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Summary

Rubisco is the primary carboxylase of the photosynthetic process, the most abundant
enzyme in the biosphere, and also one of the best-characterized enzymes. Rubisco also
functions as an oxygenase, a discovery made 50 years ago by Bill Ogren. Carboxylation of
ribulose bisphosphate (RuBP) is the first step of the photosynthetic carbon reduction cycle
and leads to the assimilation of CO,, whereas the oxygenase activity necessitates the
recycling of phosphoglycolate through the photorespiratory carbon oxidation cycle with
concomitant loss of CO,. Since the discovery of Rubisco’s dual function, the biochemical
properties of Rubisco have underpinned the mechanistic mathematical models of
photosynthetic CO, fixation which link Rubisco kinetic properties to gas exchange of leaves.
This has allowed assessments of global CO, exchange and predictions of how Rubisco has
and will shape the environmental responses of crop and global photosynthesis in future
climates. Rubisco’s biochemical properties, including its slow catalytic turnover and poor
affinity for CO,, constrain crop growth and therefore improving its activity and regulation

and minimising photorespiration are key targets for crop improvement.
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Abstract

Rubisco is the primary carboxylase of the photosynthetic process, the most abundant
enzyme in the biosphere, and also one of the best-characterized enzymes. Rubisco also
functions as an oxygenase, a discovery made 50 years ago by Bill Ogren. Carboxylation of
ribulose bisphosphate (RuBP) is the first step of the photosynthetic carbon reduction cycle
and leads to the assimilation of CO,, whereas the oxygenase activity necessitates the
recycling of phosphoglycolate through the photorespiratory carbon oxidation cycle with
concomitant loss of CO,. Since the discovery of Rubisco’s dual function, the biochemical
properties of Rubisco have underpinned the mechanistic mathematical models of
photosynthetic CO, fixation which link Rubisco kinetic properties to gas exchange of leaves.
This has allowed assessments of global CO, exchange and predictions of how Rubisco has
and will shape the environmental responses of crop and global photosynthesis in future
climates. Rubisco’s biochemical properties, including its slow catalytic turnover and poor
affinity for CO,, constrain crop growth and therefore improving its activity and regulation

and minimising photorespiration are key targets for crop improvement.
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Introduction

Photosynthetic CO, assimilation produces most of the biomass in the biosphere and Rubisco
(ribulose 1,5 bisphosphate carboxylase/oxygenase, EC 4.1.1.39) is responsible for the vast
majority of global carbon fixation (Raven, 2013). It has been claimed to be the most
abundant protein on Earth (Ellis, 1979) and a recent update concludes that the mass of
Rubisco on Earth is approximately 0.7 Gt (Bar-On and Milo, 2019). In order to catalyse
photosynthetic CO, fixation large amounts of Rubisco are needed to compensate for its slow
catalytic turnover rate (3-10 s, its low affinity for CO, in air and low specificity for CO, as
opposed to O; (S¢/). Rubisco accounts for at least 20% of leaf nitrogen and its importance in
determining the rate of photosynthesis had been recognized early on from correlations
between photosynthetic rate and the amount of Rubisco in leaves (Bjorkman, 1968; Evans
and Clarke, 2018; Wareing et al., 1968). Phylogenetic analysis of the Rubisco superfamily
supports the existence of at least 3 clades of Rubisco (form [, form Il and form Ill) and it has
been suggested that they probably share a common ancestor, most likely that of a
methanogenic archaea (Ashida et al., 2008; liiiguez et al., 2020; Tabita et al., 2008; Whitney
et al.,, 2011). Form | and Il can be found among photosynthetic bacteria and Eurkaryotes.
Form Il Rubiscos are comprised of 2 identical large subunits (L;), and are found in certain
photosynthetic bacteria. Rhodospirillum rubrum, is a well-studied example (Jordan and
Ogren, 1981; Whitney and Andrews, 2001b; Whitney et al., 2011). Form | Rubisco are found
in higher plants, algae, cyanobacteria and in autorophic protebacteria. They have a complex
guaternary structure composed of eight large (50-55 kD) subunits, which bear the active
sites, and eight small (12—18 kD) subunits (Andersson and Backlund, 2008; Portis and Parry,
2007; Roy and Andrews, 2000; Spreitzer and Salvucci, 2002). To function, the Rubisco
catalytic site must be carbamylated which occurs through the slow binding of CO, to lysine
201 (and this is conserved among all Rubiscos) and this is stabilised through the fast binding
of a catalytically essential Mg2+ (Andrews and Lorimer, 1987; Lorimer et al., 1976). The
interaction of both the carbamylated and non-carbamylated sites with certain sugar
phosphates can block and inhibit the active site of the enzyme and requires the action of the
ancillary enzyme Rubisco activase (Portis, 2003). A historic perspective of the intriguing
discovery of Rubisco activase is provided by Portis and Salvucci (2002). Understandably,

Rubisco continues to be studied intensively and is a prime target for genetic engineering to
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improve photosynthetic efficiency (Parry et al., 2007; Sharwood, 2017) and Portis and Parry

(2007) provide a historic perspective on Rubisco research.

The aim of this review is to link current research into Rubisco at molecular and biochemical

levels with its applications in terrestrial models of photosynthesis and for crop improvement
Rubisco oxygenase activity and the CO, compensation point

Photorespiration and the oxygen dependence of CO, assimilation rate was investigated in
the late sixties and it was shown that the CO, compensation point (the CO, partial pressure
at which no net CO, exchange occurs in leaves) was linearly dependent on O, concentration.
This recognised that the CO, compensation point (I') represents the balance between
photorespiratory CO, release and photosynthetic CO, uptake (Forrester et al., 1966;
Tregunna and Downton, 1967). Looking for a mechanistic explanation for the
photorespiratory CO, release led to the pivotal discovery that Rubisco was both a
carboxylase and oxygenase (Bowes et al., 1971). Ogren (2003) provides a fascinating insight
of the discoveries made in his laboratory during that time. It was subsequently shown that
the substrates CO, and O, each behave as competitive inhibitors of the oxygenase and
carboxylase reactions respectively (Badger and Andrews, 1974; Bowes and Ogren, 1972;
Laing et al., 1974; Peisker, 1974). The inhibition is linearly competitive, which is consistent
with both CO, and O, interacting at a common site. The rate of carboxylation, V., at RuBP

saturation has a typical Michaelis-Menten form with respect to the substrate CO, and:

Cvcmax
Ve = Gzl )

Where Vcmax is the maximal Rubisco carboxylation rate and given by
Vemax = KccatEt (2)
and ket is the catalytic turnover rate and E; the total concentration of enzyme sites. K. and

Ko are the Michaelis-Menten constants for the carboxylase and oxygenase. A similar

equation for the rate of oxygenation, V,, can also be written:

_ OVomax
Vo = 0+Ko(1+C/K() ®)
and
Ve _ Vemax Ko E _ £
Vo ( Ke Vomax) 0= Scloy “)
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where S/, is the Rubisco relative CO,/0, specificity (Laing et al., 1974). The chemical events
of carboxylation are now well understood (Tcherkez, 2013), however uncertainty about the

chemical mechanism of oxygenation remains (Tcherkez, 2016).

Laing et al. (1974) were the first to connect leaf gas exchange of soybean leaves with
Rubisco kinetic properties and showed that the slope of the O, dependence of the CO,
compensation point was proportional to S,

r, = -2 ()

Scjo

The photosynthetic model by Farquhar et al. (1980) used t=0.5. This assumes that for the
Rubisco catalysis of one mol of O, with one mol of RuBP 0.5 mol of CO, are released in the in
the photorespiratory carbon oxidation (PCO) cycle. This stoichiometry is embedded in most
photosynthetic models, but it has been suggested that the release may be less than 0.5 or
more in some instances (Busch, 2020; Hanson and Peterson, 1986; Harley and Sharkey,
1991; Zelitch, 1989). It is noteworthy that some photorespiratory mutants have been

identified where this stoichiometry is altered (Cousins et al., 2008; Cousins et al., 2011).

At the time, Laing et al. (1974) neglected other mitochondrial respiration in the light, Rq. We
now recognise the presence of this mitochondrial respiration and the compensation point, I"

is given by a slightly more complex equation

T = F*+Kc(1+O/KO)Rd/chax, (6)
1—Rd/chax

(Farguhar and von Caemmerer, 1982; von Caemmerer, 2000). Fig. 1a compares I" and I'
and it is evident that there is only a small difference in slope. The full equation helped link
ontogenetic and seasonal variation in I" to the ratio Ry4/Vcmax (Peisker et al., 1981).
Measurements of the compensation point were also used to determine S/, in conifers
where in vitro studies are difficult (Miyazawa et al., 2020). Laisk (1977) developed a
technique to estimate I'+ and Rq from gas exchange measurements and this technique has
been used extensively to estimate both parameters (Atkin et al., 2000; Brooks and Farquhar,
1985). In these earlier measurements the diffusive conductance from intercellular airspace

to the chloroplast (mesophyll conductance) was not considered. von Caemmerer et al.
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(1994) pointed out that this inclusion was important for accurate estimates of I'x, see von

Caemmerer (2013) for discussion.

The compensation point, I, is a robust and easy to measure gas exchange parameter and
provides a window into Rubisco’s CO,/0, specificity. Interestingly Ogren (2003) reported
that attempts to use the compensation point to screen for genetic diversity in oats and a
mutagenized soybean population for variation in the balance between photosynthesis and
photorespiration were unsuccessful, highlighting how little variation there is in both the
parameter t and S./,. In line with this, a recent meta-analysis of Rubisco kinetic parameters
measured in vitro showed S/, varied by only 30% amongst Form | Rubiscos and less than

10% amongst C3 plant enzymes (Flamholz et al., 2019).
C3 photosynthetic models are based on Rubisco kinetic properties

The recognition that Rubisco was an oxygenase as well as a carboxylase led to the
development of photosynthetic models based on Rubisco kinetic properties (Farquhar et al.,
1980; Hall and Bjorkman, 1975; Hall, 1979; Laing et al., 1974; Laisk, 1970, 1977; Peisker,
1974).

Rubisco is localised within the chloroplast stroma and carboxylation of RuBP is the first step
of the photosynthetic carbon reduction (PCR) cycle and the carboxylation of 1 mol of RuBP
leads to the formation of 2 mol of 3 phosphoglycerate (PGA). The oxygenation of 1 mol of
RuBP leads to the formation 1 mol of PGA and 1 mol of phosphoglycolate (PGly) and the
recycling of 1 mol of PGly in the photorespiratory carbon oxidation (PCO) cycle leads to the
release of 0.5 mol of CO, and also includes the release and refixation 0.5 mol of ammonia
(Figure 2). This led Farquhar et al. (1980) to write the following equation for CO, assimilation

rate, A:

A=V.—0.5V,—Ry, (7
which can be simplified to

A=1-L/COV.—Rq (8)

with the use of equations 4 and 5. Busch et al., (2018) discuss the stoichiometry of the

above equations and possible variations.

Substituting equation 1 gives the RuBP saturated or Rubisco limited CO, assimilation rate.
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In Figure 1b, the Rubisco limited CO, assimilation rates are shown at chloroplast CO; partial
pressures below 250 pbar at 200 and 20 mbar O, (ambient and reduced O, partial
pressures). It is important to note that the reduction in O, reduces the photorespiratory
CO; release but also increases Rubisco carboxylation due to a reduction in the Michaelis

Menten constant (equation 9).

It was clear early on that the Rubisco limited rate of CO, assimilation predicted CO,
assimilation rates much higher than were actually measured at higher CO, partial pressures
(von Caemmerer and Farquhar, 1981). The formulation of a light limited/electron transport
limited CO, assimilation rate at higher CO, partial pressures or low light was therefore
formulated and also based on Rubisco’s kinetic properties. In vitro kinetics are usually
derived with the assumption that the enzyme site concentration is negligible compared to
the substrate concentrations. Estimates of Rubisco site concentrations in the chloroplast
stroma however range from 2-5 mM and are of the same order of magnitude as RuBP
concentrations (Badger et al., 1984; Jensen and Bahr, 1977). Thus in the chloroplast, a large
amount of RuBP is bound to Rubisco sites and the standard Michaelis Menten equations do
not apply with respect to total chloroplast RuBP concentration. Peisker (1974) was the first
to recognise this, but assumed that the Rubisco site concentrations would be greater than
RuBP concentrations which we now know is not usually the case (Badger et al., 1984; von
Caemmerer and Edmondson, 1986). Farquhar (1979) derived a more general solution and
showed that the kinetics with respect to free and bound RuBP are analogous to that which
would occur if a tight binding inhibitor was present. The Michaelis Menten equation
constant for RuBP is small, approximately 20 uM (Badger and Collatz, 1977; Flamholz et al.,
2019; Yeoh et al., 1981). This meant that Rubisco carboxylation or oxygenation could be
described as being either RUBP saturated or RuBP limited (Farquhar, 1979; von Caemmerer,

2000).

When RuBP becomes limiting V. can be described by an electron transport limited rate that
takes into account the NADPH requirement of RuBP regeneration ( Figure 2) and the fact
that reduction of NADP* to NADPH + H' requires the transfer of 2 electrons through the

whole chain electron transport thus:
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where J is the potential electron transport rate which depends on irradiance. For a more

detailed discussion on this and the formulation for an ATP limited rate of electron transport,

see von Caemmerer (2000) or Yin et al.(2004). Substituting equation 10 into equation 8

gives the electron transport limited rate of CO; assimilation:

_ (C_F*)
T 4c+8T,

J — Rq. (11)

It is important to note that I'+ and hence Rubisco specificity, is a player in this equation as it
defines the partitioning of NADPH between PCR and PCO cycle. In 21% O, CO; assimilation
rate continues to increase at higher CO, partial pressures as more energy is supporting
carboxylation rather than oxygenation as CO, partial pressure increases (Figure 1). Both the
temperature and O, dependence of the quantum yield measured at low light reflect also
this competition for energy between the PCR and PCO cycle and this is one of the reasons
why S¢/, is such an important Rubisco characteristic affecting CO, assimilation rate lower in
canopies (Ehleringer and Bjorkman, 1976). This issue was explored in a canopy
photosynthesis model to assess how variation in S./, would play out at the canopy scale (Zhu

et al., 2004).

The experiments of von Caemmerer and Farquhar (1981) provided at quantitative link
between gas exchange measurements of CO, assimilation rate and in vitro Rubisco kinetic
properties and electron transport activity. This led to the now widely used CO, response
curves of CO, assimilation rate (A-Ci curves) as a measure of photosynthetic capacity,
particularly in species where enzyme extraction is difficult. To parameterise the model
Farquhar et al. (1980) used constants derived from in vitro measurements by Badger and
Collatz (1977). von Caemmerer et al. (1994) made use of transgenic tobacco with reduced
amounts of Rubisco where CO, assimilation rate was RuBP saturated at all CO, partial
pressures to determine Rubisco kinetic constants in vivo at 25 °C and Bernacchi et al. (2002)
extended this to derive temperature dependencies which are now used by many (Bernacchi
et al., 2013; Sharkey et al., 2007). Together with a temperature dependence of electron
transport rate also derived for tobacco there is now a consistent parameterisation of the

model (Yamori et al., 2010).
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Rubisco’s impact on global photosynthesis

Figure 3 highlights the global impact of photosynthesis and Rubisco carboxylation on
atmospheric CO, concentrations and its isotopic composition. Shown are the monthly
averages of atmospheric CO, and its carbon isotope composition sampled at Mauna Loa
Hawaii (Dlugokencky et al., 2019; White et al., 2018). The figure shows the well-known
global rise in atmospheric CO, concentration as well as the inter-annual oscillation observed
in Mauna Loa Hawaii. Increased photosynthesis in the summer months of the northern
hemisphere results in a decrease in atmospheric CO,. Rubisco’s action is apparent in Figure
1b from the concomitant increase in 8C which indicates an increase 13C02 in the
atmospheric CO,. Rubisco preferentially fixes IZCOZ, hence there is a strong isotope
signature of Rubisco in atmospheric CO,. (Farquhar et al., 1989; O'Leary, 1981). It is
therefore not surprising that Rubisco is important in the parametrisation of Terrestrial

biosphere models (TBM).

A recent review of these models pointed out the impact that the parametrisation of Rubisco
kinetic constants has on estimates of terrestrial photosynthesis (Rogers et al., 2017). At
present there are few complete data sets for Rubisco kinetic parameters like the tobacco
one currently used and although the overall variation of Rubisco kinetic constants is small
amongst Cs species, variation has been observed particularly between cool and warm
climate C; species and their temperature responses and this deserves further consideration
(Flamholz et al., 2019; Galmés et al., 2016; Orr et al., 2016; Sharwood et al., 2016a). New
techniques for concurrent measurements of carboxylase and oxygenase using mass
spectrometry are being used (Boyd et al., 2018; Boyd et al., 2015; Cousins et al., 2010) but
tree species remain underrepresented as it is difficult to extract functional Rubisco for
catalytic analysis (Sharwood et al., 2017). Up to now it has been impossible to express the
higher plant Rubisco in E.coli because of its complex chaperoning requirement for assembly
(Bracher et al., 2017; Hayer-Hartl, 2020; Liu et al., 2010). However this hurdle has been
overcome for Rubisco from Arabidopsis thaliana and partially for Nicotiana tabacum and it
is likely that this will provide opportunities to study Rubisco kinetic properties from many

more species in the near future (Aigner et al., 2017; Wilson et al., 2019).

Terrestrial biosphere or earth system models use photosynthetic capacity, indexed by the

maximum Rubisco carboxylation rate (Vcmax), to simulate CO, assimilation and typically rely
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on the dependence of V¢max to leaf nitrogen. These have been established for different plant
functional types from laborious measurement of leaf nitrogen and A-C; curves by gas
exchange to extract V¢max (Kattge et al., 2009). Maximum electron transport capacity Jmay is
usually scaled with Vcmay as the ratio of Vemayx/Jmax is generally conserved when compared at
25°C although some variation with leaf N has been observed (Kattge and Knorr, 2007; von
Caemmerer and Farquhar, 1981; Walker et al., 2014; Wullschleger, 1993; Yamori et al.,
2010; Yamori et al., 2011)

When the FvCB model was conceived, the assumption was made that the difference
between intercellular CO,, C;, and that at Rubisco sites in the chloroplast, C., was sufficiently
small to be ignored. Subsequently, improved measurements techniques for mesophyll
conductance, g, the conductance to CO, diffusion from intercellular airspace to the site of
Rubisco carboxylation in the chloroplast, have shown that it can impose a significant
limitation on CO, assimilation rate (Flexas et al., 2012; Peguero-Pina et al., 2012; von
Caemmerer and Evans, 1991). Furthermore, it varies with temperature and there are
significant species differences in the response (von Caemmerer and Evans, 2015). If g, is
not taken into account, Vmax Will be underestimated and this affects the Vcmax/leaf N
relationships. This is currently an issue for the calibration of TBM models that needs to be
resolved particularly as the inclusion of g, in models is essential if carbon isotopic
composition of atmospheric CO, is to be inferred (Knauer et al., 2020; Suits et al., 2005).
Better process knowledge of mesophyll conductance is required and its variation with plant

functional types (Gago et al., 2019).

Measuring A-C; curves is time consuming, making it laborious to assess Vmax and Rubisco
content in ecosystems or in crops and new measuring techniques are being explored. Rapid
measurements of A-Ci curves with new improved portable gas exchange systems have sped
up the process, allowing for dynamic measurements during light transitions (Stinziano et al.,
2017; Taylor and Long, 2017). An exciting development is the use of hyperspectral
reflectance spectroscopy (Furbank et al., 2020; Meacham-Hensold et al., 2019; Serbin et al.,
2012; Silva-Perez et al., 2017; Wu, J. et al., 2019). The measurements can be made rapidly
and a number of parameters can be extracted such Leaf N, leaf mass per area, V¢max and
Jmax- and dark respiration . However, there is no mechanist basis for the correlation and a

large number of hyperspectral reflectance measurements paired with A-C; curves are
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needed to build machine learning algorithms. Silva-Perez et al. (2017) were able to screen a
large germplasm collection of wheat in different environments. Wu et al. (2019) used the
tool in Panamanian tropical rain forest and showed that it was possible to capture seasonal
variation in V¢max. It is interesting to note that some studies report that the correlation with
hyperspectral reflectance is not driven by the relationship between V¢nax and leaf N (Silva-
Perez et al., 2017; Wu, J. et al., 2019), This was also shown in a field study that included
transgenic tobacco with reduced Rubisco were the correlation between leaf N and V may
breaks down (Meacham-Hensold et al., 2019). Although Dechant et al. (2017) argue for a
link for their diverse tree dataset. Hyperspectral reflectance measurements can also be
measured remotely above the leaf canopy (Meacham-Hensold et al., 2020), from drones or
planes (Serbin et al., 2015) and possibly in the future from satellites holding promise for

capturing seasonal variations in photosynthetic capacity (Alton, 2017).
Rubisco as a target for crop improvement

Studies have shown that global crop production needs to double by 2050 to meet the
projected demands from a rising population, diet shifts, and increasing biofuels
consumption (Ray et al., 2013). Research efforts have focused on improving photosynthesis
to improve crop yield (Bailey-Serres et al., 2019; Evans, 2013; Long et al., 2006; Ort et al.,
2015; Parry et al., 2013). Improving Rubisco’s performance is one of the targets that
continues to be considered (Parry et al., 2013; Sharwood, 2017). Efforts include modifying
Rubisco kinetic properties, altering its regulation and amount, engineering a high CO,
environment around Rubisco to limit oxygenase activity or manipulating the
photorespiratory pathway to reduce CO, loss in the photo-respiratory cycle. The last two
topics will not be touched on here in detail as there have been excellent recent reviews
listed below. A variety of alternative photorespiratory pathways have been engineered into
plants initiated by the early work of Kebeish et al.,(2007). The manipulation of the
photorespiratory pathway has resulted in biomass increases in tobacco in the field (South et
al., 2019). Other opportunities exist and more needs to be learned about the interaction of
the photorespiratory pathway with other plant metabolism (Busch, 2020; Sharkey, 2020;
South et al., 2018; Timm and Hagemann, 2020). The approaches used to encapsulate

Rubisco in high CO, environments include the introduction of cyanobacterial or algal

10



296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

biophysical CO, concentrating mechanisms (Hennacy and Jonikas, 2020; Long et al., 2018) or

the introduction of a complete C4 photosynthetic pathway (Ermakova et al., 2020).

Rubisco engineering itself has been particularly challenging, as plant Rubisco Rubisco is
formed from two types of subunits, the small subunits coded for in the nucleus and the
large subunit in the plastid genome, however the past decade has seen significant
developments from advances in chloroplast engineering and improved understanding of
Rubisco biogenesis (Bracher et al., 2017; Sharwood, 2017). Overexpression of Rubisco small
subunits in rice has resulted in increased formation of Rubisco holoenzyme which led to
yield increases in paddy field experiments when receiving sufficient N fertilisation (Yoon et
al., 2020). This is the first field experiment demonstrating the benefits of more Rubisco in a

Cs species.

Overexpression of Rubisco large and small subunits with the Rubisco assembly chaperone
RAF1 lead to increases in the amount of Rubisco and increased CO, assimilation rate as well
as mitigate the impact of chilling in the C4species, Z. mays (Salesse-Smith et al., 2018;
Salesse-Smith et al., 2019). The C4 photosynthetic pathway is a biochemical CO,
concentrating mechanism that involves coordinated functioning of mesophyll (M) and
bundle sheath (BS) cells within a leaf. CO; is initially assimilated into C4 acids by
phosphoenolpyruvate (PEP) carboxylase in the mesophyll cells. These acids then diffuse to
and are decarboxylated in BS cells where CO, is concentrated around Rubisco. This allows
Rubisco to operate close to its maximal activity and reduces the rate of oxygenation. C,4
photosynthesis thus requires much less Rubisco to achieve high photosynthetic rates (Figure
4). Modelling of C4 photosynthesis predicts that an increase in Rubisco activity should
increase CO, assimilation at ambient and high CO, in contrast to C3 species where Rubisco
activity affects CO, assimilation rate at lower CO, partial pressures (von Caemmerer and
Furbank, 2016). A virtual experiment using a crop growth model for wheat (Cs) and
Sorghum (C4) in different environmental scenarios concluded that increasing Rubisco
content could be of benefit for both wheat and sorghum depending on the environment

during the growing season (Wu, A. et al., 2019).

There is great diversity in Rubisco kinetic constants amongst form | Rubisco that can be
exploited (Flamholz et al., 2019; Ifiguez et al., 2020). In many instances they have co-

evolved with CO; concentrating mechanisms, which provide Rubisco with a high CO,

11
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environment (Badger et al., 1998; Ifiiguez et al., 2020). One such example are Rubiscos from
C,4 species. Rubisco from C,4 species have greater k¢,; and K. values compared to C; species
and there is variation amongst C, species of different decarboxylation types (Ghannoum et
al., 2005; Seemann et al., 1984; Sharwood et al., 2016a; Yeoh et al., 1980). Superior K¢, in Cy4
grasses of the NADP-ME biochemical subtype compared to C4 grasses with the NAD-ME
decarboxylation subtypes resulted in better N use efficiency in NADP-ME compared to NAD-
ME subtypes (Ghannoum et al., 2005). Rubisco from C4 species are excellent candidates for
transplanting into Cs species (Sharwood et al., 2016a; Sharwood et al., 2016b). For more
information on variation in Rubisco kinetic properties see Tcherkez et al. (2006) and

Flamholz et al. (2019).

Whitney and collaborators have used plastid transformation in tobacco to manipulate
Rubisco the large subunit (Whitney and Andrews, 2001a, b; Whitney et al., 1999). They
showed that the differences between the C; and C4 forms of Rubisco from Flaveria species
could be largely explained by a single amino acid change between Met-309 (C; type with
lower K and keat) and lle-309 (C4 type with higher K. and keat) highlighting the potential of
large subunit manipulation. Rubisco from no-green algae such as Griffithsia monilis have a
higher specificity for CO, coupled with lower K. for CO, at ambient O, also make excellent
candidates but to date the assembly in tobacco chloroplasts has not been successful (Lin
and Hanson, 2018; Whitney et al., 2001). Furthermore chloroplast transformation is only

possible in a few species limiting the scope at present (Bock, 2015).

In C3 species, Rubisco operates in a low CO, environment, which is suboptimal for both
catalysis and carbamylation of the active sites (for review see von Caemmerer, 2000). The
activation of Rubisco in vivo requires the presence of the regulatory protein Rubisco activase
(Mate et al., 1996; Portis, 2003; Portis et al., 1986). Rubisco activase aids the release of
sugar phosphate inhibitors from Rubisco’s catalytic sites, thereby influencing carbamylation.
Rubisco activase is an AAA+ ATPase which uses the energy from the hydrolysis of ATP to
release inhibitors from Rubiscos catalytic sites. Rubisco is typically fully activated to 80-90%
at high light except at high temperatures (Crafts-Brandner and Salvucci, 2000; Scafaro et al.,
2012; Sharwood et al., 2016c; von Caemmerer and Edmondson, 1986; Yamori et al., 2006).
There are two main reasons why the Rubisco/Rubisco activase interaction is a target for

crop improvement. It is thought that inactivation of CO, assimilation by heat stress, which is
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of great agricultural significance, is caused by inactivation of Rubisco activase at high
temperature. Secondly the slow rate of photosynthetic light induction is due to slow
Rubisco activation (Carmo-Silva and Salvucci, 2013; Parry et al., 2013; Taylor and Long,
2017). Two separate studies in Arabidopsis demonstrated that replacing the native Rubisco
activase with a more thermostable form increased plant tolerance to heat stress (Kumar et
al., 2009; Kurek et al., 2007). Over expression of a thermally stable Rubisco activase from a
wild relative Oryza australiensis in a domesticated rice (Oryza sativa) was also shown to
improve seed yield (Scafaro et al., 2018). Now, conserved sequence identified in Rubisco
activase from heat-adapted species has been shown to improves wheat Rubisco activase
thermo-stability in vitro (Degen et al., 2020; Scafaro et al., 2019). New, more thermally
stable forms of activase are being identified and structural information for Rubisco activase
is providing key information towards understanding of how the two enzymes interact

(Mueller-Cajar et al., 2014; Shivhare and Mueller-Cajar, 2017; Shivhare et al., 2019).

Rubisco activase has two major isforms (a and B) that exist in higher plant species, with the
longer a isoform redox-regulated and influencing the rate of increase in CO, fixation in a
dark to light transition. Induction being much more rapid in transgenic plants expressing
only the shorter isoform (Carmo-Silva and Salvucci, 2013; Carmo-Silva et al., 2015). The
effect on the rate of photosynthetic induction was also demonstrated in tobacco transgenic
with an antisense construct to Rubisco activase (Hammond et al., 1995). Overexpression of
Rubisco activase leads to an increase in the rate light induction (Fukayama et al., 2012;
Yamori et al., 2012). However it is curious to note that overexpression of Rubisco activase
can decrease steady state CO; assimilation rate by reducing Rubisco content (Fukayama et
al., 2012; Suganami et al., 2020). The parallel of increased Rubisco content in Rubisco
antisense plant has been observed in both tobacco and rice and speaks of a curious link

between Rubisco and Rubisco activase synthesis (He et al., 1997).
Conclusion

The discovery of Rubiscos oxygenase function has led to the developments of our current
mathematical models of CO; assimilation. Linking the in vitro kinetic parameters of Rubisco
to in vivo gas exchange remains crucial for both terrestrial biosphere and crop models and
provides a guide for identifying targets for improving photosynthetic CO, assimilation and

crop growth. New technological advances such as hyperspectral reflectance measurements
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are providing better time resolved measurements of Rubisco capacity in the biosphere and
these techniques are proving equally important in monitoring seasonal variation in crop
photosynthesis. At present we know little about what dictates variation in Rubisco and
photosynthetic capacity in variable environments and more needs to be learned about

these signal transduction pathways.
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Figures
Figure 1

a) Modelled oxygen dependence of the CO, compensation point in the presence of
mitochondrial respiration, I" (equation 6) or the absence of mitochondrial respiration, I'x

(equation 5).

b) Modelled response of CO, assimilation rate, A versus chloroplast CO, partial pressure, C
at 200 and 20 mbar O,. The figure is adapted from von Caemmerer (2000) using equations
2.2 and 2.23 and kinetic constants from table 2.3, with V¢nax= 80 umol m> s'l, J=132 pmol

m?Zstand Ry =1 pmol m?Zst
Figure 2

The stoichiometry of the photosynthetic carbon reduction (PCR) cycle and the
photorespiratory carbon oxidation (PCO) cycle. Note that the regeneration of 0.5 mol of
PGA from 1 mol PGly requires the 0.5 mol ATP. It also includes the release and refixation 0.5
mol of ammonia which requires 1 mol of reduced ferredoxin which in terms of electron
transport is equivalent to 0.5 mol of NADPH and 0.5 mol of ATP (Keys et al., 1978) The

stoichiometry and diagram are adapted from Farquhar et al. (1980).

Figure 3

Monthly averages of atmospheric CO, (a) and the carbon isotope composition of
atmospheric CO, (b) sampled in flasks at Mauna Loa, Hawaii. Data were downloaded from

www.cmdl.noaa.gov (Dlugokencky et al., 2019; White et al., 2018). The figure illustrates the

rising atmospheric CO, concentration together with the inter-annual oscillation. Increased
photosynthesis in the summer months results in a decrease in atmospheric CO,. Rubisco’s

action is apparent in (b) from the increase in 8"C which indicates an increase *CO, in the

12 13 13C 13C
atmosphere as Rubisco preferentially fixes ““CO,. ( 8" °C is defined as Wair/q std — 1,
where the standard it PBD belemnite (Farquhar et al., 1989)).

Figure 4
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Modelled response of CO; assimilation rate, A versus chloroplast (C3) or mesophyll (C4) CO,
partial pressure, C at 200 mbar O,. For C; photosynthesis the model uses equations 9 and
11 with Kc=260 pbar Ko=179 mbar and I'*= 38.6 pbar. Vemax= 80 pmol m? s and J=132 pumol
m?s™and Rq =1 pmol m™ s™. The Rubisco kinetic constants for the red algal Rubisco
(Griffithsia monilis) were taken from Fig. 4 (Sharwood, 2017). Expressed in the gaseous
phase Kc=278 pbar Ko=563 mbar and I'*=22.6 pbar. V¢max= 67 pumol m~2standJ=132 pmol
m~2stand R¢ =1 umol m?st The Vemax i lower to keep the same Rubisco site content for
both C; curves of 25.8 umol m™. The A-C curve for C4 photosynthesis uses the model
equations from von Caemmerer (2000) together with the PEP carboxylase and Rubisco
kinetic constants from Setaria viridis (Boyd et al., 2015). Kc=1210 pbar Ko=292 mbar and ['*=
76.3 pbar. Vcmax= 40 umol m?s™tand the PEP carboxylase parameters are Vpmax= 300 pmol
m™s™, The Ky, CO, for PEPC, K,=154 ubar and a bundle sheath conductance to CO, of 3
mmol m?s* bar™ (Alonso-Cantabrana et al., 2018). Note that a V¢max= 40 umol m?2s?

corresponds to a Rubisco site content of 7.35 umol m™.
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a) Modelled oxygen dependence of the CO, compensation point in the presence of

mitochondrial respiration, I' (equation 6) or the absence of mitochondrial respiration, I'+

(equation 5).

b) Modelled response of CO; assimilation rate, A versus chloroplast CO, partial pressure, C

at 200 and 20 mbar O,. The figure is adapted from von Caemmerer (2000) using equations

2.2 and 2.23 and kinetic constants from table 2.3, with V¢nax= 80 umol m s'l, J=132 pmol

m?2s*and Ry =1
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Figure 2

The stoichiometry of the photosynthetic carbon reduction (PCR) cycle and the
photorespiratory carbon oxidation (PCO) cycle. Note that the regeneration of 0.5 mol of
PGA from 1 mol PGly requires the 0.5 mol ATP. It also includes the release and refixation 0.5
mol of ammonia which requires 1 mol of reduced ferredoxin which in terms of electron
transport is equivalent to 0.5 mol of NADPH and 0.5 mol of ATP (Keys et al., 1978) The

stoichiometry and diagram are adapted from Farquhar et al. (1980).
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Monthly averages of atmospheric CO, (a) and the carbon isotope composition of
atmospheric CO,; (b) sampled in flasks at Mauna Loa, Hawaii. Data were downloaded from

www.cmdl.noaa.gov (Dlugokencky et al., 2019; White et al., 2018). The figure illustrates the

rising atmospheric CO, concentration together with the inter-annual oscillation. Increased
photosynthesis in the summer months results in a decrease in atmospheric CO,. Rubisco’s

action is apparent in (b) from the increase in 8>C which indicates an increase >CO, in the
12 13 13C 13C

atmosphere as Rubisco preferentially fixes ““CO,. ( 6" °C is defined as Fair/T std — 1,
c c

where the standard it PBD belemnite (Farquhar et al., 1989)).
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Modelled response of CO, assimilation rate, A versus chloroplast (C3) or mesophyll (C4) CO,
partial pressure, C at 200 mbar O,. For C; photosynthesis the model uses equations 9 and
11 with Kc=260 pbar Ko=179 mbar and I'*= 38.6 pbar. Vcma= 80 umol m?stand J=132 pmol
m?Zstand Ry =1 pmol m2s™. The Rubisco kinetic constants for the red algal Rubisco
(Griffithsia monilis) were taken from Fig. 4 (Sharwood, 2017). Expressed in the gaseous
phase Kc=278 pbar Ko=563 mbar and I'*=22.6 pbar. V¢max= 67 umol m~?standJ=132 umol
m~?standRy=1 pmol m~2 st The Vomay is lower to keep the same Rubisco site content for
both Cs curves of 25.8 umol m™. The A-C curve for C4 photosynthesis uses the model
equations from von Caemmerer (2000) together with the PEP carboxylase and Rubisco
kinetic constants from Setaria viridis (Boyd et al., 2015). Kc=1210 pbar Ko=292 mbar and I'*=
76.3 pbar. V¢max= 40 umol m~? st and the PEP carboxylase parameters are Vymax= 300 umol
m s The K, CO, for PEPC, K,=154 pbar and a bundle sheath conductance to CO, of 3
mmol m? s bar™ (Alonso-Cantabrana et al., 2018). Note that a V¢max= 40 pumol m?s?

corresponds to a Rubisco site content of 7.35 umol m.
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