.0 918 3 order 6.0 1
2a polynom polynom
th th
4" order 70 911 4" order 70 9
polynom polynom
GAM 8.3 910 GAM - -
nd nd
2 order 50 78 2 order 50 36
2 polynom polynom
rd rd
M15 3 order 6.0 753 3 order 6.0 _38
91/ polynom polynom
K161 th th
N 4" order 70 666 4" order 70 37
polynom polynom
GAM 10.8 597 GAM - -
nd nd
23 2 order 2 order 4.0 -89
polynom 5.0 522 polynom
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Table S2. Result of a Tukey’s multiple comparison test of the Rca ATPase
activity. For each temperature, Rca activities were compared pairwise and
significant differences are denoted by different letters as determined using

Tukey’s multiple comparisons test (P < 0.05).

ATPase activity (mol ATP min™ mol’! Rca)
Temperature (°C)

fea 15 20 25 275 30 325 35 375 40 425 45
1B b b b a a a a a a a a
28 a a a a a b c d d d c
20 b ¢ d ¢ ¢ d d e e d ¢
2B-M1591 b ¢ ¢ b b c b ¢ b b b
M15912/BI_{161N ab b bc a a ab a b ¢ ¢ ¢

ATPase activity (relative to maximum)

Rea, Temperature (°C)

15 20 25 275 30 325 35 375 40 425 45
1B c ¢ b b b a a a a a a
28 b ab a a a a b ¢ d d d
20 a a a a a a ab ¢ d c bc
2B-M1591 bc ¢ b ab ab a a ab b b b
M15912/BI_{161N bc bc b ab ab a a b ¢ ¢ cd
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Table S3. Result of a Tukey’s multiple comparison test of the Rubisco acti-

vation activity. For each temperature, Rca activities were compared pairwise

and significant differences are denoted by different letters as determined using

Tukey’s multiple comparisons test (P < 0.05).

Rubisco activation (mol Ras. min™ mol?! Rca)

Temperature (°C)

Hea 25 30 35 40 425 45
16 c c b b a a
28 a ab b b b
2a a a a ab b b
2B3-M1591 b be ab ab ab ab
23-M1591/K161N ab ab ab a a ab
Rubisco activation (relative to maximum)

Rea Temperature (°C)
25 30 35 40 42.5 45
1B ab a ab ab a a
28 ab a b b b b
2a a ab ab b b
2B3-M1591 a a a ab ab ab
23-M1591/K161N ab a ab a a ab

Table S4. Two-way ANOVA showed no significant differences between re-

sults obtained for ATPase activity using different preparations of Rca (P >

0.05). Two-way ANOVA was applied using the aov function of the R base

package.
Mean
Rca Df Sum Sq S F value P value
q
Purifica- 1 239 239.4 0.523 0471
1 5 tion
Residu- 135 61784 4577
als
Purifica- 1 239 1 0.002 0.962
2@ tion
Residu- 153 70274 459.3
als
Purifica- 1 163 162.8 1.241 0.267
% tion
Residu- 137 17969 131.2
als
Purifica- 1 533 532.8 1.41 0.288
2B- tion
M1591 /K161N idu-
/ Re;q h 105 49006 466.7
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4. Chapter 4: Heat-induced changes in the abundance of

wheat Rubisco activase isoforms

Summary

The Triticum aestivum (wheat) genome encodes three isoforms of Rubisco
activase (Rca) differing in thermostability, which could be exploited to
improve the resilience of this crop to global warming. We hypothesised
that elevated temperatures would cause an increase in the relative abun-
dance of heat stable Rcalf3.

Wheat plants were grown at 25/18°C (day/night) and exposed to heat
stress (38/22°C) for up to 5 days at pre-anthesis. Carbon assimilation,
Rubisco activity, CAlPase activity, transcripts of Rcal@, Rca28 and
Rca2a, and the quantities of the corresponding protein products were
measured during and after heat stress.

The transcript of Rcalf increased 40-fold in 4 hours at elevated
temperatures, and returned to the original level 4 hours upon return of
plants to control temperatures. Rcalf comprised up to 2% of the total Rca
protein in unstressed leaves, but increased 3-fold in leaves exposed to
elevated temperatures for 5 days, and remained high 4 hours post heat
stress.

These results show that elevated temperatures cause rapid changes in Rca
gene expression and adaptive changes in Rca isoform abundance. The
improved understanding of the regulation of carbon assimilation under
heat stress will inform efforts to improve wheat productivity and climate

resilience.
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4.1 Introduction

Wheat production is threatened by the increasing frequency of heat stress in
combination with other abiotic factors (IPCC, 2014; Slattery & Ort, 2019;
Ray et al., 2019). Field studies show that predicted benefits of increasing
atmospheric CO2 for plant growth are offset by drought and heat stress (Ruiz-
Vera et al., 2013; 2015; Gray et al., 2016). Moreover, increases in [CO2] result
in increased canopy temperature (Long et al., 2006). Although plants can
cool their leaves by transpiration (Ayeneh et al., 2002), increased drought
frequencies limit water availability and increase leaf temperature (Carmo-
Silva et al., 2012). As leaf temperature increases, respiration rates increase
exponentially while photosynthesis declines above an optimum temperature
threshold for each species (Way & Yamori, 2014). Acclimation of respiration
to the growth temperature further compounds the balance between the two
processes (Atkin et al., 2005). The photosynthetic machinery also adapts to
the growth environment (Berry & Bjorkman, 1980; Yamori et al., 2013;
Thomey et al., 2019), and depending on the extent of temperature changes,
photosynthetic limitations may be reversible or cause permanent damage.
Broadening the temperature range for optimal carbon assimilation in wheat
is important because global production is predicted to decline in response to
rising temperatures (Asseng et al., 2015; Liu et al., 2016).

The activity of ribulose-1,5-bisphosphate (RuBP)
carboxylase/oxygenase (Rubisco) has long been identified as the site of heat
inactivation of the Calvin-Benson-Bassham Cycle (CBBC) (Weis, 1981). This
inactivation is largely due to an inefficient regulation of Rubisco activity by
the heat-sensitive molecular chaperone Rubisco activase, Rca (Crafts-
Brandner & Salvucci, 2000; Salvucci et al., 2001). Rubisco itself remains
active up to 50°C (Salvucci & Crafts-Brandner, 2004b; Galmés et al., 2016),
but the reactions it catalyses are differently affected by temperature (Galmés
et al., 2019). In addition to CO3 assimilation by reaction with RuBP, Rubisco
can use O2 as an alternative gaseous substrate, which initiates
photorespiration and results in a net loss of CO2 (Ogren, 1984). Oxygenation

occurs at faster rates as temperature increases because the solubility of CO2
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decreases more rapidly than Oz with temperature (Ku & Edwards, 1977,
Bauwe et al., 2010; Dusenge et al., 2019), leading to substantial crop yield
losses under future climate scenarios (Walker et al., 2016).

Environmental factors such as [COz| and growth temperature have
been shown to affect the expression of Rubisco small subunit genes (RbcS) in
Arabidopsis (Cheng et al., 1998; Yoon et al., 2001; Cavanagh & Kubien,
2013), the relative abundance of RbcS isoforms in rye (Huner & Macdowall,
1979; Huner & Hayden, 1982), and Rubisco properties in spinach (Yamori et
al., 2006). Specific residues in the Rubisco large subunit (rbcL) have also been
linked to improved catalytic capacity at high temperatures (Prins et al., 2016;
Sharwood et al., 2016). Thus, the temperature dependence of Rubisco activity
appears to be determined by the inherent properties of the amino acid
residues that make up the protein, and by the combination of rbcL assembled
with diverse RbcS isoforms. While phenotypic plasticity enables plants to
adapt the photosynthetic machinery to warmer temperatures, short-term
heat stress is likely to cause detrimental effects (Leakey et al., 2003).

The regulation of Rubisco activity by Rca is particularly sensitive to
temperature (Salvucci et al., 2001; Carmo-Silva & Salvucci, 2011). The active
site of Rubisco is prone to deactivation by tight-binding of inhibitory sugar-
phosphate derivatives, the production of which increases with temperature
(Salvucci & Crafts-Brandner, 2004c; Schrader et al., 2006). Reactivation
requires Rca to remodel the active site of Rubisco and facilitate the release
of such inhibitors (Salvucci et al., 1985; Bhat et al., 2017). Subsequent
removal of a phosphate group from these compounds by specific
phosphatases, such as 2-carboxy-D-arabinitol-1-phosphate (CA1P)
phosphatase (CA1Pase) and xylulose-1,5-bisphosphate (XuBP) phosphatase
(XuBPase), renders them non-inhibitory (Andralojc et al., 2012; Bracher et
al., 2015). Overexpression of calpase decreased Rubisco abundance and grain
yields in wheat (Lobo et al., 2019), but the temperature response of the
phosphatases that act in concert with Rca to regulate the activity of Rubisco
has received little attention to date. On the other hand, the temperature
optimum of Rubisco activation by Rca has been shown to follow a pattern

that resembles the species adaptation to growth at different temperatures
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(Carmo-Silva & Salvucci, 2011). In wheat, the optimal leaf temperature for
photosynthesis is between 20-25°C (Porter & Gawith, 1999; Silva-Pérez et
al., 2017) and decreased capacity for carbon assimilation at elevated
temperatures has been linked to the heat sensitivity of Rca (Law & Crafts-
Brandner, 2001; Yang et al., 2020).

The potential for greater photosynthetic thermotolerance by
improving Reca thermostability has been shown for Arabidopsis (Kurek et al.,
2007; Kumar et al., 2009) and rice (Wang et al., 2010; Scafaro et al., 2016;
Shivhare & Mueller-Cajar, 2017; Scafaro et al., 2018), making it a promising
target for improving photosynthesis at high temperatures in other crops. This
could be achieved by exploiting natural diversity in species adapted to warm
environments. Light activation of Rubisco by Rca was inhibited by
moderately high temperatures to a greater extent in wheat than in heat-
tolerant cotton (Feller et al., 1998; Law et al., 2001). In two wild rice species,
higher capacity for Rubisco activation at high temperatures resulted in
photosynthetic thermotolerance (Scafaro et al., 2012), and was associated
with improved Rca thermostability compared to cultivated rice (Scafaro et
al., 2016). Heat stress was also shown to increase abundance of the large Rca
isoform in domesticated rice, with plants overexpressing this isoform having
increased seedling aboveground biomass dry weight when exposed to heat
stress (Wang et al., 2010).

Wheat contains two Rca genes as do the majority of grass species,
with exceptions including rice where the OsRcal gene is thought to be non-
functional (Nagarajan & Gill, 2018). Wheat Rcal produces a 42.9 kDa Rcal(3
isoform and Rca? produces a 42.3 kDa Rca2} and a 46.2 kDa Rca2a isoform
via alternative splicing (Carmo-Silva et al., 2015). Recent detailed analyses
of the temperature response of wheat Rca isoforms showed that Rcalf} is more
thermostable than Rca2p and Rca2a (Scafaro et al., 2019; Degen et al., 2020).
However, Rubisco activation by Rcalf is relatively inefficient at elevated
temperature, due to high rates of ATPase activity in relation to Rubisco
activation (Degen et al., 2020). Gene expression of Rcalf increased by
varying extents in two wheat cultivars exposed to short-term (2 days) heat

stress at two growth stages (Scafaro et al., 2019). Rca protein abundance
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may also be regulated post-transcriptionally as suggested by the observation
of a decrease in total Rca transcript accompanied by an apparent increase in
total Rca protein abundance under short-term heat stress (2 days; Law &
Crafts-Brandner, 2001). Wheat leaves developed under longer-term heat
stress (2 weeks) showed no significant change in Rca protein abundance, but
Rca3 was more abundant in leaves that were simultaneously exposed to
drought and heat (Perdomo et al., 2017). Importantly, studies to date did
not distinguish between the abundance of the two short protein isoforms,
Rcalf and Rca2B, which have similar molecular weights (Carmo-Silva et al.,
2015), but differ in heat sensitivity (Scafaro et al., 2019; Degen et al., 2020).

A detailed understanding of the temperature response of Rubisco
regulation will become increasingly important with predictions of increased
frequency of future heat waves (Slattery & Ort, 2019) and more variable leaf
temperatures (Vico et al., 2019). Given the previously characterised
differences in the temperature response of Rubisco activation by wheat Rca
isoforms (Degen et al., 2020), here we set out to investigate how whole-plant
heat stress impacts Rca protein levels. Specifically, we tested the hypothesis
that the relative abundance of wheat Rca isoforms would change so that
leaves of heat-stressed plants contain relatively more of the thermostable
Rcalf, and these changes would be accompanied by altered photosynthetic
biochemistry, physiology and grain yield. This was tested by exposing plants
to a five-day period of heat stress at pre-anthesis (a critical stage of wheat
plant development). Net CO2 assimilation, Rubisco activity and abundance,
CAlPase activity, and the abundance of the three Rca isoforms were
determined during and immediately after heat stress. Findings are interpreted
in relation to the thermostability of wheat Rca isoforms and will inform
approaches to improve photosynthetic regulation under increasingly warm
and variable temperatures for enhanced crop productivity and resilience to

climate change.
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4.2 Materials and Methods

Plant growth and heat stress conditions
Triticum aestivum L. cv. Cadenza seeds were soaked in de-ionised H2O for
24h at 7°C prior to sowing in a wheat mix growth medium (Petersfield
compost, Hewitt & Son Ltd., Cosby, UK). Twenty plants per experiment
were grown in a heated glasshouse for three weeks in 3 L. pots before being
divided into two groups and transferred to two controlled environment
cabinets (Snijders Labs, Tilburg, Netherlands). Cabinets were set to 25/18°C
day/night, with a 16 h photoperiod, photosynthetic photon flux density
(PPFD) at the plant level of 450 pmol m™? s, and 60% relative humidity
until the flag leaf of the main tiller was fully expanded (approximately 3
weeks). For the heat stress treatment, once the flag leaves were visible, the
temperature in one of the two cabinets was raised to 34/22°C day/night for
one day, followed by five days at 38/22°C day/night (Fig. la). Night-time
warming causes increased dark respiration (e.g. Rashid et al., 2020) and
decreased yields of crops such as wheat and rice (Sadok & Jagadish, 2020).
Effects on productivity are complex, genotype-specific, and may be more
pronounced when night-time elevated temperatures occur at the reproductive
stage (Hein et al., 2019; Impa et al., 2019) compared to earlier growth stages
(Frantz et al., 2004; Peraudeau et al., 2015). In the present study, both day-
and night-time temperatures were increased in the heat stress cabinets to
replicate real-world conditions, and measurements were taken during the day
focusing on photosynthetic traits. After 5 days at 38/22°C, the cabinet was
returned to control temperatures (25/18°C) at the end of the photoperiod on
experiment day 7. Temperatures in each cabinet were increased over the
course of 1 h at the start of the photoperiod and decreased over the course of
1 h at the end of the photoperiod. Air temperature and relative humidity in
each cabinet were measured continuously during the course of the heat stress
treatment (OM-EL-USB temperature and humidity data logger, Omega
Engineering, UK; Fig. 1b, Fig. S1).

Two consecutive experiments were completed switching the cabinets

used for control conditions and the heat stress treatment. In each experiment,
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a set of 5 plants (i.e. 10 plants in total for control and 10 plants in total for
heat stress) was used for non-destructive repeated measures of in wvivo gas-
exchange over the course of the heat stress treatment. This same set of plants
was used for final biomass and grain yield. A separate set of 4 plants per
experiment (i.e. 8 plants in total for control and 8 plants in total for heat
stress) was used for collecting samples for biochemical analysis.

Measurements and samples were taken at four time-points during the
experiment: (1) the day prior to the start of the heat treatment,
corresponding to experiment day 1, when all plants were exposed to control
conditions; (2) four hours and (3) five days into the heat stress exposure
period, corresponding to experiment days 3 and 7, when plants were either
exposed to control or elevated temperatures; and (4) the day after the end of
the heat treatment, when plants were exposed to control conditions to assess
recovery from heat stress, corresponding to experiment day 8 (Fig. 1a). No
samples or measurements were taken on the other days of the experiment.

Samples were collected 4 hours into the beginning of the photoperiod
and in vivo measurements were taken 5-6 hours into the photoperiod. At each
of the four time-points, samples for biochemistry were taken from a flag leaf
in a separate tiller of each plant (repeated sampling from each biological
replicate throughout the experiment). Leaf segments of known area were
immediately snap frozen in liquid nitrogen and kept at -80°C until analysis.
Sampling for biochemistry resulted in approximately half of the flag leaf being
removed from the sampled tiller and each plant contained on average 15
fertile tillers. Measurements and sampling were always taken from flag leaves
of tillers at the booting stage, i.e. prior to ear emergence. Leaf temperature
was measured before sampling using a thermocouple (CDH-SD1, Omega
Engineering, UK; Fig. 1c) and light level was measured with a PAR meter
(MQ-200, Apogee Instruments, Canada).

Gas-exchange measurements
Steady-state measurements of net COz assimilation (A) and stomatal
conductance to water vapour (gs) used an open gas-exchange system (LI-

6400XT, Li-COR, Lincoln, NE, USA) at a PPFD of 400 pmol m? s, a
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reference CO2 concentration of 400 pmol mol™! and a flow rate of 300 pmol s
. The gas-exchange system was placed inside the respective growth cabinets,
under control or heat stress conditions. The temperature of the block in the
leaf chamber was set to 25°C for plants in the control cabinet and to 38°C
for plants in the heat stress cabinet (experiment days 3 and 7). The water
vapour pressure deficit (VPD) was maintained at 1-1.6 kPa by adjusting the
humidity inside the leaf chamber of the gas-exchange system as needed, and

calculated from the leaf temperature during gas-exchange measurements.

Gene expression analyses

Gene expression of calpase, Rcalf, Rca2f+a, Rca2a, RbcS1-25 and rbel,
were determined by reverse-transcription quantitative PCR (RT-qPCR).
mRNA was extracted from plant tissue using a NuceloSpin@®) Tri Prep kit
(Macherey-Nagel, Diiren, Germany), including a DNase treatment. mRNA
yield and purity were assessed using a spectrometer by measuring absorbance
at 230, 260 and 280 nm (SpectroStar Nano, BMG Labtech GmbH, Ortenberg,
Germany). cDNA synthesis used 1 pg mRNA and the Precision nanoScript™
2 Reverse Transcription kit (Primer design Ltd., Camberley, UK). qPCR
reactions used 40 ng of cDNA and the primer pair for the target gene in a
Mx3005P qPCR system (Stratagene, Agilent Technologies, Stockport, UK).
RT-qPCR details including cycle conditions are described in the MIQE
checklist (Table S1). Ta2291 (ADP-ribosylation factor) and Ta2776 (similar
to RNase L inhibitor-like protein) were used for normalisation due to their
high expression stability across various environmental conditions (Paolacci et
al., 2009). Primer efficiency for each primer set was analysed according to
Pfaffl et al. (2001). Primers were designed to bind to all three sub genomes
(Table S2), except for rbecL, which is encoded in the chloroplast genome.
Primers for Rca2 amplified both splicing products. EnsemblPlants was used
to search for genes annotated as RbcS; 25 genes were identified and divided
into three groups according to the similarity of the respective protein
sequences (Table S3). Primer pairs were designed to quantify the expression

of each of the three RbcS groups (Table S2).
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Enzyme activity assays

Photosynthetic proteins were extracted essentially as described by Carmo-
Silva et al. (2017) with slight modifications, as follows. Leaf samples were
ground using an ice-cold mortar and pestle containing 0.8 mL of (final
concentrations) 50 mM Bicine-NaOH pH 8.2, 20 mM MgCl,, 1 mM EDTA,
2 mM benzamidine, 5 mM e-aminocaproic acid, 50 mM 2-mercaptoethanol,
10 mM dithiothreitol, 1% (v/v) plant protease inhibitor cocktail (Sigma-
Aldrich Co., St Louis, MO, USA), and 1 mM phenylmethylsulphonyl fluoride.

Rubisco activity was determined by incorporation of *CO, into acid-

stable products at 30°C (Parry et al., 1997; Carmo-Silva et al., 2017) in

reaction mixtures containing (final concentrations) 100 mM Bicine-NaOH pH

8.2, 20 mM MgCls, 10 mM NaH“CO3 (9.25 kBq umol~!), and 0.6 mM RuBP
(added to tubes individually). Initial activity assays started with leaf extract
addition, while total activity assays started with RuBP addition after
allowing carbamylation of Rubisco for 3 min. Reactions were quenched after
30 s with 4N formic acid, then dried, rehydrated with de-ionised H20, mixed
with scintillation cocktail (Gold Star Quanta, Meridian Biotechnologies,
Epsom, UK) and subject to liquid scintillation counting (Packard Tri-Carb,
PerkinElmer). Rubisco activation state was calculated from the ratio of
initial /total Rubisco activity. Rubisco amounts were determined by a
[*4C]carboxyarabinitol-1,5-bisphosphate (}*C-CABP) binding assay (Whitney
et al., 1999).

CA1Pase activity was measured according to Lobo et al. (2019) and
Andralojc et al. (2012) in reaction mixtures (90 pL) containing (final
concentrations) 50 mM BisTrisPropane-HCl pH 7.0, 200 mM KCI, 1 mM
EDTA, 1 mM e-aminocaproic acid, 1 mM benzamidine, 10 mM CaCls, 0.5
mg mL?* BSA and 1% (v/v) protease inhibitor cocktail. For each sample, two
technical replicates containing 0.5 mM 2-carboxy-D-ribitol-1,5-bisphosphate
(CRBP, a substrate for CAl1Pase) and two replicates without CRBP were
prepared, in addition to a blank containing no leaf extract. Reactions were
initiated by adding 5 nL of leaf extract and quenched after 60 min at 22°C in

a temperature-controlled dry bath (Echotherm, Torrey Pines Scientific, USA)
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by adding 30 pL of 1 M trichloroacetic acid. Reactions were centrifuged for
3 min at 14,000 ¢ to sediment BSA, then 100 pL of supernatant was
transferred into a microplate well to determine inorganic phosphate by adding
200 uL of 2.2% (w/v) ammonium molybdate in 1.6 M H2SO4, incubating 10
min, adding 50 L of 0.035% (w/v) malachite green in 0.35% (w/v) polyvinyl
alcohol, incubating 60 min at room temperature, and measuring absorbance
at 610 nm. Inorganic phosphate in the samples was calculated from a

standard curve of 0-10 nmol KHsPOj.

Gel electrophoresis and immunoblotting

Total soluble proteins (T'SP) in leaf extracts were quantified by the Bradford
method (Bradford, 1976), then separated by sodium dodecyl sulfate
polyacrylamide  gel  electrophoresis  (SDS-PAGE)  followed by
immunoblotting, essentially as described by Perdomo et al. (2018). A primary
antibody anti-Rca produced in rabbit against cotton Rca (Salvucci, 2008)
was used for quantification of all Rca o and 3 isoforms using 2 pg TSP per
sample. A primary polyclonal antibody that specifically detects the wheat
Rcalf isoform was produced in rabbit (Cambridge Research Biochemicals
Ltd., Cleveland, UK) using a short peptide at the N-terminal region where
the protein differed sufficiently from Rca2f (KKELDEGKQTNADR,
corresponding to residues 3-16 of the mature sequence, Fig. S2). Detection of
Rcalf required the use of 6 pg TSP per sample. A dilution series of 20, 50
and 100 ng purified recombinant Rca2f3+o at a 90:10 ratio was added to each
gel for quantification of total Rca o and {3 isoforms; and a dilution series of 1,
5 and 20 ng purified recombinant Rcal( was added to each gel for
quantification of Rcal (Fig. S2). Recombinant Rca proteins used for
standards were purified as described in Barta et al. (2011). A fluorescent
secondary antibody (anti-rabbit, 800CW, Li-COR Biosciences) was used to
detect Rca by imaging blots at 800 nm using an Odyssey system (Li-COR
Biosciences, Lincoln, NE, USA). Protein levels were calculated from the
standard curves of purified Rca. Quantities of Rca2 were calculated by

subtracting Rcalf3 from the total Rca 3 isoform.
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Biomass and yield traits

After the heat stress treatment, at the end of experiment day 8, plants were
transferred back into the glasshouse and kept well-watered until reaching full
maturity. Aboveground biomass and grain yield traits were determined for

each plant as described by Lobo et al. (2019).

Statistical analysis

Significance of differences between control and heat stress plants was
analysed using Restricted Maximum Likelihood (REML), which gives the
same P values and multiple comparisons tests as repeated measures ANOVA.
The mixed model was fitted in GraphPad Prism 8 using the Geisser-
Greenhouse correction to account for possible violations of sphericity. The
lack of significant differences in biochemical (destructive flag leaf sampling)
and physiological (non-destructive flag leaf sampling) traits between control
plants analysed at different time-points suggests that repeated sampling
caused no significant wounding effect on Rca gene expression and protein
levels in flag leaves from adjacent tillers. Significance of differences in grain
yield and biomass between treatments was assessed by two-sided t-tests with
alpha set to 0.05 using R (version 3.6.0; R Core Development Team, 2013)
and RStudio (version 1.2.5001; R Studio Team, 2019). Box and whiskers plots
were prepared using ggplot2 (Wickham, 2017); boxes show medians and first
and third quartiles (25" and 75" percentiles), and whiskers extend from the
hinge to the largest or smallest value. Symbols represent individual data
points and black diamonds represent the mean values. Plants in the two
cabinets on the day prior to the onset of heat stress (i.e. under control
conditions) were not statistically different in their rates of CO2 assimilation

or Rubisco properties and were combined for data analysis (Table S4).
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4.3 Results

Wheat plants were exposed to heat stress conditions over a period of 5 days
before reaching anthesis (booting stage) in a pot experiment and using plant
growth cabinets for environmental control. The air temperature in the control
cabinet corresponded with the set temperatures of 25/18°C, while the day
temperature in the heat stress cabinet was slightly below the setting of
38/22°C (Fig. 1la, b). Leaf temperature (Tiear) was measured to assess the
extent to which plants experienced heat stress. Plants in the control cabinet
had mean Tiear of 22.5°C and plants in the heat stress cabinet had mean Ticaf
of 28.7°C, corresponding to a difference between air temperature (Tair) and
Theat of 2.5°C for control and 9.3°C for heat stress plants (Fig. 1c). Plants
were maintained well-watered and in a humid environment (Fig. SI)
throughout the experiment, which would have enabled the greater extent of
evaporative cooling during heat stress (Carmo-Silva et al., 2012). Once Thair
returned to control values on experiment day 8, Tiear in the heat stress cabinet
(22.6°C) was again comparable to control plants.

In order to assess the effect of heat stress on carbon assimilation, gas
exchange measurements were taken under steady-state conditions resembling
those used for plant growth, i.e. a PPFD of 400 pmol m? s and 25°C for
control or 38°C for heat stress plants (Fig. 2). Net CO2 assimilation (A) in
the wheat flag leaves remained unchanged throughout the experiment days
for control plants but decreased significantly in plants measured after 4 h of
heat stress. The decline in A was greater after 5 days of heat stress, and still
observed after the cabinet temperature was returned to control levels (4 h of
recovery at control temperatures; Fig. 2a). Stomatal conductance to water
vapour (gs) was highly variable but remained unchanged in control plants
and after 4 h of heat. However, gs was reduced after 5 days of heat stress and
remained significantly lower after 4 h of recovery compared to control plants
(Fig. 2b). Despite attempts to maintain constant cabinet humidity, the
vapour pressure deficit based on leaf temperature (VPDL) increased after 5
days of heat stress compared to control conditions (Fig. 2¢). The intercellular

CO2 concentration did not decrease in response to heat stress, in fact after 4
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h of heat there was a slight increase relative to the values prior to heat stress

(Fig. 2d), likely as a result of decreased assimilation (Fig. 2a).
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Figure 1. Experimental design, air and leaf temperatures of wheat plants
during heat stress. Plants were grown at 25/18°C day/night (control condi-
tions); at booting stage one of the two plant growth cabinets was set to
34/22°C for 1 day (experiment day 2) followed by 38/22°C for 5 days (heat
stress, experiment days 3-7), then back to control temperatures (recovery,
experiment day 8). Blue = control, red = heat stress, orange = recovery. (a)
Experimental setup of control and heat stress cabinets. The cabinet temper-
ature during the day is indicated and was gradually increased to induce heat
stress in the respective cabinet, then maintained for 5 days prior to returning
to control conditions. Vertical arrows indicate experiment days when meas-
urements and sampling took place. (b) Air temperature in the two plant
growth cabinets. (c) Leaf temperature of wheat plants, measured before sam-
pling. Over the course of the experiment, mean leaf temperature (black dia-
mond) £ SD was 22.5+0.7°C for control, 28.7£1.3°C for heat stress and
22.6+£0.9°C for recovery. Significant P-values for pairwise comparisons are
shown (REML, alpha = 0.05).
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Figure 2. (a) Net CO; assimilation (A), (b) stomatal conductance to water
vapour (gs), (c) vapour pressure deficit (VPD) based on leaf temperature,
and (d) intercellular CO2 concentration (Ci) in wheat plants under heat
stress. Measurements were taken under steady-state conditions at PPFD =
400 pmol m?2 s, reference [CO2] = 400 pmol mol™! and Thioek = 25°C for
control plants and 38°C for heat-stress plants. Tiear during measurements was
25.3+0.5°C for control, 37.1+0.8°C for heat stress and 25.7£0.3°C for recov-
ery plants. Box lines represent the median, first and third quartiles, whiskers
the range, black diamonds the mean, and circles individual samples (n = 4-
12 biological replicates). Significant P-values for pairwise comparisons are

shown (REML, alpha = 0.05).

After the heat stress exposure, all plants were transferred to the
glasshouse until maturity to determine the effect of the 5 days heat stress

exposure during booting on final biomass and grain yield. Aboveground
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biomass at 100% dry matter (DM) showed no significant difference between
control and heat stress plants (Table 1). However, the grain weight per plant
at 85% DM was significantly lower in plants exposed to the heat treatment.
The number of spikes per plant remained constant, suggesting that grain
weight per spike was negatively impacted by the heat stress exposure pre-

anthesis.

Table 1. Final biomass and yield traits of wheat plants exposed to heat stress
for five days during booting. Plants were grown at 25/18°C day/night (con-
trol) and at booting stage half of the plants were exposed to heat stress (1
day at 34/22°C, 5 days at 38/22°C, then returned to 25/18°C). Values are
means + SEM (n = 10 biological replicates). The heat stress treatment had
no significant effect on aboveground biomass or number of spikes, but signif-

icantly affected grain yield (two-sided t-tests).

Treat- n  Aboveground bio- Grain Yield Spike no.
ment mass

(g plantt @100% (g plant! @85% (plant?)

DM) DM)
Control 10 38.2 +4.3 11.2 £ 2.5 14.5 £ 2.9
Heat 10 38.1 £ 2.6 84 £+ 1.8 16.6 £ 2.8
stress
P-value 0.9608 0.0139 0.1129

To investigate the impact of heat stress on the regulation of Rubisco
activity, flag leaf samples of plants in the control and heat conditions were
taken prior to, during, and after the exposure to stress. Initial and total
activities and content of Rubisco were not significantly affected during heat
stress (Fig. 3), but total activity and Rubisco content declined slightly in
recovery plants on experiment day 8 compared to control plants on
experiment day 1 (Fig. 3b, ¢, P = 0.0062 and P = 0.0451, respectively). When
expressing the activities of Rubisco per quantity of enzyme (specific
activities), no significant differences were observed throughout the

experiment (Fig. S3). The same was largely true for total soluble protein
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(TSP), Rubisco content as a fraction of TSP (Fig. S3), and chlorophyll a,
chlorophyll b and total carotenoids (Fig. S4).

Initial and total activities were used to calculate Rubisco activation
states (Fig. 3d), which declined significantly after 4h of heat stress (P =
0.0006) but showed no significant difference to control after 5 days of heat
stress (P > 0.05). Rubisco activation state increased after 4h of recovery on
experiment day 8, compared to control plants at the start of the experiment

(P = 0.0014) and to heat stress plants on experiment day 3 (P = 0.0044).
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Figure 3. Rubisco activities and content in wheat plants under heat stress.
Rubisco initial and total activities, content, and activation state in flag leaves
of wheat plants exposed to control (25°C), heat (38°C), and recovery (25°C)
conditions. Box lines represent the median, first and third quartiles, whiskers
the range, black diamonds the mean, and circles individual samples (n = 4-
16 biological replicates). Significant P-values for pairwise comparisons are

shown (REML, alpha = 0.05).
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The activation state of Rubisco reflects the balance between inhibition
due to binding of inhibitors to active sites, and activation via removal of such
inhibitors by Rca and subsequent dephosphorylation of inhibitors by enzymes
such as CAlPase. The activity of CAlPase remained constant in control
plants throughout the experiment, showed a mild, non-significant increase
after 5 days of heat stress and was significantly increased in recovery plants
post heat stress, on experiment day 8 (Fig. 4; P = 0.0442). These results
suggest increased capacity to dephosphorylate sugar-phosphate derivatives

that would otherwise inhibit Rubisco activity upon stress relief.

Condition

Recovery
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CA1Pase activity (umol m?2s™)
N

1 2 3 4 5 6 7 8
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Figure 4. CAlPase activity in wheat plants under heat stress. Activity of
CA1Pase was measured in flag leaves of wheat plants exposed to control
(25°C), heat (38°C), and recovery (25°C) conditions. Box lines represent the
median, first and third quartiles, whiskers the range, black diamonds the
mean, and circles individual samples (n = 7-16 biological replicates). Signifi-

cant P-values for pairwise comparisons are shown (REML, alpha = 0.05).

Wheat Rca isoforms differ in their regulatory and thermal properties
(Scafaro et al., 2019; Perdomo et al., 2019; Degen et al., 2020). Wheat flag

leaves presented very little RcalP protein compared to both Rca2(3, which
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was most abundant, and Rca2o (Fig. 5). The amount of RcalP remained
similar to control levels after 4 h of heat stress, but after 5 days of heat stress
(68 h of cumulative heat), Rcalf3 protein levels increased ca. 2.5-fold, and
remained at this level the day after heat stress (4 h of recovery at control
temperatures). Rca2B and Rca2o abundance remained similar between
control and heat stress. The relative abundance of each wheat Rca isoform in
the flag leaf highlighted that under control conditions RcalP was only 1% of
the total Rca pool, and that Rca2B was the most abundant isoform
corresponding to more than 85% of the total Rca pool (Fig. 6). The relative
abundance of Rca2u appeared to decline slightly as the leaves aged (from
experiment day 3 to experiment day 8), but this was not significant (P >
0.05). While the total Reca pool size (ca. 6.5 + 0.9 mg m2) was unaffected by
heat stress, the relative abundance of Rcalf increased from 1% in leaves
under control conditions to 6% after 5 days of heat stress (Fig. 6, Fig. S5).
The abundance of Rubisco active sites relative to total Rca monomers
(Ra.s.:Rcaiotal) in wheat flag leaves did not change significantly throughout
the experiment and remained at 103 4+ 11 mol Ra.s. mol™ Reagotar (Table S5).
Because of the increase in Rcalf3 abundance during heat stress, the abundance

of Ras:RcalP3 decreased ca. 5-fold under heat stress.
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Figure 5. Rca protein amounts in wheat plants under heat stress. Protein
levels in flag leaves of wheat plants exposed to control (25°C), heat (38°C),
and recovery (25°C) conditions were quantified using RcalB-specific and Rca
polyclonal antibodies, and purified Rca proteins as standards (Fig. S2). Box
lines represent the median, first and third quartiles, whiskers the range, black
diamonds the mean, and circles individual samples (n = 4-8 biological repli-
cates). Significant P-values for pairwise comparisons are shown (REML, al-

pha = 0.05).

123



Experiment Day

3 7 8
1% 2% 1%

84% 83% 89%
Rcailp
Control (25°)
S Ty T Rca2a
2% /6% 7%
T & |« -
86% 80% 84%
Heat Stress (38°C) Recovery (25°C)

Figure 6. Relative abundance of Rca isoforms in wheat plants under heat
stress. The abundance of Rcalf3, Rca2p3 and Rca2o is shown as a percentage
of the total Rca pool in flag leaves of wheat plants exposed to control (25°C),

heat stress (38°C), and recovery (25°C) conditions.

The timing of changes in Rca gene expression during and post heat
stress was investigated to assess whether gene expression might contribute to
explain the observed changes in relative abundance of the three isoforms.
Control plants showed virtually no expression of Rcalp, whereas heat-stressed
plants showed a ca. 40-fold increase in Rcalf expression after 4 h of heat
(Fig. 7). Rcalp expression was still increased relative to control plants after
5 days of heat stress exposure, and decreased to near-control levels the day
after heat stress. By comparison, expression of the Rca2 gene splice variants
Rca2f and Rca2a showed less clear changes in response to heat stress. To
investigate the possibility that heat responsive elements could be driving the
change in Rcalf expression in response to heat stress, the promoter regions
of Rca were investigated for presence of such elements based to consensus
sequences identified by Jung et al. (2013). This revealed the presence of a
heat responsive element upstream of Rcal genes in all three genomes and
interestingly also upstream of the Rca2 gene copy in the A genome only (Fig.

S6).
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The expression of other genes related to Rubisco function was
investigated after 5 days of heat stress exposure only (experiment day 7; Fig.
7). Despite some heat stress plants showing higher values of rbcL expression,
there were no significant differences in the expression of calpase, rbel or
RbcS genes between control and heat stress plants. The wheat genome
encodes at least 25 RbcS genes (Table S2), which were divided into three
groups based on sequence similarity (Fig. S7, Table S3). The relative
expression of RbcS G2 and G8 was 4-fold higher than G1, and none of the
groups showed changes in expression in response to heat stress. Based on
data available in the gene expression atlas expVIP (Borrill et al., 2016;
Ramirez-Gonzalez et al., 2018), RbcS G3 appears to be the RbeS group most
consistently highly expressed in all wheat plant organs, including roots, and
across different plant developmental stages and growth conditions (Fig. S8).
Interestingly, the predicted wheat RbcS G3 protein sequences share an
isoleucine residue with the unusual T-type RbcS! variant from rice (Morita
et al., 2014; Pottier et al., 2018), while the other wheat and rice RbcS isoforms
share a valine in the same residue position (Fig. S9). The functional
significance of this isoleucine residue and potential significance of RbcS

presence in non-photosynthetic tissue could warrant further study.

125



) T T TR

Condition

150 $ Control 150 1501
E Heat
Recovery
1001 100 # | 100

3 4 5 6 7 8 3 4 5 6 7 8 3 4 5 6 7 8
Experiment day

o B I O EE

Rca expression (mean NRQ)
(o))
<

]
i
z
c 200 200 200 - 200 200 -
s 114.0
3 - 9.2
s . 90.5
Ke]
[7]
[%]
o 1 753
& 100 100 100 1 100 100 A
3
2 323 304
[0) §
o
0.08 0.09
0] —e——e 0 0 0 0-
7 7 7 7 7

Experiment day

Figure 7. Relative expression of Rca, calpase, RbcL and RbcS genes in
wheat plants under heat stress. Gene expression was determined in flag leaves
of wheat plants exposed to control (25°C), heat (38°C), and recovery (25°C)
conditions on experiment days 3, 7 and 8 for Rca (a), and solely on experi-
ment day 7 for the other genes (b). Normalised relative quantification (NRQ)
was estimated for each gene using both Ta2291 and Ta2776 as reference
genes. Box lines represent the median, first and third quartiles, whiskers the
range, black diamonds the mean, and circles individual samples (n = 5-8
biological replicates). Significant P-values for pairwise comparisons are shown

(REML, alpha = 0.05).
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4.4 Discussion

Rubisco activation is sensitive to moderate heat stress due to the thermolabile
nature of Rca (Salvucci et al., 2001; Salvucci & Crafts-Brandner, 2004a,c;
Scafaro et al., 2012; 2016; Shivhare & Mueller-Cajar, 2017; Degen et al.,
2020). In wheat, the isoform Rcal(3 has recently been shown to be more
thermostable than the other two native isoforms, Rca2@ and Rca2o (Scafaro
et al., 2019, Degen et al., 2020). Here, pre-anthesis heat stress promoted a
rapid increase in gene expression and a longer-term adaptive increase in
protein abundance of RcalP compared to the less thermostable wheat Rca
isoforms.

Wheat plants exposed to 38°C during the day had leaf temperatures
around 28°C and showed a large (40-fold) increase in Rcalf expression after
4 h heat stress, with expression remaining high after 5 days heat stress. These
findings agree with previous studies in wheat (Law & Crafts-Brandner, 2001;
Scafaro et al., 2019). In cotton, there were no significant changes in either
mRNA or protein levels of constitutive Rcaf3 or Rcao isoforms, but an
additional Rca isoform was found to account for 5% of the total Rca pool
after 2 days heat stress (Law et al., 2001). These findings suggest that
synthesis of heat-inducible isoforms of Rca may occur and be wide-spread
among plant species. The promoter region of the wheat gene Rcal contains
a heat responsive element in all three genomes, whilst this is only present in
the A genome for Rca2. These regions have been associated with increased
Rca expression under heat stress in Arabidopsis (Jung et al., 2013), and are
likely related to the increased Rcalf expression in wheat.

Rcalf protein abundance did not increase significantly at the onset
of heat stress (4 h), but increased 3-fold after 5 days heat stress. Young wheat
plants at the 3" leaf stage showed increased abundance of the 42 kDa protein
(RcalB+Rca2p) after 24-48 h exposure to a 38/34°C day/night heat stress
(Law & Crafts-Brandner, 2001). The relative abundance of Rcalf3 and Rca2(3
was not assessed in that study, and was only assessed after 4 h and 5 days
heat stress in the present study. Further research is required to test whether
abundance of thermostable Rcal protein in wheat increases within 24 h of

exposure to heat stress during the day and/or in response to elevated
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temperatures during the night. The observed response might also differ
between cultivars and wheat growth stages (Scafaro et al., 2019). The much
larger fold-change in Rca abundance at the transcript level compared to the
protein level shows that gene expression and protein abundance are not
directly coupled, and suggest that Rca protein abundance might be regulated
by a post-transcriptional mechanism (Law & Crafts-Brandner 2001; Law et
al., 2001). Understanding such regulatory mechanisms warrants further
investigation to inform efforts aimed at optimising Rca levels and Rubisco
activation in planta.

Leaf temperatures in plants experiencing heat stress (Fig. 1c) closely
matched the temperature optimum for Rubisco activation by Rcalf in vitro,
whereas in control plants leaf temperatures approximated those at which
Rca2( and Rca2a are most active in vitro (Degen et al., 2020). The activation
state of Rubisco was lower after 4 h heat stress compared to control plants
analysed on the same day, but after 5 days heat stress was not significantly
different from control plants. It is possible that the increase in the abundance
of the thermostable Rcal3 protein contributed to maintaining Rubisco
activity during heat stress. It has recently been shown that while Rca2$3 and
Rac2a become unable to activate Rubisco at moderately high temperatures
(Scafaro et al., 2019; Degen et al., 2020), RcalB continues to operate at higher
temperatures, but is relatively inefficient compared to the other two isoforms.
An increase in Rubisco activation state was observed in both control plants
and heat-stressed plants at the end of the experiment (following a 4 h
recovery period under control conditions). As the wheat flag leaves age,
decreasing Rubisco abundance can be accompanied by an increase in Rubisco
activation state (Carmo-Silva et al., 2017). In addition, increased Rubisco
activation in recovery plants could also be partly explained by the increase
in CA1Pase activity, decreasing the abundance of Rubisco inhibitors.

The properties of a particular Rca isoform can impact the overall
properties of the Rca holoenzyme composed of a mixture of isoforms, both in
vitro and in vivo (Zhang et al., 2001; 2002). Scafaro et al. (2019) showed that
the effects of mixing wheat Rcaf3 isoforms in vitro were strongly temperature-

dependent. At leaf temperatures up to ca. 30°C, it is possible that the small
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increase in the relative abundance of Rcalf3 in wheat flag leaves observed in
the present study could confer stability to the Rca holoenzyme during heat
stress. Testing this hypothesis more thoroughly warrants further detailed
study as it raises the possibility that the combination of Rca isoforms present
in the leaf might be adjustable to maximise overall efficiency of Rubisco
activation in wheat. Importantly, our previous in vitro study highlighted that
the two activities of Rca have different temperature optima, with fast rates
of ATP hydrolysis continuing well above the moderately high temperatures
that cause a 50% decrease in Rubisco activation rates (Degen et al., 2020).
ATP levels do not decrease under heat stress (Schrader et al., 2004) and the
ability of Rca to continue hydrolysing ATP above 30°C may act as a
significant ATP sink during heat stress, contributing to prevent irreversible
damage of thylakoid membranes (Sharkey & Zhang, 2010).

Catalytic misfire events by Rubisco increase with temperature,
resulting in increased production of inhibitory sugar-phosphate derivatives
(Schrader et al., 2006; Parry et al., 2008). In wvitro inhibition of Rubisco by
these compounds, termed fallover (Edmondson et al., 1990), declines at high
temperature due to a more flexible active site (Schrader et al., 2006; Parry et
al., 2008). In planta, accumulation of these inhibitors is thought to occur
under heat stress due to increased proportion of oxygenation to carboxylation
and increased misfire events. Inhibitors that accumulate during heat stress
may still be present in increased levels after plants are returned to control
conditions, potentially preventing rapid recovery of Rubisco activity.
CA1Pase metabolises sugar-phosphate derivatives (Andralojc et al., 2012),
and there was significantly more CAlPase activity in wheat the day after
heat stress compared to plants that did not experience heat stress, suggesting
up-regulation of the capacity to restore Rubisco activity for continued carbon
assimilation upon relief from stress.

In addition to regulation by Rca and CA1Pase, variations in Rubisco
subunit composition have been proposed as a mechanism for adaption to
growth temperature (Yoon et al., 2001; Yamori et al., 2006; Cavanagh &
Kubien, 2013). Although expression of rbcL and RbcS groups was not

significantly different between plants exposed to control temperatures and
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heat stress, there was a trend for increased expression of rbcL and decreased
expression of RbcS G2 and G3 under heat stress. These trends might become
significant in wheat plants exposed to prolonged heat stress, and could result
in altered Rubisco catalytic properties, as shown by Yamori et al. (2006).
Rubisco is highly abundant (Ellis, 1979; Carmo-Silva et al., 2015; Lobo et al.,
2019) and constituted 30-40% of the total soluble protein in the flag leaf of
the wheat plants studied here. Therefore, variation in Rubisco subunit
composition is likely to be a long-term adaptation response, in part because
of the large amount of protein synthesis required. Changes in Rca and
CA1Pase activity, on the other hand, could be regarded as a shorter-term
mechanism for mitigating the impact of heat stress and maintaining Rubisco
functionality.

Carbon assimilation decreased throughout heat stress exposure, and
remained low the day after heat stress, which was accompanied by reduced
stomatal conductance, in line with previous reports (Law & Crafts-Brandner,
1999; Galmés et al., 2007; Silva-Pérez et al., 2017; Lawson & Vialet-
Chabrand, 2018). The intercellular CO2 concentration (Ci) remained above
250 pmol mol?! throughout the experiment, which is well above the level
thought to promote Rubisco decarbamylation and consequent inactivation
(Galmés et al., 2010). At high light, the transition of photosynthetic
limitation by Rubisco activity to electron transport (and RuBP regeneration)
has been reported to occur at Ci values around 300 pmol mol! (Silva-Pérez
et al., 2017). At a non-saturating PPFD of ~400 pmol mol'!, used for both
plant growth and gas-exchange measurements in this study, photosynthesis
would be more likely limited by the rate of RuBP regeneration than by
Rubisco activity (Lauerer et al. 1993, von Caemmerer 2000). The large
decrease in A observed under heat stress cannot be directly compared to the
observed effect of heat stress on productivity traits or Rubisco biochemistry,
since gas-exchange was measured at a higher leaf temperature (ca. 37.1°C)
than the leaf temperature of plants during the heat stress treatment (ca.
28.7°C). The 5-day heat stress treatment pre-anthesis significantly decreased
plant grain weight at full maturity; a similar impact on grain yield was

reported in wheat plants exposed to 5 days heat stress at anthesis (Chavan
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et al., 2019). These findings support other studies suggesting that flag leaf
photosynthesis makes a significant contribution towards grain yield (e.g.
Carmo-Silva et al., 2017). Heat priming wheat plants at pre-anthesis has been
shown to result in reduced damage to the flag leaf and increased carbon
assimilation in plants exposed to post-anthesis heat stress (Wang et al., 2011).
While the priming study was conducted at moderate heat stress (34/30°C
day/night for 7 days), it suggests wheat plants can, to some extent, adapt to
the growth temperature. However, current evidence and the findings reported
herein suggest that isolated events of heat stress affecting flag leaf
photosynthetic properties cause a significant decline in wheat productivity.
In summary, the biochemical and molecular responses of pre-anthesis
wheat plants exposed to heat stress showed short-term increased gene
expression and longer-term increased protein abundance of the more
thermostable wheat Rcal(3 isoform. These findings support previous wheat
heat stress reports (Law & Crafts-Brandner, 1999; 2001; Silva-Pérez et al.,
2017; Yang et al., 2020) and in wvitro wheat Rca temperature responses
(Scafaro et al., 2019; Degen et al., 2020) suggesting that Rubisco activity and
regulation by Rca in wheat are primarily optimised for leaf temperatures
between 20-25°C, but with room to improve climate resilience. Manipulation
of the relative abundance of Rca isoforms, alongside introduction of superior
forms of Rca, through breeding or genetic engineering, offers scope to make
Rubisco regulation in wheat more resilient to an increasingly warm and

variable climate.
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4.6 Supporting Information
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Fig. S1 Profile of relative humidity in the plant growth cabinets. Plants
were grown at 25/18°C day/night (control conditions); at booting stage (ex-
periment day 0), one of the two plant growth cabinets was set to 34/22°C
for 1 day (experiment day 2) followed by 38/22°C for 5 days (heat stress,
experiment days 3-7), then back to control temperatures (recovery, experi-
ment day 8). Blue = control, red = heat stress, orange = recovery. Relative
humidity in each cabinet was measured continuously throughout the heat
treatment (OM-EL-USB temperature and humidity data logger, Omega En-
gineering, UK).
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Fig. S2 Immunoblot detection and quantification of Rca using purified Rca
standards. a) Detection of the three Rca isoforms using the polyclonal anti-
Rca primary antibody. Purified Rca2B+a (80:20 ratio) were used as a
standard to quantify Rca in leaf samples. Two examples of control and heat
stressed plants are shown. b) Detection of Rcalf3 using a specific anti-Rcalf3
antibody and purified Rcalf3 as a standard. The same control and heat
stress samples shown in a) were used to illustrate the ability to detect
Rcalf in leaf samples. ¢) The sequence alignment of the peptide used to
produce the anti-RcalP antibody shows specificity to the N-terminal

sequence of Rcalf3 from wheat.
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Fig. S3 Rubisco specific activities, total soluble protein and Rubisco content

in wheat plants under heat stress. Rubisco (a) initial and (b) total activities

per quantity of Rubisco, (c) total soluble protein (T'SP) content and (d)

Rubisco content as a fraction of TSP. Box lines represent the median, first

and third quartiles, whiskers the range, black diamonds the mean, and cir-

cles individual samples (n = 4-8 biological replicates). Significant P-values

for pairwise comparisons are shown (REML, alpha = 0.05); there was no

significant effect of treatment on the specific activity of Rubisco or the

amount of Rubisco relative to TSP (P > 0.05).
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Fig. S4 Chlorophyll a, chlorophyll b and total carotenoids in wheat plants

under heat stress. Chlorophyll (Chl) and carotenoid contents were

quantified in flag leaves of wheat plants under control conditions, exposed

to heat stress (experiment days 3 and 7) and upon recovery to control

conditions (day 8). Box lines represent the median, first and third quartiles,

whiskers the range, black diamonds the mean, and circles individual

samples (n = 4-8 biological replicates). There was no significant effect of

heat stress on chlorophyll and carotenoid levels (REML, P > 0.05).
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Fig. S5 Relative Rca isoform abundance in wheat plants under heat stress.
The abundance of Rcal3, Rca28 and Rca2a is shown as a fraction of the
total Reca pool in flag leaves of wheat plants exposed to control (25°C), heat
stress (38°C) and recovery (25°C) conditions. Box lines represent the
median, first and third quartiles, whiskers the range, and black diamonds
the mean (n = 3-8 biological replicates). There was a significant effect of
treatment for RecalB (P < 0.05), but not for Rca2f and Rca2a (P > 0.05).
Significant P-values for pairwise comparisons are shown (REML, alpha =

0.05).
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Fig. S6 Location of putative heat responsive elements in wheat Rca genes.
Heat responsive elements are indicated in red and were identified based on
consensus sequences identified in Jung et al. (2013). HSE2 was identified
upstream of Rca2 A using the consensus sequence TTCnnGAA. HSE4 was
identified upstream of Rcal copies from all three genomes using the

consensus sequence TCCnnGAAnnTTC.
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Fig. S7 Phylogenetics of wheat RbcS. Phylogenetic trees based on (a) the
coding sequences (CDS) of RbcS genes in wheat, (b) the respective mature
protein sequences, or (c) the chloroplast transit peptide (¢TP) for each
protein. (d) Phylogenetic relationships of wheat RbcS protein groups and
rice RbcS protein isoforms. RbcS sequences were obtained from
EnsemblPlants (accessions listed in Table S3) and phylogenetic trees built
using the neighbour-joining method in Geneious 9.1.8. Black lines represent
substitutions per site. Based on genetic similarity, wheat RbcS genes were
divided into three groups (blue, green and yellow) for gene expression

analysis.

151



Group1 (Chr2) Group2 (Chr2) Group3 (Chr5)

RbcS 1 2 3 45 6 7 8 910 111213 141516 171819 20 21222324 25

o o o o o o o o o o o o o o o o o o (=3 o o o o o o

o o o (=] (=] (=] o o o o [} (=] (=] o o (=] o i=1 [} o o o [=] (=} (=]

S 2 8 3 3B I B BRI I 32L& 328 39RB3 BB

~ ~ ~ ~ o o w0 wn wn © © © «© o o o0 n 0 w0 e} w0 o o D (o3

© © © © ~ ~ © © © © © © ~ ~ ~ ~ © © © © © © © © ©

o o o o o o o o o (=] (=] o o o o o o o o - - - — - -

o 6 6 6 6 6 66 O 6 O 6 6 O 6 o o0 06 0o 6 6 0o 6 ¢ 06

N o o [ [ (3 N o o [\ (3 N N [ o o Y N N N N o [ N N

o (=} o o [=] (=3 o o o (=] (=] o (=3 o (=3 o o o (=3 o o (=3 o [=3 o

< €« € £ 00 0 0 0 << < <9 00 o0 o000 0 < < o ;o a0 0

o o o o Y Y o o o ol o o o o o o o o o w0 w0 n 0 n n

w O O O O O O u u u O O O O O O O O O O O O O O o

O 0 0 0 0 0O 0 O O 0 O 0O 0 O 0 O O O O O O O O O O

2 222 2%222%2%2%2%22%2%2%2%2%2%%2%%%%%

(o] o [} (o} Q (5] [0 (o] [0 Q Q Q (o] (o] (o] [0} [0} [0} Q (0] (o] (o] (o3 [0} Q

g ¢ 8 8§ & ¢ & ¢ g & ¢ T & & C F & F I F F S & T I

F F F F F F FFF FFFFFFFFFFFFEFFFFF
roots, seedling, none (n=8) | N 000 |
leaves/shoots, seedling, none (n=80) DR S B s 00 |
leaves/shoots, vegetative, none (n=105) T BN NN
roots, vegetative, none (n=70) [ 1
leaves/shoots, reproductive, none (n=135)  INIINNNNE
roots, reproductive, none (n=8) [ e ]
spike, reproductive, none (n=128) D T [IMEEEN T T
grain, reproductive, none (n=166) T ]
leaves/shoots, vegetative, disease (n=45) NN
spike, reproductive, abiotic (n=67) [ 1]
roots, vegetative, abiotic (n=3) | ]
leaves/shoots, vegetative, abiotic (n=6) Il TTHE IEaEE WS
leaves/shoots, seedling, disease (n=66) S I N ESNEE 4B
spike, reproductive, disease (n=83) [ | S B e 0000000 0 |
leaves/shoots, seedling, abiotic (n=28) [ I I [MEEN 77 NS
spike, vegetative, none (n=2) [ ]
leaves/shoots, reproductive, disease (n=16) T [ S e e

0 2 4 6 8 10 12
Log, (tpm)

Fig. S8 RbcS gene expression in wheat. Gene expression data for each RbcS

gene in different plant organs, at various growth stages and environmental

conditions, as indicated to the left, was obtained from expVIP

(http://wheat-expression.com). Colour scale indicates the Logz of

transcripts per million (tpm).
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Fig. S9 Alignment of RbcS protein sequences from rice and wheat. (a) Full
sequences for each rice RbcS protein and consensus sequences for each of
the three wheat RbcS protein groups are shown. The isoleucine residue at
position 51 is highlighted in red. (b) Percentage of amino acid sequence

similarity.
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Table S1 MIQE guidelines for gene expression analyses.

MIQE guidelines (as per Bustin et al.

2009)

Experimental design

Definition of experimental and
control groups

Experimental group: wheat plants exposed
to heat stress, control group: wheat plants
grown under control conditions

Number within group

8 biological replicates per group, consisting
of 4 biological replicates from each of two
replicate experiments. 2-3 technical
replicates per biological replicate.

Sample
Description Leaf material from wheat plants

Leaf material was cut with a razor blade
Processing and immediately snap frozen in liquid

nitrogen and stored at -80°C.

Nucleic acid extraction

Frozen leaf material was ground with a

Procedure chilled pestle and mortar to a fine powder.
15-20 mg were used for RNA extraction.
Kit NuceloSpin®) Tri Prep kit (Macherey-

Nagel, Diiren, Germany)

DNase treatment

An on-column treatment included as part of
the kit mentioned above. 95 pLL DNase
solution per sample for 15 min at room
temperature.

RNA concentration, purity

Measured with SpectroStar Nano
microplate reader (BMG Labtech GmbH,
Ortenberg, Germany). RNA purity and
yield were assessed by evaluating
absorbance ratios at 260/280 and 260,230
nm; pure RNA was defined as 260/280
around 2.0 and 260,230 above 1.8,
respectively.

Reverse transcription

Complete reaction conditions

1 pg of RNA was added to a 10 uL reaction
containing 1 pL of Oligo-dTprimer, which
was incubated for 5 min at 65°C and
immediately cooled on ice. nanoScript™
buffer, ANTPs, RNAse/DNAase free water
and nanoScript2 were added according the
instructions of the Precision nanoScript™ 2
Reverse Transcription kit (Primer design
Ltd., Camberley, UK). The 20 uL reaction
was incubated for 20 min at 42°C, followed
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by heat inactivation for 10 min at 75°C.
c¢DNA was stored at -20 °C.

gPCR target information and qPCR oligonucleotides

See table S2 for genes, primer sequences and product sizes and further information.

Primers were manufactured by Sigma-Aldrich (Sigma-Aldrich Company Ltd,
Gillingham, UK). Primers were purified by desalting.

qPCR protocol

gPCR conditions

95°C for 2 min, 40 cycles at 95°C for 15 sec
and 60°C for 1 min

Melting curves

95°C for 1 min, 60°C for 30 sec and 95°C for
30 sec

Reaction volume and ¢cDNA amount

15 nL, 40 ng

Master mix

PrecisionPLUS qPCR Master Mix (Primer
design Ltd., Camberley, UK)

Nucleic acid extraction

Frozen leaf material was ground with a

Procedure chilled pistil and mortar to a fine powder.
15-20 mg were used for RNA extraction.
Kit NuceloSpin®) Tri Prep kit (Macherey-

Nagel, Diiren, Germany)

DNase treatment

95 pL. DNase per sample for 15 min at room
temperature

RNA concentration, purity

Measured with SpectroStar Nano
microplate reader (BMG Labtech GmbH,
Ortenberg, Germany). RNA purity and
yield were assessed by evaluating
absorbance ratios at 260/280 and 260,230
nm; pure RNA was defined as 260/280
around 2.0 and 260,230 above 1.8,
respectively.

Reverse transcription

Complete reaction conditions

1 pg of RNA was added to a 10 uL reaction
containing 1 pL. of RT primer, which was
incubated for 5 min at 65°C and
immediately cooled on ice. nanoScript™
buffer, ANTPs, RNAse/DNAase free water
and nanoScript2 were added according the
instructions of the Precision nanoScript™ 2
Reverse Transcription kit (Primer design
Ltd., Camberley, UK). The 20 nL reaction
was incubated for 20 min at 42°C, followed
by heat inactivation for 10 min at 75°C.
cDNA was stored at -20 °C.

gPCR target information and qPCR oligonucleotides
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See table S2 for genes, primer sequences and product sizes and further information.

Primers were manufactured by Sigma-Aldrich (Sigma-Aldrich Company Ltd,
Gillingham, UK). Primers were purified by desalting.

qPCR protocol

qPCR conditions

95°C for 2 min, 40 cycles at 95°C for 15 sec
and 60°C for 1 min

Melting curves:

95°C for 1 min, 60°C for 30 sec and 95°C for
30 sec

Reaction volume and ¢cDNA amount

15 nL, 40 ng

Master mix

PrecisionPLUS qPCR Master Mix (Primer
design Ltd., Camberley, UK)

Primer concentration

0.467 pM

gPCR instrument

Mx3005P qPCR system (Stratagene Inc,
Agilent Technologies, Stockport, UK)

qPCR validation

Specificity

Melt curve

Primer efficiency/slope/y-
intercept/R? of linear regression of
Cq/In(cDNA)// Cq for NTC
(threshold 350, NA where Cq was too
low):

calpase

Rcalp

Rca2a+p

Rca2a

rbcL

RbcSG1

RbcSG2

RbcSG3

Ta2291 (reference gene 1)
Ta2776 (reference gene 2)

1.85/-1.62,/23.65/0.9960/ /NA
1.67/-1.96/16.73/0.9957/ /NA
1.61/-2.09/15.91/0.9941//35.63
1.82/-1.66,/17.08/0.9952//34.93
1.87/-1.59/13.73/0.9931/ /NA
1.87/-1.59/15.32/0.9858,/ /NA
1.80/-1.70/14.26/0.9742/ /35.77
1.78/-1.74/14.59/0.9896/ /NA
1.72/-1.85/19.70/0.9955,/ /NA
1.77/-1.75/22.14/0.9986,/ /NA

Data analysis

qPCR analysis program

MxPro (Stratagene, Inc)

Cq determination

Followed protocol in the Manual

Normalisation method

As described by Rieu and Powers (2009)

Number and justification of choice of
reference genes

Based on the recommendation by Paolacci
et al. (2009). Two reference genes were
chosen due to their high expression
stability, including heat stress.
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Statistical method

REML analysis to test significance of
differences between treatments and
experiment days.

157




Table S2 Sequences of gPCR primers used in this study.

Produ
Gene Accession no. qPCR primer | Sequence
ct size
qGDCA1Pase | TATTCCTTCCAGGGGC
calpas | Gen bank: _F TeTT
119
¢ HEGU3918 qGDCA1Pase | AGCTCCCGCACTGGGT
R AGT
GCTTCTGCTTTCTCRT
EnsemblPlants: aGDReal _F CCAC
Rcalf | TraesCS4B02G14 224
0200 TGGTCRTCGGAGATGT
qGDRcal R
CGTA
TATCACATCGAGCCTG
qGDRbcL._F
Gen bank: TTGC
rbel 146
LN626616 AGAGCACGTAGGGCTT
qGDRbcL._R
TGAA
GGGTGATGCTAACCAG
qGDO011
GATG
Rca2a 117
GGGTCGAAGTTCTTGG
EnsemblPlants: aGDO10 CAGT
TraesCS4B02G14
0300 GACTTCGACAACACCA
GDO009
Rea2 TGGG
146
ra TTTCCTTGACCCTTGC
GDO008
CTCC
AGATGCATGCAGGTGT
See Table S4 RbcS1_F 173
GG
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RbeS

(Group

RbeS

(Group

RbeS

(Group

CTGTTGTGCTCACGGA
RbcS1 R
AGAC
CGGAAGGATCAGGTGC
RbcS2 F
AT
138
CAGGGCACCCACTTKG
RbcS2 R
AG
AACGGTGGAAGGATCA
RbeS3_F
GGT
183
GTGCTCACGGAAGATR
RbcS3 R
AACC
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Table S3 Wheat RbcS gene groups. Genes that were annotated as RbcS on
EnsemblPlants were divided into three groups according to their phyloge-
netic similarity. For each RbcS group, one primer pair was designed to am-

plify all genes in the group.

RbcS
Genome EnsemblPlants accession code Group

gene

1 2A TraesCS2A02G067000 1
2 2A TraesCS2A02G067100 1
3 2A TraesCS2A02G067200 1
4 2A TraesCS2A02G067300 1
5 2B TraesCS2B02G079400 1
6 2B TraesCS2B02G079500 1
7 2D TraesCS2D02G065400 1
8 2D TraesCS2D02G065500 1
9 2D TraesCS2D02G065600 1
10 2A TraesCS2A02G066700 2
11 2A TraesCS2A02G066800 2
12 2A TraesCS2A02G066900 2
13 2B TraesCS2B02G078900 2
14 2B TraesCS2B02G079100 2
15 2B TraesCS2B02G079200 2
16 2B TraesCS2B02G079300 2
17 2D TraesCS2D02G065100 2
18 2D TraesCS2D02G065200 2
19 2D TraesCS2D02G065300 2
20 5A TraesCS5A02G165400 3
21 5A TraesCS5A02G165700 3
22 5B TraesCS5B02G162600 3
23 5B TraesCS5B02G162800 3
24 5D TraesCS5D02G169600 3
25 5D TraesCS5D02G169900 3
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Table S4 Comparison of wheat plants in the two cabinets prior to heat

stress. Plants in each of the two plant growth cabinets were analysed prior

to the onset of heat stress, when both cabinets were set to 25°C. Values are

means + SEM. There was no significant effect of cabinet on gas-exchange

and biochemical traits (two-sided t-test, P > 0.05), showing that the plants

in the two plant growth cabinets were comparable prior to heat stress treat-

ment.
Treatment n Net CO2 Rubisco Rubisco
assimilation activation state content
(pmol m? s!) (%) (g m?)
Control 6- 175 £ 0.5 0.4+ 0.1 2.6 + 0.6
8
Heat stress  5- 17.0 £ 0.8 04 +0.1 3.0£03
8
P-value 0.2316 0.4077 0.2584
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Table S5 Ratio of Rubisco active sites to Rca (Ras.:Rca) in wheat flag

leaves. The amounts of Rubisco and Rca were converted to mol active sites

(Ras.) and mol monomer, respectively, and expressed per leaf area. The ra-

tios of Ra g to each individual Rca isoform and to the total Rca amount in

the flag leaves of wheat plants under control (25°C) and heat (38°C) condi-

tions were calculated for experiment days 3, 7 and 8. Values are means =+

SEM (n = 3-8 biological replicates). Ry s:RcalP was significantly lower in

heat stress compared to control plants in experiment days 7 (*** P <

0.0001) and 8 (** P = 0.0028); the ratios of Ras:Rca2B, Ras:Rca2a, and

Ra s.:Reagora Were not significantly affected by heat stress (REML, P >

0.05).

1*31);[}), Conlcllitio n  Ras:Realf RA_S,EiRcaZ R, 5. :Rea2a RA,S_;IJ%ca,tot
Control 7  10937+1436 172454 11944156 14541
’ Heat 8  10714+1160 137425 11124189 117420
Control 7  10453+3105 7248 852100 657
! Heat 8 1716:£304%%* 13843 726+68 104£27
Control 8  8594+867 1024 1236435 93+3
i Rec;)ver 7 1779+346%%  104+14  1283+251 9111
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5. Chapter 5: Low genetic diversity in cereal Rubisco acti-
vase might still offer scope for crop improvement

Abstract

Rubisco activase (Rca) plays a central role in the regulation of carbon assim-
ilation. The three isoforms present in wheat differ in regulatory properties
and thermal optimum. The thermostable Rcalf3 is only expressed during heat
and contains an isoleucine switch that increases the temperature optimum.
Here, we explored the possibility that wheat wild relatives would show genetic
diversity in Rca that would be exploitable for crop improvement. The expres-
sion of Rca in wheat was comparable between the three genomes in the most
highly expressed isoforms, Rca2p and Rca2a. Realf3 was characterised by low
expression levels, which increased slightly under abiotic stress. The three
isoforms were highly conserved showing only 1-5 amino acid differences be-
tween wheat, wild relatives and the crop relatives rye and barley, across the
whole protein sequence. The isoforms encoded by the B genome of bread
wheat presented most of the variation, with the A and D genome encoding
near identical Rca proteins that closely resemble the isoforms in the bread
wheat wild relative progenitors. Interestingly, the Rca isoforms present in
cultivated rice, a warm-adapted species, were more similar to RcalP than
Rca2(. The findings show that genetic diversity in Rca is limited but might

be exploitable for enhancing wheat resilience to global warming.
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5.1 Introduction

Adaption of crops to fast-changing environments is vital given the threat
posed by global climate change on crop yields (Ray et al., 2012; 2019). Breed-
ing has narrowed genetic diversity of crops over time, therefore wild relatives
and locally adapted varieties, called landraces, have been suggested as a re-
source for crop improvement (Wingen et al., 2014; King et al., 2017b; Zaim
et al., 2017; King et al., 2017a).

Bread wheat (Triticum aestivum) is a hexaploid cereal and the prod-
uct of natural hybridisation as shown by Marcussen et al. (2014). It contains
the diploid genomes A, B and D, which derived from its progenitors and are
related to wheat wild relatives that still occur in nature. Three hybridisation
events contributed to the hexaploid nature of wheat. Firstly, the formation
of Aegilops tauschii (DD genome) by homoploid hybrid speciation of Triticum
urartu (AA genome) and a relative of Aegilops speltoides (BB genome) ca.
5.5 million years ago (mya). T. urartu and the relative of Ae. speltoides then
formed the allotetraploid Triticum durum (AABB genome, also known as
pasta wheat) ca 0.8 mya. Finally, the hybridisation of T. durum and Ae.
tauschii gave rise to the hexaploid T. aestivum (AABBDD) ca. 0.4 mya.
Analysis of gene distribution showed that the three sub-genomes have 99%
similarity, 35% of genes are located on the B genome, whereas the A and D
genomes contain 33% and 32%, respectively (Mayer et al., 2014).

Despite the high similarity between the three bread wheat genomes
and between each genome and their wild relative progenitors, adaption to
local environments requires fine-tuning of plant metabolism. This either re-
quires a change in gene and protein expression levels or adaption via muta-
tions to increase fitness. For example, wild emmer (7. turgidum) populations
show increased mutation and selection in response to global warming (Fu et
al., 2019) and a screen of Aegilops species showed high tolerance to heat stress
(Pradhan et al., 2012). Furthermore, diversity in drought-adaption of Mexi-
can land races has been shown to exist, which were attributed to improved

water extraction by roots and superior water use efficiency (Reynolds et al.,
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2007). These findings emphasise the potential of wheat wild relatives and
cultivar diversity as a resource for crop improvement.

The photosynthetic machinery can adapt to environmental factors
such as temperature (Berry & Bjorkman, 1980) and diversity has been ob-
served in Rubisco catalytic properties of wheat wild relatives and domesti-
cated wheat (Prins et al., 2016). Specifically, Prins et al., (2016) showed that
Hordeum vulgare and Ae. cylindrica had higher Rubisco carboxylation veloc-
ities at 25 and 35°C compared to other species, and this was possibly associ-
ated with a specific amino acid change from lysine to glutamine at position
14 of the Rubisco large subunit compared to Cadenza wheat. This highlights
the impact a single amino acid change can have on catalytic properties and
temperature response of an enzyme. Similarly, an isoleucine residue in wheat
Rubisco activase (Rca) has been shown using directed mutagenesis to con-
tribute to increased thermostability of Rubisco activase (Degen et al.,
2020)Chapter 3).

In this chapter we investigated the hypothesis that wheat wild rela-
tives would present significant diversity in Rubisco activase that may be ex-
ploitable to enhance the resilience of wheat crop production to climate
change. Firstly, publicly available gene expression data was used to compare
the expression of the T. aestivum Rca isoforms encoded by the three genomes.
This was followed by a gene sequence analysis of the wheat Rca isoforms
alongside Rca isoforms of wheat wild relatives, including the crop progenitors,

and the cereal crop relatives rye, barley and rice.
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5.2 Results

5.2.1 Wheat Rca gene expression

Rca gene expression of the three wheat sub-genomes A, B and D was deter-
mined by using data available in the wheat expression atlas expVIP (Borrill
et al., 2016; Ramirez-Gonzalez et al., 2018). Rca transcript IDs and homoeo-
logues of Rca genes were identified on EnsemblPlants (Howe et al., 2019). In
order to differentiate Rca expression across plant tissues and between control
and abiotic stress, four studies were selected (Fig. 1). Data consists of expres-
sion levels for roots, leaves/shoots, spikes and grains under control conditions
(or in the absence of stress, i.e. “none” in Fig. 1) and for leaves/shoots under
abiotic stress consisting of heat and drought conditions (“abiotic” in Fig. 1).
A total of 17 transcripts were found for the three wheat Rca isoforms, includ-
ing one in each genome for Rcalp, one to seven transcripts per genome for
Rca2p, and one to two transcripts per genome for Rca2a. Some transcripts
were much less expressed than others, but significant expression was observed
for more than one Rca2f transcript in genomes A and D. The presence of
multiple transcripts was based on predictions from EnsemblPlants and do

not necessarily result in multiple Rca isoforms.
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Fig. 1. Gene expression of Rca isoforms of the three wheat sub-genomes A,
B and D. Data was obtained from expVIP. The colour scale indicates the logs
of transcript per millions (tpm). Four tissue types were selected for control
conditions (“none”) and leaves/shoots was selected for abiotic stress condi-
tions. Transcript IDs of Rca isoforms were obtained from EnsemblPlants.

Rca expression was absent in roots and was primarily detected in
leaves and shoots, with significant expression also detected in spikes and to
a lesser extent in grains (Fig. 1). Rcalf showed significant expression in leaves
and shoots under non-abiotic (control) conditions, with expression showing a
gradient from the A genome (lowest) to the D genome (highest). During abi-
otic stress, expression in leaves and shoots increased substantially compared
to control conditions. Rca2a and Rca?2ff were more highly expressed than
Rcalp and also showed highest expression in the leaves and shoots than in
spikes or grains under control conditions. Overall, expression of Rca2a and
Rca2f was comparable across genomes A, B and D, appeared to decrease
under abiotic stress compared to control conditions. Where multiple tran-
scripts were present, these showed different expression across tissues and dur-

ing abiotic stress.
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5.2.2 Rca genetic diversity in wheat and its wild relatives

In order to establish genetic diversity of Rca, genes of wheat wild
relatives were sequenced. Predicted mature protein sequences of RcalB from
the T. aestivum A and D genomes and from their respective donor species as
well as T. monococcum were identical (Fig .2A, 3A). The B genome copy,
however, presented a few amino acid differences and was more similar to H.
vulgare and Ae. caudata. Sequences of Rca23 and Rca2a were highly con-
served between wheat wild relatives, with only 3 (B) and 5 («) amino acid
residues differing between T. aestivum and H. vulgare, and 1 amino acid
residue differing between T. aestivum and Ae. speltoides (Fig. 2B, 3B, 3C).
Rca2 sequences of each genome were (near) identical to the respective genome
donors (Fig. 3B, 3C), T. urartu A genome (Mayer et al., 2014), Ae. speltoides
B genome (Miki et al., 2019), and Ae. tauschii D genome (Mayer et al., 2014).
Overall, the A and D genomes are near identical, and the B genome is slightly

more distantly related.
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Fig. 3. Phylogenetic trees of mature protein sequences. A) Rcalf, B) Rca2p,
C) Rca2a of wheat and wild relatives and D) of wheat sub-genomes. Phylo-
genetic tree was constructed based on the sequence alignment in Fig. 2 using
the Jukes-Cantor genetic distance model and the neighbour-joining tree build
method in Geneious 9.1.8. Scale represents amino substitutions per site.

While Rca and the Rubisco small subunit (RbcL) genes are encoded
in the nucleus, the Rubisco large subunit (rbcL) is encoded in the chloroplast
genome, which has been suggested to have been maternally inherited from an
Ae. speltoides relative, the donor of the B genome (Middleton et al., 2014).
A phylogenetic tree of the RbcL protein sequences from wheat and sub-ge-
nome donors (Ae. speltoides and T. wurartu) showed that these were closely
related (Fig. 4). Overall, protein sequence identity was >99 % for all six

species.
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Ae speltoides MSPQTETKAGVGF AGVKDYKLTYYTPEYETKDTD | LAAFRVSPQPGVPPEEAGAAVAAESSTGTWTTVWTDGLTSLDRY | GRCYHIEPVAGEDSQ
Ae tauschii MSPQTETKAGVGF AGVKDYKLTYYTPEYETKDTD | LAAFRVSPQPGVPPEEAGAAVAAESSTGTWTTVWTDGLTSLDRYKGRCYHI EPVAGED @
Tmonococcum  MSPQTETKAGVGF /AGVKDYKLTYYTPEYETKDTD | LAAFRVSPQPGVPPEEAGAAVAAESSTGTWT TVWTDGL TSLDRYKGRCYH | EPVAGED .Q
Hvulgare MSPQTETKAGVGF AGVKDYKLTYYTPEYETKDTD I LAAFRVSPQPGYPPEEAGAAVAAESSTGTWTTVWTDGLTSLDRYKGRCYHI EPVAGEDSQ
T aestivum MSPQTETKAGVGF - AGVKDYKLTYYTPEYETKDTD | LAAFRVSPQPGVPPEEAGAAVAAESSTGTWTTVWTDGLTSLDRYKGRCYH I EPVAGEDSQ
Turatu MSPQTETKAGVGF AGVKDYKLTYYTPEYETKDTD I LAAFRVSPQPGVPPEEAGAAVAAESSTGTWTTVWTDGLTSLDRYKGRCYH I EPVAGEDSQ
100 110 120 130 140 150 60 170 180 190
Ae speltoides WICYVAYPLDLFEEGSVTNMETS | VGNVF GFKALRALRLEDLR i PPTYSKTFQGPPHG I QVERDKLNKYGRP L LGCT I KPKLGL SAKNYGRACYEC
Ae tauschii WICYVAYPLDLFEEGSVTNMETS | VGNVF GFKALRALRLEDLR I PPTYSKTFQGPPHG I QVERDKLNKYGRPLLGCT I KPKLGL SAKNYGRACYEC
Tmonococcum  WICYVAYPLDLFEEGSVTNMFTS I VGNVF GFKALRALRLEDLR I PPTYSKTFQGPPHG I QVERDKLNKYGRPLLGCT I KPKLGL SAKNYGRACYEC
Hvulgare WICYVAYPLDLFEEGSVTNMFTS I VGNVF GFKALRALRLEDLR | PPTYSKTFQGPPHG | QVERDKLNKYGRPLLGCT IKPK LGL SAKNYGRACYEC
T aestivum WICYVAYPLDLFEEGSVTNMETS | VGNVF GFKALRALRLEDLR I PPTYSKTFQGPPHG I QVERDKLNKYGRPLLGCT I KPKLGL SAKNYGRACYEC
T uratu WICYVAYPLDLFEEGSVTNMETS | VGNVF GFKALRALRLEDLR I PPTYSKTFQGPPHG I QVERDKLNKYGRPLLGCT I KPKLGL SAKNYGRACYEC
200 210 220 230 240 250 260 270 280
Ae speltoides LRGGLDFTKDDENVNSQP FMRWRDRFVFCAEA T YKSQAETGE IKGHYLNATAGTCE EMI KRAVFARELGVP I VMHDYLTGGFTANTTLAHYCRDNG
Ae tauschii LRGGLDFTKDDENVNSQP FMRWRDRF VFCAEA | YKSQAETGE I KGHYLNATAGTCE EMI KRAVFARE LGVP | VMHDYL TGGFTANTTLAHYCRDNG
Tmonococcum  LRGGLDF TKDDENVNSQP FMRWRDRFVFCAEA | YKSQAETGE | KGHYLNATAGTCE EMI KRAVFARE LGVP | VMHDYL TGGFTANTTLAHYCRDNG
Hvulgare LRGGLDFTKDDENVNSQP FMRWRDRFVFCAEA | YK SQAETGE I KGHYLNATAGTCE EMI KRAVFARE LGVP | VMHDYL TGGFTANTTLAHYCRDNG
T aestivum LRGGLDFTKDDENVNSQP FMRWRDRFVFCAEA| YKSQAETGE IKGHYLNATAGTCEEMIKRAVFARELGVP IVMHDYLTGGFTANTTLAHYCRDNG
T uratu LRGGLDFTKDDENVNSQP FMRWRDRF VFCAEA | YKSQAETGE I KGHYLNATAGTCE EMI KRAVFARE LGVP | VMHDYL TGGFTANTTLAHYCRDNG
290 300 310 320 330 340 350 360 370 380
Ae speltoides LLLH IHRAMHAV | DRQKNHGMHFRVL AKALRMSGGDH | HS GTVVGKL EGEREMTLGFVDL LRDDF | EKDRARG | FFTQDWVSMP GV I PVASGG I HV
Ae tauschii LLLH IHRAMHAY | DRQKNHGMHFRVL AKALRMSGGDH | HS GTVVGKL EGEREMTLGFVDL LRDDF | EKDRARG | FFTQDWVSMP GV | PVASGG | HV
T monococcum LLLHIHRAMHAV | DRQKNHGMHFRVLAKALRMSGGDH IHSGTVVGKLEGEREMTLGFVDLLRDDF | EKDRARG | FFTQDWV SMP GV I PVASGG | HV
Hvulgare LLLHIHRAMHAY | DROKNHGMHFRVL AKALRMSGGDH | HS GTVVGK L EGEREMTLGFVDLLRDDF | EKDRARG | FFTQDWV SMP GV I PVASGG | HV
T aestivum LLLH IHRAMHAY | DRQKNHGMHFRVL AKALRMSGGDH | HS GTVVGKL EGEREMTLGFVDL LRDDF | EKDRARG | FFTQDWVSMP GV | PVASGG | HV
T uratu LLLHIHRAMHAY | DRQKNHGMHFRVLAKALRMSGGDH IHSGTVVGKLEGEREMTLGFVDLLRDDF | EKDRARG | FFTQDWV SMP GV I PVASGG | HV
39 400 410 420 430 440 450 450 470 479
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Ae tauschii WHMPALTE | FGDDSVLQF GGGTLGHPWGNAPGAAANRVAL EACVQARNEGRDLAREGNE | | RAACKWSP E LAAACEVWK
T monococcum WHMPALTE | FGDDSVLQF GGGTLGHPWGNAPGAAANRVAL EACVQARNEGRDLAREGNE | IRAACKWSPELAAACEVWK
Hvulgare WHMPALTE | FGDDSVLQF GGGTLGHPWGNAPGAAANRVAL EACVQARNEGRDLAREGNE | |RAACKWSPELAAACEVWKA | KFEFEPVDT I DKKV
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Fig. 4: Sequence analysis of Rubisco large subunits of wheat and related spe-
cies. A) Protein sequence alignment of RbcL from wheat and related species
and percentage identity, B) Phylogenetic tree of RbcL protein sequences.
Phylogenetic tree was constructed based on the sequence alignment in A)
using the Jukes-Cantor genetic distance model and the neighbour-joining tree
build method in Geneious 9.1.8. Scale represents amino substitutions per site.

To reconstruct the evolution of Rca in wheat and wild progenitors, protein
sequence flows (Fig. 5) were derived from sequence alignments (Fig. 2) and
phylogenetic analysis (Fig. 3). T. aestivum Rcalf3 in the A genome was iden-
tical to the genome donor species, T. urartu, and to the tetraploid wheat
relative T. durum. T. aestivum Rcal( in the B genome was also identical to
T. durum, however, it was not possible to obtain the Rcalf3 sequence for Ae.

speltoides due to insufficient genomic data available. T. aestivum Rcalf3 in
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the D genome was identical to Ae. tauschii and T. wrartu, as indicated by
the blue arrow in Fig. 5. Rca23/a in the A and B genomes of T. aestivum
were identical to the respective donor species, T. urartu and Ae. speltoides.
T. aestivum Rca2B /o in the D genome was identical to Ae. tauschii, the donor
species. Rcalf3, Rca2B/o in Ae. tauschii showed minimal amino acid differ-
ence from 7. urartu, as indicated by the blue to green colour gradient in Fig.
5. This suggests that during the speciation event of Ae. tauschii, Rca copies
from T. wrartu were retained and copies from the relative of Ae. speltoides
were lost, indicated by the red horizontal line in Fig. 5.

The two tandemly organised Rca genes in grasses have been suggested
to be the result of a duplication event (Nagarajan & Gill, 2018). To assess
similarity of Rca isoforms, RcalP and Rca2( of selected species were aligned
(Fig. 6), including Rca from domesticated (O. sativa) and wild rice (O. aus-
traliensis), which have been studied in detail and shown to be thermostable
(Scafaro et al., 2012; 2016; Shivhare & Mueller-Cajar, 2017; Scafaro et al.,
2018). T. aestivum Rcalf3 showed >94% sequence identity with Rcalf3 and
>85% identity with Rca2f from other species (Fig. 2C, D). Strikingly, the
wheat Rcalf shared >90% identity, while the wheat Rca2@ was slightly less
related, to the thermostable Rca28 from O. sativa. A similar pattern was
observed when comparing the two wheat isoforms with the isoform from O.

australiensis.
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Fig. 5. Protein sequence flow of Rca from wild relatives to wheat. Arrows

indicate the direction of flow from ancestral grasses. Colours indicate whether
Rca proteins sequence changed between species. The dashed line indicates
unclear phylogenetic relationship due to lack of sequence data. Red horizontal
line indicates that Rca from the BB genome donor was lost during speciation
of Ae. tauschii. Phylogeny and timescale in million years ago (mya) is based

on Marcussen et al. (2014).
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Fig. 6. Alignment of Rca protein sequences from selected grass species. O.
sativa Rcalf3 protein sequence was reconstructed using genomic sequences
from the O. sativa Rca2B according to (Nagarajan & Gill, 2018).

5.3 Discussion

Expression of Rca isoforms was found to be similar between the three wheat
sub-genomes in leaves. Rca28 and o had similar expression between genome
and were higher expressed than Rcalf3. This isoform showed an expression
gradient of A>B>D between genomes and expression increased under abiotic
stress. Rca sequences were highly conserved between wheat and wild relatives
and only showed 1-5 amino acid differences. Isoforms from the A and D ge-
nome were nearly identical and highly conserved amongst wheat progenitors,
whereas the B genome showed slightly more diversity. Interestingly, Rca2(3
from rice was found to be more similar to wheat Rcal3 than Rca2(3.

Rca expression was predominantly found in photosynthetic vegetative
tissue, with only minor expression in reproductive tissue. Findings from the
wheat expression database for the heat responsive Rcalf are in line with
previous reports (Scafaro et al., 2019) and Chapter 4. Interestingly, no Rca
expression was found in roots, in contrast to some unusual Rubisco small
subunits in rice, Arabidopsis and tobacco (Morita et al., 2014; Laterre et al.,
2017; Pottier et al., 2018), which was also shown for wheat RbcS group 3
(Chapter 4). This could indicate that the small subunits expressed in roots,
assuming these are assembled into a Rubisco holoenzyme, is not activated by
Rca and serves another still unclear function.

Rcalf has been identified as a thermostable isoform (Scafaro et al.,
2019; Degen et al., 2020). An isoleucine residue (Fig. 3A, indicated in red)
has been shown to substantially contribute to Rcalf3 thermostability, by pro-
ducing the thermostable mutant Rca2B3-M1591 (Degen et al., 2020). This
isoleucine residue is highly conserved in wheat wild relatives and likely confers

thermostability to Rcal from wheat wild relatives as well. Rcalf expression
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and protein levels in wild relatives could be higher in order to sustain photo-
synthesis at higher temperatures. This should be investigated in future stud-
ies, as well as screening for heat responsive elements in the Rcal promoter
region. Furthermore, RcalP from the B genome and from barley share an
asparagine residue at position 166, which is not present in other wild relatives.
Barley Rubisco exhibited increased catalysis at 35°C compared to wheat and
modelling showed that replacing native wheat rbcl. with the barley protein
would increase photosynthesis at 35 °C (Prins et al., 2016). This suggests
that barley might be adapted to higher temperatures. This is supported by
the fact that the double mutant Rca2B3-M1591/K161N, which contained the
asparagine residue, had higher Rubisco activation activity than Rca23 and
Rca23-M1591 at elevated temperatures (Degen et al., 2020)(Chapter 3). Inter-
estingly, this asparagine residue is not conserved in Rcalf from the A and D
genome. Hence, enzymatic properties of Rcal3 from the three genomes might
be different and it could be speculated that Rubisco activation by Rcalf3 from
the A/D genomes is likely lower than for the B genome variant (Degen et al.,
2020).

Rca from wild and domesticated rice (O. australiensis and O. sativa)
diverged from barley and other wheat grasses and is more similar to L.
perenne. Since Rca genes in grasses are arranged in tandem, these are most
likely the result of a duplication event (Nagarajan & Gill, 2018). Rice only
expresses Rca?2f and Rca2a, the Rcal copy contains 10 deletions and is silent.
The predicted rice Rcalf3 protein sequence and the wheat Rca2B contain a
methionine at position 166 (red arrow in Fig. 2A). Conversely, the functional
rice Rca2B3 and the little abundant wheat Rcal contain an isoleucine that
confers thermotolerance (Degen et al., 2020; Chapter 3). Rice grows in hotter
climates compared to the temperate cereal wheat. Therefore, heat-induced
expression of thermotolerant Rca is not necessary in rice, whereas heat-stress
events require expression of a more thermostable isoform in wheat. Introduc-
ing the rice Rca into wheat could in theory improve thermotolerance of Ru-
bisco activation. However, the more thermostable Rca from wild rice was less

efficient at activating O. sativa Rubisco than the native Rca isoform (Scafaro
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et al., 2016). Reca from Agave tequilana, however, was shown to be very ther-
motolerant and was more effective at activating O. sativa Rubisco than the
respective native isoform (Shivhare & Mueller-Cajar, 2017). This could be a
result of the environment Agave tequilana evolved in, which required more
thermostable Rca isoforms than rice. These results show that in vitro studies
would be required to test the compatibility of rice Rca and wheat Rubisco.
A more promising strategy might be to engineer the isoleucine residue into
Rca2B and to tune Rcalf expression, if genome copies are proven to have
different catalytic properties.

Overall, Rca protein sequences are highly conserved between wheat
genomes, only differing in 1-5 amino acid residues. In addition, wheat wild
relatives were identical or very similar to wheat genomes. This could suggest
that capacity for improving thermotolerance is limited. However, results from
Degen et al. (2020) indicate a single amino acid change at another position
could still result in superior thermotolerance. Future research should include
research on the thermal environment of wild relatives as well as the presence
of heat inducible elements in the promoter regions of Rca and levels of the
thermostable Rcal3 isoform. The findings in this chapter show that wheat

wild relatives might still prove a valuable resource for wheat improvement.
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5.4 Material and Methods

Plant growth Seeds of wheat wild relatives were germinated on filter paper
soaked in dH20 for four days at room temperature. Germinated seeds were
transferred to 2 L pots containing a wheat mix growth medium (Petersfield
compost, Hewitt & Son Ltd., Cosby, UK) in a glasshouse at the Lancaster
Environment Centre. Minimum temperatures were set to 24°C day/18°C
night. The photoperiod was set to 16 h and supplementary lights were used
when the light level inside the glasshouse fell below 200 pmol m? s!. Leaf
material was collected for DNA extraction after two weeks, snap frozen in

liquid nitrogen and stored at -80°C.

Genomic DNA extraction Genomic DNA was extracted according to (Ed-
wards et al., 1991). Leaf material was homegenised in 1.5 mL DNA extraction
buffer, which contained 200 mM Tris (pH 7.5, HCI), 250 mM NaCl, 0.5%
(w/v) SDS and 25 mM EDTA (pH 8.0, NaOH), followed by centrifugation
at 14,000 x g for 10 min. The supernatant was transferred into a sterile 1.5
mL tube and centrifuged again at the above conditions. 350 nL of clear su-
pernatant were transferred to a new tube, mixed with an equal volume of
100% isopropanol and incubated at room temperature for 30 min to allow
genomic DNA to precipitate. Genomic DNA was collected by centrifugation
at 14,000 x ¢ for 10 min. The pellet was washed with 70% ethanol three times
and dried in a flow hood until all ethanol was removed. The pellet was resus-
pended overnight at 4°C in 80 pL. TER buffer, containing 10 mM Tris, 1 mM
EDTA and 25 nl mL"' RNAse. Genomic DNA was stored at -20°C.

PCR and Sequencing Genomic sequences of Rca genes from wheat wild rela-
tives were obtained by amplifying three overlapping parts of the Rcal and
Rca2 genes, using primers from Table S1. PCR was performed in a thermo-
cycler (Agilent SureCyler 8300, Aiglent, CA, USA) using Phusion polymerase
(Thermo Fisher Scientific, MA, USA). PCR cycling conditions for all species

were identical, except for different annealing temperatures (Table S1) and
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extension times (15s/1kb, Table S1): initial denaturation for 5 min at 98°C;
cycle conditions were 15 s at 98°C, 15 s at 61-67°C, 15-60 s at 72°C, repeated
35-40 times. Final extension was 5 min at 72°C, followed by a hold step at
20°C.

The PCR products were visualised on a 0.7% (w/v) agarose gel and
the DNA band of interest was excised on a UV table. DNA was extracted
using a Wizard®) Genomic DNA Purification Kit (Promega, WI, USA) ac-
cording to the manufacturer’s instructions. The PCR product was cloned
into the pGEM@®)-T Easy vector (Promega, WI, USA) for sequencing (the

protocol can be found here dx.doi.org/10.17504 /protocols.io.hgab5se). 100 ng

pL ! of plasmid containing the Rca sequences were sent for Sanger sequencing
(Source Biosciences, UK) using the M13 lacZ gene primers (CCCAGTCAC-
GACGTTGTAAAACG, AGCGGATAACAATTTCACACAGG). Sequenc-

ing data was analysed and assembled in Geneious 9.1.8.
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Table.S1: Primer sequences used for sequencing wheat wild relative Rubisco

activase genes. For some species, a different primer was used, indicated with

a /. The corresponding annealing temperatures and product sizes are also

given.

Gene Primer sequence Anneal- | Product
ing Tem- | size
perature

TaRcal F: AAGTTRTCAGGTGCGGGGAG

R: CGCTCCAACTCAYACCAGGA/ | 65/65 1260/2015
CTTCACCTTCTTCCCGAGGA
F: CCCCACTCCCCTCAACAC
61 1397
R: GGGTTCTCCTCCTTGTTGTAC
F: TGCCTCTTCATCAACGACCT/
ATGAATCTGGTTGGGGCTGA 65/67 750/1263
R: TGTGCGGCGATGAATCAAAA
TaRca?2 F: AGAACCCAATCTCCAGCGTG
R: TTTCCTTGACCCTTGCCTCC/ | 66/64 973/2338
TAACAAAACATGCCCAGCAA
F: GACTTCGACAACACCATGGG
R: GGGAAGGTGTCGACGATCTT % %0
F: AGAAGTTCTACTGGGCTCCC
61 866

R: TTGGCATGCTTAAAAGGTGT
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6. General discussion

Wheat is a hexaploid temperate cereal and a staple of human nutrition. It
provides 20% of daily calories and 19% of protein (Parry et al., 2011). How-
ever, climate change threatens future wheat yields and population growth
will increase demand (Ray et al., 2013; IPPC, 2014; Ray et al., 2019). Culti-
vars from varying climates have shown to vary in their response to heat stress
(Stone & Nicolas, 1994), suggesting there is scope for improving heat sensi-
tivity. A strategy of heat-adapted European cultivars is a quicker maturation,
which comes with the penalty of reduced yield (Semenov et al., 2014). There-
fore, this is not a sustainable approach to improve thermotolerance in wheat.
One promising strategy to create climate-resilient and high-yielding wheat
varieties is to improve photosynthesis and in particular the regulation of car-
bon assimilation (Crafts-Brandner & Salvucci, 2000; Salvucci & Crafts-
Brandner, 2004a; Carmo-Silva et al., 2015), in concert with optimising heat-
tolerance of grain filling. This thesis aimed to broaden the understanding of
the regulation of carbon assimilation in wheat by Rubisco activase (Rca).

Rca has been identified as a temperature-sensitive enzyme that limits
photosynthesis at during moderate heat stress (Crafts-Brandner & Salvucci,
2000; Salvucci & Crafts-Brandner, 2004a). This is supported by research in
Arabidopsis and rice, where expressing a more thermostable Rca isoform im-
proved growth at elevated temperatures (Kurek et al., 2007; Kumar et al.,
2009; Scafaro et al., 2018). Therefore, optimising the temperature range of
Rca in wheat is also predicted to contribute towards making wheat more
resilient to global warming.

In order to improve Rca properties, a better understanding of the
catalytic properties of wheat Rca isoforms was required. In the second chap-
ter, Rca activity was shown to vary between isoforms and to be concentration
dependent. The three isoforms behaved similarly in their relative concentra-
tion-dependent ATPase activity, which decreased with increasing enzyme
concentration. In contrast, the fraction of Rubisco activation by Rca in-
creased with increasing Rca concentrations. However, Rca specific activity

declined with increasing Rca concentrations and optimal Rubisco activation
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rates were observed when Rubisco and Rca in the assay were present at a
ratio above 6-11 mol Rags. to mol! Rca monomer. Moreover, the results of
the in wvitro characterisation showed that Rcalf3 exhibited much lower Ru-
bisco activation activity than Rca2@ and Rca2oa. As shown in chapter 4, in
planta ratios of Ra.s:Rcaita are around 100:1, suggesting that Rca is satu-
rated with Rubisco. Here, it was also shown that the majority of the Rca pool
in wheat flag leaves is comprised of the catalytically superior Rca23 isoform.
The decline of Rca specific activity shown in chapter 2 is supported by results
for tobacco Rca shown in Scales et al. (2014) and expand the understanding
of isoform variation within a species. Furthermore, results from chapter 2
highlight the importance of using protein molecular weight when calculating
Rca activity. Identification of the optimal Rubisco:Rca ratio will be valuable
for future research on Rca of wheat and other species. In addition, this work
showed that Rubisco activation by Rca2$3 was insensitive to ADP inhibition,
in contrast to Rcalf and 2a (Perdomo et al., 2019).

As shown in chapter 3 (Degen et al., 2020) Rcalf is more thermosta-
ble than the other two isoforms, however, its capacity for Rubisco activation
and efficiency is much lower (chaptes 2 and 3). Results from Degen et al.
(2020) also highlight the importance of measuring ATPase and Rubisco acti-
vation activity and show that these are not interchangeable. In particular,
wheat Rca was still able to hydrolyse ATP at higher temperatures compared
to the optimum of Rubisco activation activity. This was also observed for
Reca isoform from O. sativa and O. australiensis (Scafaro et al., 2016) and for
the cold-adapted species Antarctic hairgrass and the desert-dwelling creosote
bush (Salvucci & Crafts-Brandner, 2004b). This should be considered in fu-
ture studies of Rca activities when assessing temperature response. The dif-
ference in optimum temperature of these two activities also highlights that
the Rca-Rubisco interaction and removal of inhibitors might be much more
sensitive to temperature than ATP hydrolysis, which should be regarded as
a proxy for maximum thermostability of the enzyme. Since the distantly re-
lated species mentioned above all exhibit a similar difference in temperature

optimums of the two assays, this could be considered an inherent property of
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Rubisco activation by Rca, rather than a species-specific effect. Finally, in-
cluding Rubisco in the ATPase assay might affect the observed response and
should be investigated in future research efforts, in order to establish whether
the presence of Rubisco has an effect on ATP hydrolysis at different temper-
atures.

To gain a better understanding of Rubisco regulation during heat
stress, protein levels of the three Rca isoforms were determined in heat-
stressed wheat. Increased protein synthesis of the thermostable Rcal(3 isoform
was observed during moderate heat stress. However, this was insufficient to
fully restore Rubisco activation to control levels. In light of the concentration-
dependence of Rca, this suggests that simply increasing Rcal levels might
not be a viable strategy to improve thermotolerance of Rubisco activation in
wheat. In fact, even during heat stress, Rcal(3 only increased to 6% of the
total Rca pool, and Ra.s:Rcalf} ratios were at around 2000:1. These results
indicate that there is an inherent trade-off between thermostability and cat-
alytic capacity, in contrast to suggestions made by Scafaro et al. (2019). Here
only thermostability was assessed and not Rubisco activation activity itself,
which, as discussed above, is a key assay when assessing Rca temperature
response. The catalytic properties of Rcalf are therefore in line with the
current understanding of the relationship between enzyme rigidity, reduced
activity and thermostability (Vieille & Zeikus, 2001).

Analysis of RbceS expression in chapter 4 showed that the three wheat
RbcS groups identified based on sequence similarity respond differently to
heat stress. Although expression changes were not significant, prolonged heat
stress might result in significant changes. This suggests that Rubisco itself
can change its subunit composition and possibly catalytic properties in re-
sponse to heat stress, as demonstrated by Yamori et al. (2006). In light of
the temperature response of wheat Rca isoforms, future research should in-
clude Rubisco extracted from wheat grown at different temperatures. This
could give insight into the influence of Rubisco thermostability on Rca activ-
ity. In addition, this highlights the importance of growth temperature on

Rubisco properties and it is important to consider this for future research on
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Rubisco activation and Rca thermostability in other species closely related to
wheat.

Wheat wild relatives and crops such as rye and barley have been
suggested as a resource to enhance genetic diversity for crop improvement
(Wingen et al., 2014; Prins et al., 2016; Riaz et al., 2016; Castaneda-Alvarez
et al., 2016). Chapter 5 showed that Rca protein sequences were highly con-
served in wheat wild relatives. It could be speculated that wild relatives adapt
to diverse environments by tuning Rca expression, in particular levels of
Rcalp in response to heat stress. This was shown for the different expression
of splice variants in low and high freezing tolerant Lolium perenne genotypes,
which was accompanied by increased Rubisco activity in the high freezing
tolerant genotype during low temperature (Jurczyk et al., 2016). However, as
highlighted above, Rcal3 appears to be a catalytically poor enzyme and al-
ways exhibited lower Rca specific activity compared to Rca2B and Rca2o
when assayed at various concentrations. Yet, even a single amino acid residue
difference in wild relatives could change thermotolerance, as shown for Rca2(3-
M1591 in Degen et al. (2020).

If Rca isoforms in wild relatives differ in their temperature response,
however, requires further investigation. Wild relatives might also differ in
other physiological traits such as transpiration in order to cool leaves to op-
timal temperatures. In addition, grain maturation might be faster than in
domesticated wheat, which would come at the penalty of reduced yield. Pro-
ducing enough seed for the next generation and not maximising seed quantity
itself might be sufficient for the survival of wheat wild relatives. Thus, selec-
tive pressure does not necessarily select traits of value for maximising yield.
Therefore, this strategy is not compatible with increasing wheat yield. Since
the bulk of the Rca pool in wheat is made up of Rca 23 (chapter 4) and heat
stress only marginally increased Rcalf levels, altering isoform levels as a re-
sponse to heat stress would require a substantial alteration of the Rca pool
in wheat. These findings indicate that there might be limited scope in im-
proving the temperature response of Rubisco activation in wheat by altering

protein levels of the native enzymes.
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A way of improving Rca activity in wheat might be to transplant
more thermostable Rca isoforms from other cereals such as rice, as discussed
in chapter 5. However, compatibility with native wheat Rubisco might be a
bottleneck as has been shown for Rca and Rubisco from wild and domesti-
cated rice (Scafaro et al., 2016; Shivhare & Mueller-Cajar, 2017). Therefore,
a more promising strategy might be to engineer the superior Rca2$3 isoform
to be more thermostable, as demonstrated in chapter 3 (Degen et al., 2020)
and supported by results from Kumar et al. (2009) and Scafaro et al. (2019).

The results from Degen et al. (2020) show that the Rca2B3-M1591 mu-
tant is more thermostable whilst maintaining superior Rubisco activation ac-
tivity compared to Rcalf3. This would allow for increased Rubisco activation
during heat stress in planta. Changing only one amino acid is more straight-
forward than changing 7 or 11 amino acids, which also contained the switch
from methionine to isoleucine, as was the case for Scafaro et al. (2019). Re-
sults from Degen et al. (2020) demonstrate that a majority of thermostability
gained in mutants investigated in the study by Scafaro et al. (2019) can be
attributed to the single isoleucine switch. Hence, engineering this Rca variant
under the control of a heat-inducible promoter into wheat could improve
resilience to heat waves.

In order to optimise Rubisco activation for a higher overall growth
temperature, it would be more beneficial to use gene-editing to engineer the
single isoleucine switch into Rca2 genome copies. Furthermore, Rca23-M1591
also exhibited reduced ADP-sensitivity and high activation efficiency, in con-
trast to RcalP and 2o as shown in chapter 2. This would speed up Rubisco
activation during shade to sun transitions and make Rubisco activation more
thermotolerant. Improving Rubisco regulation by Rca should also viewed in
the context of the light reactions of photosynthesis. Since Rca uses the energy
from ATP hydrolysis and ATP is supplied by ATP synthase, the possible
effect of changes in Rca activity on ATP synthesis have to be taken into
account. During heat stress, cyclic electron transport has been shown to in-
crease (Bukhov et al., 1999), which results in increased ATP production with-

out producing NADPH. Therefore, the ATP:NADPH ratio is altered, and
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more ATP is available for the CBBC (Sharkey, 2005). The inhibition of Ru-
bisco at elevated temperature as a result of heat sensitive Rca might be a
regulatory mechanism to protect the CBBC from this altered ATP:NADPH
ratio. Since ATP hydrolysis by Rca still occurs above temperatures optimal
for Rubisco activation (Degen et al., 2020), Rca might act as an ATP sink at
high temperatures, without activating Rubisco. Increased cyclic electron flow
around PSI also constitutes a photoprotective mechanism, since PSI is prone
to inhibition by overreduction (Bukhov et al., 1999; Munekage et al., 2002).
Therefore, Rca may act as a thermal fuse during stressful high temperature
conditions (Sharkey, 2005; Mueller-Cajar, 2017), however, this might be dis-
advantageous when growth temperatures of plants increase quickly as a result

of anthropogenic climate change (IPPC, 2014).
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Conclusion

This work advanced the understanding of wheat Rca. Differences in the ac-
tivities of the three native Rca isoforms in wheat were characterised alongside
the effect of ADP:ATP ratios. Residues were identified that conferred ADP-
sensitivity. Results in this thesis demonstrate that Rca isoforms from wheat
have different temperature responses and site-directed mutagenesis was used
to produce more thermostable Rca variants. In addition, this work improves
understanding of Rubisco regulation in wheat during pre-anthesis heat stress,
including impact on the abundance of the three Rca isoforms and CAlPase
activity. Finally, screening for genetic diversity of Rca revelated high conser-
vation amongst wheat wild relatives and other closely related crop species,
with only a few residues differing between isoforms of the cereal species stud-
ied. Taken together, the findings presented in this work will inform produc-

tion of more efficient and thermostable elite wheat cultivars.
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