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Abstract

C4 photosynthesis is a complex tréitat involves the efficient movement of carbon
between mesophyll and bundle sheath célig gaps remain in our understanding on
how protein phosphorylation regulates tiedative flux through malate or aspartate in
NADP-malic enzymesubtypesUsing mass spectrometr®0 phosphositesn NADP-
malic enzyme (ME), 9phosphsites in aspartate aminotransferase (AA&hd 12
phosphosites in alanir@minotransferaseere identified in the £plant modelSetaria
viridis. In silico analysis shows that NADRIE phosphorylatiorat Ser343 may regulate
NADP" binding

NADP-ME from illuminated leaves ateamaysexhibiteda higher affinity fon.-malate

at pH 8.4 High in vitro activity at pH 7.4 inlluminated leaves ddorghumnbicolor, and

no changen affinity for L-malate at pH 7.4 or pH 8#veals dependence on enzyme
activity immediately after the onset of ligkitis speculated that the same protein may be
differently regulated in eacbrassspecies The activation ofAAT by Cs-acids also
differed among the NADIME subtypes. Light activation in the presence. @flanine
andL-malate was only evident #eamays whereas -malate and -alanine inhibited the
activity in Sorghumbicolor andL-madate inhibited activityin Setariaviridis. In vitro
activity assays also demonstrated that the affinity faspartate walsigherin darkened
conditions and this activity may not be associated witpr@tosynthesis.

The work presented in this study shows that there are distinct interspecies diffarences
the properties oNADP-ME andAAT . These observations are discusseterms ofa
regulatory mechanism that contrdle relative fluxthroughmalate and aspartate a
dualdecarboxylation systemf Zeamays but not inSorghunbicolor. Together, these
findings add to our understanding of the regulation efp@otosynthesis, thereby

advancing the wider objective of engineering ther&it into existing G crops.
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Chapter 1

1.1Food for thought

1.1.1Agricultural sustainability, energy harvesting and photosynthesis

Agricultural sustainabilityefers to theagriculturalcapacity of producing enougbod

to sustain the population any given time,while reducing environmental impacts
(Hansen, 1996; Mitchell and Sheehy, 2006; Pretty, 2008; Goeéfray, 2010) The
concept haseceived international attention recentyearsdue to agrowingfood crisis
As the global population rises;ap production must increabg at least 50%n the next
15 yeargo meetheminimum requirements tieedthe populatior{Hibberdet al,, 2008;
Peerhansel and Offermann, 2012oday, crop production facesxtreme weather
patternsorought on by climate @nge, such as high temperatuaes increased rainfall
variability (Rosenzweiget al, 2001; McMichaekt al, 2006; Gornalkt al, 2010) It is
evident thaincreasegieldsmust be achieved using less land, which is decliningaue
urbanisationRamakrishnan, 2001; Zket al, 2010)and less water, due to an increase

in waterdemandrom cities(Pimentelet al, 1997; Postel, 2000; Pimentet al, 2004)

The global population has nearly doubled in the last 40 y&dnsan, 1998) Duringthe

Green Revolution 1960 2000, crop productivity was increased using improved
breeding strategies (rather than genetic manipulation), modernised farming techniques
and application omorefertilisers andmprovedpestcides(Mitchell and Sheehy, 2006)
which also resulted inredued global food priceqTilman et al, 2002; Evenson and
Gollin, 2003) By the beginning of the 2century, cop praluctivity rose 208% for
wheat(Triticumaestivun), 109% for ricg Oryzasativa and157% for maiz€Zeamay$9
(Pingali, 2012) However, at the rate that tleerrentpopulation is growing, projected
yields are not enough to sustain developing countries. Furthermore, acquisition of
farmland for loenergy crop production (i.e. biofuelgjll reducethe accessibility of

land for agricultural us€Tokgozet al, 2012; Popget al, 2014; Vasileet al, 2016) The

future of agriculture relies ate improvemenbf farmland management, enhanced use

of technology as well as geneticaflghancearops(Tilmanet al, 2002)



A consensus in the scientific community has called for a second Green Revolution, with
hopesto creategenetically enhancedrop plants These shouldvithstand the adsrse
effects of climate changgrow with fewe additives such asitrogenoudertilisers and
efficiently use photosynthetically active radiation (PAR) tassimilate CO; into
carbohydratesluring photosynthesié&hu et al, 2010; Covshoff and Hibberd, 2012;
Leegood, 2013)

Chloroplast

Fig. 1.1. Overview of photosynthesis in higher plantsin higher plantphotosynthesis
takes placenside chloroplastsCaptured energis usedto form ATP and NADPH.In
the stroma of the chloroplasATP and NADPH are utilised by enzymes in the
photosynthetic carbon reductiACR)cycle to fix CQinto carbohydrates (CiD).
Increasing the efficiency of photosynthesis in major food dsybe nostfeasiblelong-
term solutiorthat could mitigate the food crisiMitchell and Sheehy, 2006; Ztai al,
2010; Covshoff and Hibberd, 201Bhotosynthesibastwo phasesthelight harvesting
andthe photosynthetic carbon reductidCR)cycle (Figure 1.}. During theday, solar
energyis intercepted by chlorophytiontaining light-harvestingcomplexes embedded
in chloroplast thylakoid membranes, resulting in the splitting of watereladse o>
(Candauet al, 1976; Kuhlbrandt and Wang, 1991; McEvel al, 2005) Harvested
energy isthenused for the formation of ATBnd reducing equivalenta/hichareused

in thePCRcyclefor the formation of carbohydrates



1.2 The inefficiency of G photosynthesis

1.2.1The problem with Rubisco and photorespiration

All photosynthetic species useibulosel,5-bisphosphate carboxylase/oxygenase
(Rubiscq for carbon fixation. In €plants, carbon fixation is limited by theefficiency

of Rubisco, which has a low turnover rate and competing specificity forad® Q
binding (Portisand Parry, 2007; Raines, 201During photosynthesis, Rubisco fixes
atmospheric C® through the carboxylation ofibulosel,5bisphosphte (RuBP)
forming two molecules of -phosphoglycerate {BGA) (Sage, 1999)Rubisco also
catalyses the oxygenation of RuBR,an unfavourabl@ndunavoidableside reaction
with Oy, forming 3PGA and 2phosphoglycbate, the latter which cannot be utilised in
the PCR cycle (Figure 1.2) and may betoxic in high concentration§Ogren, 1984;
Andrews and Lorimer, 1987; Maurino and Peterhansel, 20T0) prevent the
accumulation of phosphoglycdhte, the compound is removed from the chtast and
metabolised into organic compounds, using energy and 25% of assimilated carbon
(Bjorkman et al, 1969; Ehleringer and Bjorkman, 1977; Baueteal, 2010) in the
processof photorespiration (Figure 1).3Most importantly, the carbon present on 2

phosphoglycbate must be recycled back to the PCR cycle as efficiently as possible.

Although Rubisco haa higher affinity for CQ (Km 9.7 pM), than @ (Ku 244 uM)
(Cousinset al, 2010) the CO. concentration inside the chloroplast is about i@

lower than that of @ (Ehleringeret al, 1991) Furthermore, in warm climates, the
oxygenase activity of Rubisco increases relative to the carboxylase activity, both because
the relative solubility of dissolvedJs greater than that of dissolved ¢ @us lowering

the ratio of dissolved C£io O in the chloroplast and because the kinetic properties of
Rubisco alter in response to increasing temperature, thereby increasing its affinity for O
(Ku and Edwards, 1977; Chen and Spreitzer, 1992; Tchetkdz2006; Leegood, 2013;
Buchanaret al, 2015) In addition, theliffusion of CO; to the site of Rubisco is reduced
when stomata close to prevent the loss of water through transpiration in high
temperaturegSage, 2004; Schulz al, 2013) The loss of C@near the site of Rubisco

can reduce photosynthetic efficignérom 20'40% andincreasesin unfavourable



conditions such as warm temperatures (above 30 °C) and arid clifdatdan and
Ogren, 1984; Sharkey, 1988; Ehleringérl, 1991; Gowik and Westhoff, 2011)

3 ADP 3 CO,
msgj/?, RuBP*\o
RuUSP ]
BPGA[ eatp
R5P Xyl-5P —J

(2

Sed-7P
G3P e
o 1,3-BPG
Sed-1,7-bisP,
DHAPe Ery-4P _ Xyl-5P
(7] 6 NADPH
6P,
G3P Fru-6P 9
P5 T/va 6 NADP*
Fru-1,6-bisP,
outEn G3P
DHAP G3P

DHAP

Fig. 1.2. Photosynthetic carbon reduction cycle in all photosynthetic organisms
Enzymes1, Rubisco?2, phosphoglycerate kinasg;glyceraldehyd@-phosphate (G3P)
dehydrogenase4, triose phosphate isomerasg; phosphoribulokinase6, fructose
bisphosphatasé, transketolases, fructose bisphosphate aldola8esdoheptulosd., 7-
bisphosphataséletabolites RuBP, ribulose 1,4; Ru5PR ribulose 5P; R5P, ribose-5
P;1,3BPG, glycerate 1,3 bisphosphate; *3PGA, glycerae 853P,glyceraldehyde 3

P; *DHAP, dihydroxyaceton® (trioseP); Xyl, Xylulose Ery, erythrose Sed,
sedoheptulosé Diffuses from stromato cytosol

Photorespiration is a complex detoxificatemd recyclingporocess that takes place in the
chloroplasts, peroxisomesnitochondria and cytosol of higher plantBigure 1.3)
(Bauweet al, 2010) Although it poses a problem for plants that solely rely on Rubisco
for carbon fixation, photorespiration was not an issue when Rubisco first evolved around
3.5 billion years ago, due to an>®ee atmospherglLeegood, 2013) but as
photosynthetic species populated the globe, K@came more readily vailable

(Blankenship, 2010)This, however, was not a strong selective pressure to promote the
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acquisition of a new carboxylase for carbon assimilati®owik and Westhoff, 2011)

In fact, the bispecific nature of Rubisco evoliedt and was subsequently maintained

in all photosynthetic organisms, albeit preconditioned to operate in a high CO
atmospheréRachmilevitchet al, 2004; Anersson, 2008)Consequently, it is likely that
photorespiration cevolved with oxygenic photosynthesis in cyanobacterieetycle

carbon and tgrevent the accumulation gfycollate from the unavoidable oxygenase
activity of Rubisco, protect againshotoinhibition by supplying reducing equivalents to
othermetabolic pathways or produce essential amino acids, such as serine and glycine
(Kozakiand Takeba, 1996; Rachmilevitehal, 2004; Bauweet al, 2010; Maurino and
Peterhansel, 2010; Peterharstedl, 2012; Hagemann and Bauwe, 2Q16)

The reversible oxidation of glycine via the glycine decarboxylase complex (GDC),
formed of glycine decarboxylase and serine hydroxymethyltransferase (SHMT) in the
mitochondria (Figure 1.3, redon 5), is an essential step in photorespirafidalker and
Oliver, 1986; Bauweet al, 2010) Firstly, glycine decarboxylation generates ammonia,
which is necessarily and efficiently refixed throughititerconversion of glutamate and
glutamine during nitrate assimilatighinka and Weber, 20055econdly, 3?GA can be
regenerated from serine via pyruvate and glycerate, but the phosphorylation of glycerate
to form 3PGA is ATRdependenfFigure 1.3, reaction § Neber and von Caemmerer,
2010) Finally, despitethat CO; is eventually produced through therloaxylation of
glycine in the mitochondria, the uptake efficiency of @@ck into the chloroplasts and

its subsequent use in the carboxylation reaction is not significant to recover from the
losses of photorespiratiofSchulzeet al, 2013) Although loss of C@through the
photorespiratory pathway can have detrimeeti@cts on G plants by reducing nitrogen

use and wateuse efficiency and limiting the regeneration of phosphate and RuBP,
especially in warm and dry climates, photorespiration is important in all photosynthetic
organisms(Rachmilevitchet al, 2004; Sage and Kubien, 2007; Bloanal, 2010;
Maurino and Peterhansel, 2010; Baueteal, 2012) In cyanobacteriaglycollate is
metabolised using a plalike mechanism(Bauwe et al, 2010)or using a bacterial
glycerate pathway, whereby glycollate is converted into glyoxyigteeratingC O, but

not ammoniawhich does not need to befixedthroughthe ATP-dependent conversion

of glutamateto glutamine(Figure 1.3, reactiof) (Eisenhutet al, 2008; Hagemann and
Bauwe, 2016)
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Cyanobacteria mutants with the partial suppressiagyaollatemetabolism were found

to have growth defects, while mutants completely lackghgcollate metabolism
exhibited a lethal phenotype, suggesting that the removalglgtollate via
photorespiratio is essentialEisenhutet al, 2008) Moreover,Zeamays(Cs) mutants,
grown in ambient Cg lacking glycollate oxidase activity did not exhibit a viable
phenotype, despite that the rate of photorespiration is substantially lower thapianiS
(Zelitch, 1968; Zelitchet al, 2009) Photorespiration ignterwovenwith other plant
metabolic pathways of boths@nd G plants, and regardles$ the amount oglycollate
produced, and any disruption can have serious effects on the phenotype of photosynthetic
species. The photorespiratory pathway may also play an intrinsic role in regulating the
spatial availability of C@and ammonia and mitigate the inhibition of photolgsts by
anexcesf O;or phosphglycollate(Chollet and Ogren, 1972; Ku and Edwards, 1977;
Linka and Weber2005; Maurino and Peterhansel, 2010; Weber and von Caemmerer,
2010)

1.2.2C3 photosynthesis will be limited by future climatic events

Since the evolution of oxygenic photosynthesis and incrieaibe atmospheric @ the

rate at which Rubisco interacts with Ras increased, promoting photorespiration, which
lowers photosynthetic efficiency and reduces carbon gain by at leasiB}&#manet

al., 1969; Ehleringeet al, 1991) Despite the competing carboxylase and oxygenase
reactions, the reaction mechanism of Rubisco, wigands to structural differences and
stabilisation during transition states, is optimised to differentiate betweerai@DQ
binding and maximise the rate of turnoyeorimer et al, 1993; Tcherkeet al, 2006)
However,Galméset al. (2014)argues that the kinetic properties of Rubisco could still
be improved such that its activity is optimised under future G&hentrations.The
efficiency of G photosynthesis is not solely limited by the capacities of Rubisco.
Transgenic plants with suppressed expression of Rubisco exhibited lower carbon fixation
efficiencies when exposed to high light and temperat8tiét and Schulze, 1994but

not if grown in high CQ(Masleet al, 1993) These studies also show that factors such
as increasing temperature and C@®hich are within the context of climate change, may

influence how G plants will respondin future climates



At the current atmospheric concentration of xC&hd Q, both carboxylation and
oxygenation reactions occur at high rafesegood, 2013)In the next 50 years, the
concentration of C@is projected to double (from 360 to 6A®00 pmolmol'l) , which
mayincrease thearboxylase activitgpf Rubiscoby at least 70%Rachmilevitchet al,
2004; Buchanamet al, 2015) However, increasing CQavailability in the atmosphere
does not imply that the efficiency of photosynthesis will increasesiplahts. Several
studies have shown that plants grownelevated C®@ supress photorespiration and
photosynthetic capacity increases by approximately 30% in the first ingBjdckman

et al, 1969; Woodward, 2002However, photosynthesis is eventually limited because
of the capacity of the PCR cycle to regeneesiteugh RuBP to maintain higlrboxylase
activity (Griffin and Seemann, 1996; Sage and Kubien, 200f9reover, plants
acclimate to elevated CCQCafter prolonged exposurgue to the accumulation of
carbohydrateswhich desensitise CQutilisation by Rubisco or other enzymes of the
PCR cycle(Moore et al, 1999; Rachmilevitclet al, 2004; Buclhnanet al, 2015) In
addition, polonged exposure to high GQ@an result in reductiorf nitrogeruse
efficiency, which could impair biomass production and photosynth&nisartet al,
1998; Bloomet al, 2002; Searles and Bloom, 2003)

Photosynthesis in plants can also be affected by temperature and ibfswaney factors

that can influence photosyntiee enzymes, plant development and leaf physiology
(Berry and Bjorkman, 1980; Jordan &ddren, 1984; Chen and Spreitzer, 1992; Leegood
and Edwards, 1996; Bernacdtial, 2002; Sage and Kubien, 200K)oreove, the life

cycle of plants grown for grain production rely on seasonal changes in weather and
temperaturgHatfield et al, 2011; Hatfield and Prueger, 2018)ne of the suggestions

to increase crop productivity is to extend the growing season, however, it is impractical
becausesach crop species will have its optimum germination, maturation and harvest
period, which is dependent on seasonal weather patteovshoff and Hibberd, 2012)
Certain cropssuch aspinach $pinaciaoleraceg, prefer cooler, winter temperatures
(Hatfield and Prueger, 2013kxtreme weather patterns or fluctuation in minimand
maximum daily temperatures were found to perturb developmental timings of annual
crops,like tomato Solanumlycopersicuny, and affected biomass production and seed
viability (Ghoshet al, 2000; Satet al, 2000;Pressmaet al, 2002; Sato, 2006550me

fruits, such asapple Malusdomesticg and grapes\itis vinifera) are perennial plants,

which require a certain number of houn§ exposureto cooler temperatures. If



temperatures continue to increase, polledpction of perennial crops will be impaired,

thus disrupting fruit productiofHatfield and Prueger, 2015jujii and Kennedy (1985)
showed that the rate of photosynthesis in apple trees was dependent on seasonal changes,
particularly during fruit development, while the rates of dark respiration and
photorespiration were unaffected. An increase in temperaimay lower the
photosynthetic capacity of these plants during specific seasons, as the combined rate of
photorespiration and dark respiration may surpass the rate of net carbon assimilation.
Some G vegettive cropslike the soybean plantGlycine may are sensitive to
illumination and leaf temperatu(elatfield and Prueger, 2015 tudies have shown that

leaf shading increases the rate of photosynthesis and promotes gas exchange by
decreasing stomatal resistance, but the rate of photorespiration increases proportionally
(Mondal et al, 1978; Peet and Kramer, 1980)hese effects could be more sevate

higher temperatures and atmospherico@0Oncentrationsand production yields may
significantly suffer(Hatfield and Prueger, 2013} is predicted thaan increase iglobal
temperaturewill cause lower crop yields somewhere between 2.5% and(Hagtield

et al, 2011; Lobellet al, 2011)and tkese scenarios will be more prevalent if £O

emissions remain higtschlenker and Roberts, 2009)

Increasing air temperature can also affect the rate of transpiration and energy balance of
a leaf (Figure ). High temperatures cause the exponential increase of atmospheric
water vapour demand, which increases the rate at which water is transpired by the leaf
until the rate of transpiration becomes limited by the rate of water absorption into the
plant from the soi(Hatfield and Prueger, 2019ncreasing temperature can also limit
photosynthesiseven when other conditions are at their optimum, by causing the
premature closure of stomata in the daytime, thus increasing leaf temperature by at least
1 °C and decreasing the rate of gas exchange between the outside and inside of the leaf
(Kimball et al, 1993; Bernacctlet al, 2002; Hatfieldet al, 2011; Schulzet al, 2013;

Hatfield and Prueger, 2015yurthermore, the rate of evapotranspiration will dra#itic
increase in extreme high temperatures, thus reducing the amount of water that the plant
needs to absorb from the soil in order to meet the atmospheric evaporative demands
(Hatfield end Prueger, 2011)n addition, altering the hydraulic conductance in plants
may induce changes to the mechanisms that regulate the diurnal opening and closing of
stomata, therefore limiting the rate of photosynth@dethuret al, 2014; Bellasiet al,

2017)



Energy balance of the leaf
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Fig. 1.4. Theoretical energy balance of aCs leaf in high atmospheric C&: and
increasein air temperature. Black arrows indicate the direction of stress response in
the leaf. Red arrows (pointing up) indicate an increase and blue arrows (pointing down)
indicate a decreas®ashed arrows show predicted evetdapted fromHatfield and
Prueger (2011)

The thermal optimum of £plants is between 1@5 °C, depending on plant species
(Hatfield and Prueger, 2011)n low atmospheric C®and at higher temperatures,
photosynthesis becomes limited as the activation state of Rubisco declines with
increasing temperatu(€raftsBrandner and Salvucci, 2000; Sagel., 2002) Also, G
photosynthesis is limitedybtemperature only when atmospheric Qfncentration is

high, because of a decline in the capacity to regenerate pho¢phgt and Kubien,
2007) The thermal optima of £plants can alter in response to increasing. CO
concentration, thus increasing growth of certain plants in higher temper@ilaeson

and Cummins, 1989; Long, 1991, Ziska and Bunce, 18&in et al, 2006) However,

even if elevated COYmay increase the growth in certain €ops, it may not be a
substantial amount to increase the grain productamthor, 2001) Cz crop plant
interactions with CQ temperature and water availability can have serious implications
for crop production. It is also evident that increasing €@hcentration does not improve

Cs photosynthesis efficiency, and even though photorespiration may be supressed by
lowering the ratio of oxygenase to carboxylase activity. In summary, the inefficiency of
Cs photosynthesis poses a serious threastor@psgrown for grain production if global
temperatures and atmospheric Zgncentrations continue to increase. These effects

will be more sevee in droughistricken regions.
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1.2.3Increasing crop productivity

Approximately %% of land plantsincluding stapt crops such asce and wheat)seCs
photosynthesis for carbon fixatig8age, 2004)In these plantsCO, enters mesophyll
cells and iglirectly fixed by Rubisco However,maize is one of 4,500 grass species that
usethe alternativeand more efficienCs pathway(Sage, 1999)in the G-dicarboxylate
cycle of G photosynthesis, CQs initially fixed by phosphenopyruvate carboxylase
(PEPC)in mesophyll cells, forming a £acid thatdiffuses toandis decarboxylated in
bundle sheath cellsgoncentratingCO, near Rubisco Kigure 15). Cs crops are
anatomically and biochemically superior tod€ops,and arecapable of maintaining high
rates of photosynthesis even in hot and dry clim@esy and Bjorkman, 1980; Pearcy
and Ehleringer, 1984; Sage, 1999; Lara and Andreo, 2011)

C, plants
A
C; plants CO, —> Heos
3P 2 Mesophyll
Co, cC, G, cell
C C;
y \C‘; Bundle

Rubisco Rubisco) sheath cell

\ Sugars / &/

Fig. 1.5. Overview of the differences in the mechanism forarbon fixation in Cz and
Csplants. In Czplants (left), CQis fixed by Rubisco in mesophyll cellss @lants (right)
operate a carbon concentrating mecharbstween mesophyll and bundle sheath cells
PEPC, phosprenobyruvate carboxylase.

With a globalfood crisis potentially developing by tlesdof this centurya great deal

of attention has been given to the improvement of crop playntsonverting to @
photosynthesis. fiforts to increase the photosynthetic potential ep@nts began after
the realsation that plants operating the carbon concentrating mechanisms of C
photosynthesisiada higher radiation use efficiency (RUEan G plants(Longet al,

2006; Reynoldet al, 2010; Zhuet al, 2010; Covshoff and Hibberd, 2012)
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C; plant C4 plant

Carbohydrate
biosynthesis

Photorespiration
Respiration
Biomass 9.4% Biomass 12.3%

Fig. 1.6. Transduction of PAR in Cz and Cs4 plants in atmospheric CQ (400 ppm)

Arrows show the cellular process where energy is being spent. The size of the arrow
shows the relative difference in the amount of energy lost. Shading from orange to yellow
shows the direction of energy transduction from harvested sunlight to planddsiom
(given as a percentage of the theoretical maximal energy conversion efficiency). The
higher the percentage, the more energy the plant has invested in biomass production.
Figure adapted frordhu et al.(2010)

Theoretical nedelspredict that G-augemted crop plants could potentially perform 50%
more efficienly than nonCs plants which translates toncreasd crop production
efficiency(Covshoff and Hibberd, 201 2fficient crop production is defined as the ratio

of energy output for carbohydrate biosynthéssolar energy inpuiMonteith and Moss,

1977) Approximaely 70% of solar energy is lost to the environment leefibris
intercepted by plants;hé remainder is use for carbohydrate biosynthesis and
respiration, odissipatedas hea{Zhu et al, 2010) Thesemodels havalsoshown that

C4 plants, which have suppressed rates of photorespiration, can invest more energy into
biomass produwmn than G plants (Figure B). Thereforeconverting G crops to G can
potentiallyreduce the total amount of energy lost through photorespiratiomamdse
photosynthetic efficiency by 30%Zhu et al, 2010) However, until this can be
implemented, the factors thatgmote photosynthetic efficiency ins@lants must be
understood. This Chapter will review past and ongoingpkbtosynthesis research,
outline impatant evolutionary adaptations aintify the key traits and characteristics

of the G phenotype.

12



1.3 The origins of G photosynthesis

1.3.1Natural bypass of photorespiration

Since Rubiscas the only enzyme involved in CGQixation in the vast majority of
photosynthetic organismsyajor chemical alternatiomsight not have been selected for
during evoltion (Sage, 2004; Gowik and Westhoff, 201The interaction with @is an
inevitable and unavoidable consequence in theicastechanisnthat occursvhen the
2,3-enedol intermediate form of RuBReacs with O, rather thanCO;, because of a
higher free energy activation withh@hen and Spreitzer, 1992; Tcherletzl, 2006)
Despitethatdifferent forms ofRubiscohave evolvedd respondetterin low CO; to Oz
environments anthcreasehe relative specificity for CQ sane plants have found an
alternative strategy for supressing the oxygenase reaction by compartmentalising
Rubisco with physical barrierthuscreating asubcellular environment where the ratio
of CO:to Oy is higher(Badger and Andrews, 1987; Sage, 199@)ditionally, some €
plants can restrict GDC activity the bundle sheath, ilge selective loss of GDC in the
mesophyllallowing photorespired CQo be recycled more efficientlonson, 1999)
Anatomical variation and spatial availability of €@ Cs plants can also increase
photosynthetic capacityn several photosynthetic species, utihg o/anobacteria,
aquatic and land plants, thean beachieved using compartments that concentrate CO
at the site ofRubisco (Leegood, 2013)In microalgae such asChlamydomonas
reinhardtii, CQ; is concentrated in spedised compartments (pyrenoidbat maintain

the intracellular C@concentration high teeach maximatarboxylase activityBadger

et al, 1998 Mackinder et al, 2017) This is similar to the strategy adopted by
cyanobacteria, which operate a carbon concentrating mechanism in carboxysomes
(Badgeret al, 2002) Changes to chloroplast positions can also affect the diffusion of
COe through the mesophyll of terrestriad flants(Tholenet al, 2008) Recently,Busch

et al. (2013)showedthat rice and wheat can restrict the efflux of photorespiregi@€O
photosynthesing cells using air spaces as physical barriers for diffusion. Although
Buschet al. (2013) argue that this adaptation could have contributed to reducing the
wastage of C@produced during photorespiration, the delivery of atmosphericit®

the site of Rbisco can be restricted by such structural barriers, which cause the CO

partial pressure in the stroma to be sevéata lower than that of the atmosphejevans
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et al, 2009; Tosenst al, 2012) In rice, theentryof CO, mayalreadybe maximised as
chloroplasts cover about 95% diet periphery of mesophyll cellghich increases the
diffusion of CQ during high rates of photosynthe$i®n Caemmerer and Evans, 1991;
Tholenet al, 2008; Evan®t al, 2009; Sage and Sage, 2009; Busthl, 2013) Rice

has also considerably high variation in the number of chloroplasts in bundle sheath cells,
some of which are deficient of chloroplagteegood, 2008; Sheelst al, 2008)
Theoretical models have also demonstratedttigtiffusion efficiency and assimilation

of CO; in tomato leaves correlates to the organisation and structure of mesophyll cells
(Berghuijs et al, 2015) However,anatomicalvariations such asthe difference in
photosyntheticallicompetenimesophyll and bundle sheath cells ip flants, makeit
difficult to assess the factors that contribute to the trangpattutilisationCO;, within

Cs plant cells(Berghuijset al, 2016)

Before the elucidatin of the C4 photosynthetic pathwayHeinricher (1884)and
Haberlandt (1904) noted that certain plant speciesof tropical origin had
photosyntheticallyactive chbroplasts in bundle sheath cells. In addition, chloroplasts
found in bundle sheath cells @ea mayswere larger than those typically found in
mesophyll cells of gplants(Kiesselbach, 1916Haberlandt (19049)riginally suggested
that the green parenchynsheathcells in plants with wreatlike arrangement of
mesophyll and bundle sheath cells (Kranz anajomght have specialised functiobhe
accumulation ofstarch in bundle sheath ce(Rhoadesand Carvalho, 1944}ogether
with evidence that showed normal grana stacking in mesophyll chloroplasts but not
bundle sheath chloroplash Zeamays(Hodgeet al., 1955) further substantiated the
biochemical specialisation of the bundle shehtHight of these findingskortschaket

al. (1965) demonstrad that radioactivly labelled carbon in sugarcamneas initially
incorporatednto malate and aspartateut not 3PGA, whereas GA in soybean plants
accounted for 80% of the radioactively labelled carbbhese obsrvations were
consistent with those demonstrateddaypilov (1960) which showed that radioactively
labelled carbon was incorporated into malate and aspartzeamays Furbank (2016)
argues thabecause ofimitations of theselabelling experimergtat the timeg(Bassham,
200), the published resultmay have been met with some degree of sceptiaisth
delayed international recognitiorlowever, upon further investigatidgfatch and Slack
(1966)demonstrated th&3% of radioactively labelled carbon was rapidly incorporated

into malate and aspartate and that these wetial intermediates produced during
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phaosynthesis, with 3GA produced much later. Based on these observatiaish
and Slack (19662lucidated the £dicarboxylic acid pathway of photosynthesis, termed
C4 photosynthesis.

1.3.2The recurrent emergence of ghotosynthesis

The G pathway is the most effective trait thatolved incertain plants to overcome
photorespiratior{Sage, 1999)it has evolved independently over 60 tinreshe last 35
million years,throughgradualanatomical and biochemicatlaptationghat allow CQ

to be concentratedt the site of RubiscdSage, 2004)This isusuallyacheved using
concentric tubes of vascular tisstightly packagedy specialisedbundle sheath and
mesophyll cellsn Kranz anatomyFigure 17D). In C4 plants, CQis initially fixed into

a fourcarbon organic compounassually malate or aspartdtdatch, 1987)in mesophyll

cells by PEPC, transported to and decarboxylated in bundle sheath cells forming CO
and a threearbon acid that is subsequently transported back to mesophyll cells
completing the cyd (Figure 1.7C). Unlike gleaves, Rubisco is localised in the bundle
sheath, where CQOs concentrate@Kanai and Edwards, 1999s a result, the ratio of

CO: to Oz in the bundle sheath increases, allowing the carboxylase reaction of Rubisco
to operate at near G@aturatior(Hatch,1987; Sage, 1999; von Caemmerer and Furbank,
1999) Although the duatell configuration of Kranz anatomy is an important
characteristic for the assembly ofs @hotosynthesis and compartmentalisation of
Rubisco, it is not a requirement for all @ganismgBadgeret al, 1998; Edwardst al,

2004; Leegood, 2013; Berst al, 2016) For instance, in a few singtell chenopods
such asBienertia sinuspersici C4 photosynthesis @gates by compartmentalising
Rubisco within a specialised region in the cell, concentratingi@®qual proportions

as plants with fully established Kranz anatof8sge, 2004; Rosnoet al, 2014)
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Fig. 1.7. Comparison between G (A, B) and Cs4 (C, D) anatomy in higher plants.
Leave crossections show the arrangement of mesophyll and bundle sheath cejls in C
rice (B) and G Sorghum(D) plants.ATP is needed to regenerate PEP via PPBOK (
Transverse leaf sections acquired frBm FurbankandRF Sage

Cs photosynthesis evolved from the gradual specialisation of ancesiralaGt
characteristics, which were predisposed i@lbtosynthesigHibberd and Quick, 2002;
Sage, 2004; Christin and Osborne, 20R)rthermore, all &related enzymes derived
from Gzisoforms, which are abundant in photosynthetic ¢elisberd and Quick, 2002)
albeit serve different cellular functions and are differently regulé@ade, 2004)The
acquisition of G-related traits has been exrsively studied in several plant taxa (Figure
1.8), mainly to understand how the various biochemical variants ofsthat@vay were

assembled multiple times from separate origins. While it is generally acceptéidethat
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evolution of G photosynthesis wasiggered, or at least favoured, by climatic events (i.e.
decrease in atmospheric @OMonson (2003gargues that its recurrent emergence was
dependent on the genetic variability &5 lineages, mainly through genomic
preconditioning such as gene duplications and neofunctionalisation.

Grasses (~18)
Sedges (~6)

Cleome (~3)

Hydrilla

Zygophyllaceae (~2)

Anticharis

Blepharis
Heliotropium

Heliantheae (~4)

including Flaveria Chamaesyce

Caryophyllales (~23)

Fig. 1.8. The phylogenetic distribution of 47 angiosperm clades with C4
photosynthesis Red lines show Llineages and grey lines shows ineages. The
number of independent origins are indicated to the right of genus names. Obtained from
Sageet al.(2011)

From there, the pathway was aembled as an extension of the classicgd@hway,
through two main phases (Figure 9: anatomicaland biochemicalkpecialisations
(Monsonet al, 1986; Sage, 1999; Sage, 2004; Setgal, 2011) Comparative analgs
in Alloteropsis semialata populations show that the cargent evolution of &
photosynthesis involved the optimisation of intermediargl@racteristics from &ike
common ancestors, while others obtainedféatures independentf§Chrigin et al,
2012; Dunninget al, 2017) FurthermoreGowik and Westhoff (2011andWilliams et
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al. (2013) suggest that every transition in# Cs-like condition conferredcertain
advantagg and in some casesertain speciewould not havenecessarily continued to
evolve C4 photosynthesiswhile others may still be evolving the; @athway(Ludwig,

2012) Genomic and phylogenetic analyses predict that there are 4500 species in the grass
family (Poaceagthat perform @ photosynthesis (equivalent to 60% of €pecies),
followed by 1500 species of sedg€yperaceadeand 1200 species of dicots, producing
about a fourth of global £Sage, 2004; Edwardt al, 2010; Saget al, 2012)

Flaveria pringlei
C, Photosynthesis Oryza sativa

Genetic preconditioning (e.g. gene duplications)

v

Anatomical preconditioning (e.g. increase in vein density)

. v
Phase 1 l Kranz-like C, plants
Anatamical s N
Enhancement of bundle sheath organelles
. J
Establishment of the photorespiratory CO, pump ) Moricandia arvensis
§ GDC restricted to bundle sheath cells ) Parthenium hysterophus
Phase I1 l
Biochemical - ~ . .
Enh ¢ of phosoh | " boxvl . Flaveria linearis
nhancement of phosphoenolpyruvate carboxylase activity R
. J
, v \

Fully functional C, cycle Flaverl'a mmosjfsmm
Flaveria brownii

Phase II1 v

Integration

Optimisation of the C, cycle

Flaveria bidentis

C, Photosynthesis Flaveria trinervia

Zea mays

Fig. 1.9. The path to G photosynthesis Summary of the evolution ofs@hotosynthesis
(in the direction of arrows). Example o&iC,4 intermediate species ashownto the
right of each transition pointFigure adapted fromMonson (1999) Monson and
Rawsthorng2000)andGowik and Westhoff (2011)
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1.3.3Specialisation of mesophyll and bundle sheath cells

Trapping CQ at the site of Rubisco was accomplished by the development of a wreath
like arrangement of bundle sheath cebgpaced closely apart from neighbouring
mesophil cells and vasculature tissus a resulttheintracellular CQ concentration in
bundle shedt cellsis about10-fold higher than in mesophyll cells (Figurel@ (von
Caemmerer and Furbank, 199%ein spacing in @ plants alsofacilitatesthe rapid
diffusion of metabolites during photosynthe$¢@@smond, 1971; Hatch and Osmond,
1976; Sage, 2004)urthermoreCs plantstypically havetwo mesophyll cells between
veins, whereas {plants can have more than fimeesophyll cells between each vein
(Figure 111) (Leegood and Walker, 1999; Ogle, 2003; Langdale, 2011)

Mesophyli cells Bundle sheath cells
100 ppm CO, 1000 ppm CO,

Fig. 1.10. Arrangement of mesophyll ard bundle sheath cells in Kranz anatomy of
C4 plants. Kranz anatomy ira C4 plant, such aZeamays is formed by specialised
mesophyll and bundle sheath celiwhich partition between carbgation and
decarboxylation reactions, respectively. Jgoduced from the decarboxylation of the
Cs-acid is concentrated in bundle sheath cdllansverse leaf section provided by RC
Leegood.
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C, leaf

S

Fig. 1.11. Schematicshowinginterveinal distance comparison between €top) and

Ca (bottom) leaf crosssections Shorter interveinal distances in leaves afplants
allow for the efficient movement of metabolites between mesophyll (M) and bundle
sheath (BS) cellAdapted fromLangdale (2011)

The efficient transport of metabolites between mesophyll and bundle sheath cells is
accomplished byexclusively usingplasmodesmatayhich arehighly abundant in @
leaveqEvertet al, 1977; Furbank, 2016fnhancement of bundle sheath organelles was
alsonecessarwith the specialisation of the bundle sheath in leaves pfabts.Unlike

Cs leaves C4 photosynthesiss partitioned between mesophyll and bundle sheath cells,
and only bundle sheath celsve chloroplasts thatre capable of operating tiRCR
cycle because of theell-specific expressionf Rubisco(Majeran and van Wijk, 2009)
Moreover, heincreased photosynthetic capaafybundle sheath celis likely to have
been cedependentwith the increasednumber and size of chloroplastiring the
development of Kranz anatomibage, 2004) This is supported bylaveria and
Moricandia Cai C4 intermediates, which do not fully express Kranz anatomy, but have
increased number of organelles in bundle sheath (&itsvn and Hattersley1989)
Brown and Hattersley (198%uggest that increased number of organelles in bundle
sheath cellsn some Gi Cs intermediateswas enough to compensate for reduced
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photosynthetic capacity due bundle sheath celilesembling that of €plants which
have reducedhmtosynthetic capacity and few chloropladtsegood, 208).

Photosystem activity in chloroplast thylakoid membranes is specifig jta@ts, though
varies in certain species due to thechanism used for decarboxylatik@aetsch, 1968;
Pfindel et al, 1996; Kanai and Edward4999) Photosystem activity also varies
between mesophyll and bundle sheath cellssipl@ants(Meierhoff and Westhoff, 1993;
Pfindelet al, 1996; Edwardet al, 2001) For instanceSorghumbicolor hasbundle
sheath cells with reduced grastacking and lowerhmtosystem Il activitybut normal
photosystem | activitywhile mesophyll chloroplasts have coanpble photosystem Il
and photosystem | aotities with normal granaresembling that of £plants(Woo et al,
1970; Edwardet al, 2001; Majeran and van Wijk, 2008y reducing potosystem Il
activity in bundle sheath cells, the intracellulard@ncentratiorprobablydeclines, thus
preventing the unfavourabletilisation of @ by Rubisco(Chollet and Ogren, 1972
Chapmaret al, 1980) Also, enhancement of mitochondria along with peroxisomes and
chloroplasts inprecursors ofC4 species would have been a requirement before the
establishment of celpecific enzyme expression and activity, and indicative of the
decarboxylation mechanism that is evolving, though exceptions are known to exist
(Hatch, 1978; Brown and Hattersley, 1989; Meierhoff and Westhoff, 1993)

1.3.4Photorespiratory C&poump in Gi Cs intermediates

The specialisation of bundle sheath chloroplasts amsimportant phase for the
development of the photorespiratory &8mp, since all duatell C; species use bundle
sheath cells for the decarboxylation of theaCid (Brown and Hattersley, 1989; Sage,
2004) The evolutionary trajectory of Levolution has een explored in §£Cs4
intermediate species, which possess some KlikaZeaf characteristics and reduced
rates of photorespiration, thou@h-specificenzymes are not regulated or achieve similar
activities as in @Glike or G plants(Ku et al, 1991) Furthermore, e photosynthetic
CO, compensation point dflaveria Csi C4 intermediatess between that of €and G
plants even under ambient ;Oconcentration, suggesting a reduced rate of
photorespiration(Ku et al, 1983) One major development in ££Cs intermediate

species, which enhanced photosynthetic capacity by reducing photorespiration, was the
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restriction of GDC to bundle sheath cdl&age, 2004; Bauwet al, 2010; Saget al,
2012) This restricts glycine decarboxylation mitochondria of bundle sheath cells
(Figure 1.2), which release photorespired @t the site of Rubisc{Schulzeet al,
2013) Therefore, ompartmentation of GDC increases the capacity to recycle
photorespired C®and reduceshe loss of carbon through photorespirationleakage
from the cell peripheryRawsthorneet al, 1988; Bauweet al, 2010; Gowik and
Westhoff, 2011)

Mesophyll cell Bundle sheath cell

o (]
— . +—— Serine -
o+ ((1GDC)

co,— ((apch) —

Glycine

\. A J
OChIoropIast . Peroxisome Mitochondrion

Fig. 1.12. GDC compartmentalisation andthe photorespiratory CO2 pump in Cai

Ca4 intermediate speciesSchematic showing the restriction of GDC in mitochondria of
bundle sheath cells. In the @Qump (blue arrows), all glycine produced by
photorespiration must be transmattto bundle sheath cells, where O released,
increasing the chance of its utilisation by Rubisco. Serine is transported back into
mesophyll cells and converted into PGA:gRcollate phosphglycollate PGA,
phosphoglycerate. Adapted frdRawsthorneet al. (1988)

Immunolo@lisation experiments conducted ithe GiCs intermediate species
Moricandiaarvensisshowed that the-pProtein subuniténcoded bysLDP) of GDC was

solely expressed in bundle sheath cells, which resulted in the precursors of GDC in
mesophyll cells to losactivity (Rawsthorneet al, 1988; Morgaret al, 1993) Loss of

GDC activity in mesophyll cells is also evidentRtaveria Csi C4 intermediate species,
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and waslikely acquired by the gradual suppressionGifDP and GDC activityin
mesophyll cell{Ku et al, 1991; Schulzet al, 2013) rather than rapid suppression as
previouslysuggestedSage, 2004; Sag# al, 2012) Furthermore, the gradual transition

of GDC activity from mesophyll to bundle sheath cells would have been advantageous
to Kranzlike Cz plants withCs-like chloroplasts and mitochondria in bundle sheath cells,
which would not have the capacity to perfoaththe required GDC activityBauwe,

2011; Muhaidatet al, 2011; Schulzeet al, 2013) Therefore,certain lineages of £
species with Krantike anatomy or @ C4 intermediates, in the early trajectory of C
evolution, which had the capacity to operate the glycine shuttle between mesophyll and
bundle sheath cells would Vebeen positively selected during evolution, whereas those
with low capacity to remove phospiigcollatewould have probably not survivé8age,

2004)

1.3.5Establishing a fully functional £ycle

Cai Cs intermediatesypically show a distinct progression inta €haracteristics, but do
not have optimised enzyme activity to achieve similar photosynthetic capacity of C
plants(Engelmanret d., 2003) Similar to G plants,Flaveria Csi C4 intermediates have
high concentration of PEPC and NABRalic enzyme in photosynthetic cells, but the
activities of these enzymeare not comparable tthose found inC4 plants(Ku et al,
1991) The regulatory properties of PEPC evolved atuehlater stag¢Svenssoret d.,
2003; Gowiket al, 2004)and he sigificance of increased PEPC activity, with regards
to Cs evolution, is more evident when comparing the changes in activity betweamdC
Csi Csintermediate specieBor instance, the activity of PEPC fronai C4 intermediates
Flaveria linearis andFlaveria ramosissimds five and seven times higher than that of
Csrelatives, respectivelfMonson and Moore, 1989 addition the activity of PEPC
between @ Flaveria species can be up to 40 timegher than @ variantswithin the
genus(Monson and Rawsthorne, 2000; Svenssbal, 2003) Enhancemenof PEPC
activity in mesophyll cells was necessary tdixeleaked CQ from the bundle sheath,
which would have readily diffused along a concentration grathemtigh the chloroplast
membranéMonson, 1999; von Caemmerer, 2000; Gowik and Westhoff, 2011)
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While Flaveria Csi C4 intermediates had elevated PEPC activity at this evolutionary
stagethe G pumpwould not have beenlly establishediirstly becauséhe regenetion

of PEPwas not catalyseloly the C4-specificpyruvate, phosphate dikinase (PPDWhich

was not acquired at the same time as PEPC activity increased in mesophyBagdls
2004) This is supported by 4LCs Flaveria intermediates with &characteristics that
operated a pathway for the interconversion ¢¢@GA andPEP (Monson and Moore,
1989) Secondly, C@may not have been initially fixed by PEPC, since Rubisco activity
was still prominent in mesbgyll cells (Gowik and Westhoff, 2011)hirdly, Rubisco
acquired bundle sheatipecific expression much later Flaveria species, possibly
because of the glycine shuttle operating between mesophyll and (sinedin cells in

C3i Cs4 intermediates that efficiently recycled photorespired C@®lonson and
Rawsthorne, 2000)Carbon isotope analysis iRlaveria intermediatesshowed that a
large quantity of agsilated carbon was transported through the glycine shuttle rather
than the Gpump, suggesting that integration afa®d G cycles would only be achieved

if the activiiesof PEPC and Rubisco were eqaald localisedMonsonet al, 1988)

A - sl
l . o) |
2 A~y S Bundle
DN L RN .
g ™ \ (/L\K %, Aty / sheath cell
P v 3 2t P
Q;:;: 2 ‘Q A 3 —V\:': - .{"J‘ 7
| ) » ¢ i A\ |
: = e e > P
Mesophyll
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Fig. 1.13. Ca4 leaf crosssectionof Zeamaysshowing compartmentation of Rubisco
(A) and PEPC (B) Rubisco is localisemh bundle sheath cells and PEPC is localised in
mesophyll cells of €plants. Transverse leaf sections provided by RC Leegood.
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1.3.6Integration of Gand G cycles

The spatial separation &ubisco to bundle sheath cells (Figure 1.13A) BEIPC to
mesopyll cells (Figure 1.3B) was the final requiremefr the complete integration of
Czand G cycles(Sage, 2004)Differential gene expression patternSorghunbicolor
show the restriction of PEPC, PPDK, carbonicyainhse andlpotosystem Il proteins in
mesophyll cells, while Rubisco activase, NADRlic enzyme and other enzymes of the
PCRcycle are exclusively expressed in bundle sheath @&4sich et al, 1998; Sage,
2004) In the Flaveria genus, the expression of Rubisco in mesophyll cells decreased
along the evolutioary gradient of @ photosynthesis, with certains@ke species, like
Flaveria brownii, exhibiting the preferential expression of Rubisco in bundle sheath
cells, andFlaveria variants with Cs-characteristics andNicotiana tabacum (Cs),
expressing Rubiscamiboth mesophyll and bundle sheath célauwe, 1984; Reed and
Chdlet, 1985)

Once these restrictions were $Rtibisco would not congie with PEPC for carbon and

the activity of PEPC would have been high enough to match the activity of Rubisco,
creating a gradient of metabolites that diffused betweeand G cycles and meet
competing demands for ATP and €@ mesophyll and bundle sheath cells, respectively
(Monson, 1999; von Caemmerer and Furbank, 1999; von Caemmerer and Furbank, 2003;
Gowik and Westhoff, 2011Additionally, enhancement of mesophsgfpecific carbonic
anhydrase activity was necessary to generate enough bicarbonate for PEPC to avoid
limiting the rate of photosynthegjslatch and Burell, 1990) The reduction of carbonic
anhydrase activity in bundle sheath cells was also an important stepewoldtion

(Sage, 2004; Ludwig, 2012As the intracellular concentration of @@hcreases in
bundle sheath cells, carbonic anhydrase would catalyse the conversion,db CO
bicarbonate, thus reducing the amount of substrate avafl@bRubisco(Burnell and

Hatch, 1988)In C4 species, carbonic anhydrase is expressed in large quantities in the
cytosol of mesophyll cells, though the gene was acquired from a chloroplastic form
(Ludwig, 2012) but lost its transit peptide due to a mutation to the sequleatencoded

its chloroplastic expressigiianzet al, 2009)
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While Cs plants contain higlamountsof decarboxylating enzymégBlADP- and NAD-
malic enzymg these were expressiguvascular tissues, ambt in photosynthetic cells
and had to acquire cedpecific expression patteriislibberd and Quick, 2002; Sage,
2004) Both PEPC and NADdalic enzyme in & Flaveria speciesacquired G
characteristics thrmgh the duplication of an ancestrals @ene followed by
neofunctionalisation, which led to calpecific gene expressigiermans and Westhoff,
1990; Marshalkt al, 1996; Monson, 1999Further establishment of the; €yndrome
was dependent on substantial changes in gene expression patterns carriedffomvard
ancestor @speciegNelson and Dengler, 1992; Kat al, 1996) but only needed sligh
changes to regulatory elements to achieyasgecific function(Gowik and Westhoff,
2011) For instance, PEPC expression inglants is controlled by a transcriptiorcas-
regulatory elemen{mesophyll expression modulel, MEM»Myhich encodes for the
mesophyHspecific expression of th@pcAgeneof PEPCin Flaveriatrinervia (Gowik

et al, 2004) The MEM1sequences also found in therthologousCs Flaveria pringlei
gene but it does not encode PEPC expression in mesophyll(édigdiz et al, 2007)

It was shown thatwo discrete changes in the MEM1 sequem@¥e substantial to
generate the mesophpecific expression of PEPC Kaveria trinervia (Akyildiz et
al., 2007) The celtspecific expression of the Rubisco found iplants is another well
documented example of subtle changes to gene expreaéida.most G-specific genes
are regulated by transcriptional eleme(Bheen, 1999)certaingenes, like thosén
Flaveria bidentisencoding for bundle shea#ipecific expression of the small subunit of
Rubisco, are controlled Hyoth transcriptional andosttranscriptional regulato(Patel

et al, 2006) Furthermore, des@tcellspecific expressiorthe expression patterns of
Rubisco genes in{plants are very similar to tise found in their €relatives(Berry et
al., 2016) In both plant systems Rubisco genes are absent iplmaiosynthetic tissues
and ubiquitously expressed in photosynthetic tissues, where they are regulated by
developmental signals, illumination or abiotic stréBerry et al, 2013; Berryet d.,
2016)

The eight large and small subunits of Rubisco are encodetichyand rbcSgenes,
respectively(Patelet al, 2006; Berryet al, 2016) Despite thatn theearly stages of £
evoluionthese genes were expressed in both ntedlogind bundle sheath celRubisco
MRNAs were shown to only accumulate in the laBarry et al, 2013) Furthermore,

Berryet al.(2016)suggested that nucleic acid 8ing proteins, such as RLS8puld be
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affecting the regulation of cedipecific Rubisco genes. Recently, highly conserved RLSB
proteins, from @ancestraFlaveria plants, were shown to accumulate in bundle sheath
cells and bingbcL mRNAs, in a mechanism that describes the regulation e$peltific
Rubisco expression ins@lants(Yerramsettyet al, 2017) Changes to the sequence of
RLSB was observed to occur gradually through the progressios tof Gi-like to G
Flaveria plants, which suggest that RLSB-ewolved with C photosynthesisalbeitthe
functional significance of these changes through the transition-th&acterstics is
unclear(Yerramsettyet al, 2017)

The lightdependent expression thie small subunit oRubisco in bundle sheath cells is
similar to the mechanism previously dabed for the cellspecific expression of NAD
malic enzyme in the £ plant Amaranthus hypochondriacus In Amaranthus
hypochondriacus the functional subunit(U subunit) of NAD-malic enzyme is
preferentially expressed in bundle sheath ¢etisget al, 1994) Duringthe early stages
of leaf developmentand induced by light, the\RNAs correspondig to the U subunit
accumulate in bundle sheath cells in amarghtng and Berry, 1996)However, the
NAD-malic enzyme bundle sheatpecific expression pattern in amarantiurs earlier
than that of RubiscflLong and Berry, 1996Puring the early stages of leaf development,
MRNA products of the small and large subunits of Rubisco initiallpactate in
mesophyll and bundle sheath cells, resembling the expression patteyplahts, and
bundle sheath cell specificity is acquired later through mewbhaues(Wanget al,
1992; Wanget al, 1993) Furthermore, acquisition of a»Specific Rubisco might have
occurred with fewer changes to regulation patterns, sinceag acquired from a
photosynthetic counterpart, whereas N#Aialic enzyme, PEPC and PPDK, were
recruited from separate, n@hotosynthetic origingHatch, 1987; Fbank and Taylor,
1995) This also suggests that the regulatory patterns for the three latter enzymes were
recruited around the same time ags@ecific function evolvedand therefore share

similar regulatory elementsong ard Berry, 1996; Gowik and Westhoff, 2011)

27



1.3.7Finetuning Cs-specific enzyme activity

Once the @cycle was fully established, the enzymes that were recruited from ancestral
Cs counterparts to serve a-6pecific function were optimised fors@hotosynthesis
(Sage, 2004)In order to maintain the metabolite giextt that operates the;Cycle, the

rate at which PEPC fixes GOn mesophyll cells must bequivalent tothe rate of
diffusion into bundle sheath cells, utilisation by Rubisco and regeneration of PEP
(Leegood and Walker, 1999 contrast, the rate of transport is no higher thra@sixth

of the steadystate CQ assimilation in @ leaves(Edwards and Walker, 1983Jhe
kinetic properties of Grelated enzymes were also optimised during this phase. For
instance, e G-specific PEPC affinity for PEP i®Wwer than that of its £counterpart,
while the affinity for bicarbonate is higher in the-form (Cholletet al, 1996; Gowik

and Westhoff, 2011)and achieves higher maximum reaction rates than tHer@
because PEP is available in larger quant(i@set al, 1996) Also, the G PEPC form

Is sensitive to inhibition by malate, but this is reduceti&Cs-form, so that it canemain
active whenlarge quantities of malatreproduced during £photosynthesis(Blasing

et al, 2000; Svenssoet al, 2003; Jacobst al, 2008) Although the G-specific PEPC

has evolved at least eight times through separate origins, &lEECs share a large
degree of similarityin Flaveria (Christin et al, 2007; Gowik and Westhoff, 2011)
Moreover, it is likely that these features were the last to evolve, based on the absence of
these regulatory mechanisms in PEPC filaveria Csi C4 intermediategSage, 2004)
Similarly, the Cs-specific Rubiscohas a lower affinity for C@ relative to G
counterparts, but can achieve a highernover ratebecause C@®is more readily
available(Seeman et al, 1984) Similar to the regulatory features of the BEPC,
Rubisco fromFlaveria intermediates do not exhibita8pecific kinetic properties, but
more closely resemble those of thef@m (Wessingeret al, 1989) suggesting that
these features also evolved in the final phases ef/Glution(Sage, 2004)NADP-malic
enzyme also underwent slight changegsdinetic properties when it was recruited for
Cs-specific function. Unlike the £form, NADP-malic enzyme in €species exhibita
higher maximum activity antas a higher affinity for malag®rincovichet al, 2001)

Also, unlike the Gspecific PEPC, NAD#fmalic enzyme inFlaveria CaiCs
intermediates exhibited changes to affinity values for malate, somewhere between the
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values of G and G variants(Sage, 2004)suggesting thagome intermediatesvolved

these characteristics earlier ththe regulatory propertieREPC or Rubiscevolved

1.4What does it mean to be @?

1.4.1Variations d the C, pathway

During the evolution of the £{pathway, three decarboxylases were recryiteaD (P)-
malic enzyme anghosphenopyruvate carboxykinas®fEPCH), creating three distinct
biochemical variations of th€0O, concentrating mechanism ofs ohotosynthesis
(Hatch, 1987)In the NADPmalic enzyme subtyp@-igure 1.14A) malate is formeth
mesophyll cell chloroplasts, whereas in NAfalic enzymdFigure 1.14Band PEPCK
subtypes(Figure 1.14Q, both malate and aspartate &memed (Wanget al, 2011)
PEPCK operates as secondary decarboxylage severalNADP- and NAD-malic
enzymesubtypesand does not appear to operate on its Mialkeret al, 1997; Wingler
et al, 1999; Picket al, 2011; Brautiganet al, 2014) For instance,n NADP-malic
enzyme subtypes, aspartate contributes to roughl§5e@ of assimilated carbgoool
(Hatch and Mau, 1973; Hatch, 1987; Arrivagital, 2016)

The coordination of € and G pathways depends on the cooperate activity of
carboxylation and decarboxylation reactiofBailey et al., 2007) and coordinate
interaction of the €pathway and mitochondrial metaboligireegood, 1985; Stitt and
Heldt, 1985; Leegood and Walker, 1999n PEPCK subtypes, for example,
mitochondrial respiratiogenerategshe ATP required for the operation of PEPCK in
bundle sheath cell${atchet al, 1988) Moreover,NAD-malic enzyme decarboxylation
activity in the mitochondria does not compete with PEPCK decarboxylation (Figure
1.13C), because the rate at which ATP is generated for PEPCK activity imdimit
(Carnalet al., 1993)and both decarboxylases contribta¢he delivery of CQat the site

of Rubisco(Brautigamet al, 2014) In PEPCK type &plants, PEP is regenerated in
bundle sheath cells from the decarboxylation of oxaloacetate requiring one molecule of
ATP, whereas in NADPand NADmalic erzyme subtypes, PEP is regenerated via

PPDK in mesophyll cells using two molecules of A& molecule of C®assimilated
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(Brautigamet al, 2014) Theoretical models predithatthe energetic costsf PEPCK
subtypes are slightliower thanin NADP-malic enzymesubtypesrequiring less ATP

perCO, molecule assimilate@lthoughrequire one more molecule of ATP thagplants

(Kanai and Edwards, 1999; Brautigamal, 2014)
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Fig. 1.14. Three biochemical variations of the G pathway using the (A) NADRPmalic
enzyme, (B) NADmalic enzyme or (C) PEPCK decarboxylaseCs photosynthesissi
characterised by the primaggcarboxylasédark blue)operating in bundle sheath cells.
Enzymes (light bluey CA, carbonic anhydrase; PEPC, phospiapyruvate
carboxylase; AAT, aspartate aminotransferd#igH, malate dehydrogenase; ME, malic
enzyme; PEPCKPEP carboxykinase; AlaAT, alanine aminotransferase. Metabolites
(purple) OAA, oxaloacetate; Mal, malate; Asp, aspartate; Ala, alathe glutamate;
2-0OG, 2oxoglutarate. Transporterst, DiT1; 2, BASS2/NHD1; 3, PPT. PCR,
photosynthetic carbon reductionaty. Dashed lines show diffusicoutes. AlaAT.
Adapted fromWanget al.(2011)

Aside from changes to the kinetic properties of Rubiad®s plants all other enzymes

of thePCRcyclepresent in bundle sheathlseof C4 plansare unchanged from theisC
counterpartgAshton et al, 1990; Leegood and Walker, 1993 Cs leaves, triose
phosphatethataregenerated in thBCR cyclein mesophyll cellareexported from the
chloroplast via atriose phosphate translocataig be used in the cytosol for sucrose
synthesigLeegood and Walker, 1999%inceC, plantslack the ability to operate the
PCRcyclein mesophyll cellslue to the absence of Rubispbpsphate, which is released
from sucrose synthesis, is transported into bundle sheath chloroplasts and used for the
regeneration of RuBPLeegood and Walker, 1999)riose phosphate accumulaten
largequantities in G C4 intermediate$-laveriafloridanaandMoricandiaarvensisand

the concentration is about-26ld higher in G plants than in €plants(Leegood and von
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Caemmerer, 1994Movement of carbon through theP&5A/triosephosgate shuttle
(Figure 1.5) is another important feature in alk @lants and is likely to have evolved in
Cai C4 intermediates to alleviate the burden on B@R cycle in earlydevelopmental
stages of competenbundle sheatkhloroplass (Leegood, 2013)In this shuttlethe
concentration gradi¢mf about 10 mM triosphosphatarives diffusionfrom mesophyll
to bundle sheath cellandin exchange returB-PGA driven by a concentration gradient
of about 9 mM(Stitt and Heldt, 1985)

Mesophyli cell Bundle sheath cell
c N ™
s B\
S 3-PGA 3-PGA »
_g 1 r Pcr RuBP f_;_
S Triose-P Triose-P £
S
\_ =/
\ AL /

. Triose phosphate/phosphate translocator

Fig. 1.15. 3-PGA/triose-phosphate shuttle operating between bundle sheath and
mesophyll cells Theconversion of 3 GA to triose phosphate requires three enzymatic
reactions catalysed by phosphoglycerate kinase, glycerald@qydesphate
dehydrogenasaend triose phosphate isomerasse(figure 1.2
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1.4.2Increased capacity of metabolite movement

The operation of the £&ycle depends on the efficient and rapid movement of metabolites
throughdiffusion driven transpoitLeegood, 1985; Leegood and von Caemmerer, 1989;
Leegood and Walker, 1999 C4 plants, the capacity of these transpnechanismare
enhanced to move large quantities of metabolitte/een mesophyll and bundle sheath
cells (Hatch and Osmond, 1978 contrast to € plants which require oneransport
step to produce triosghosphates, {plants require at least 30 stef¥eber and von
Caemmerer, 2010)n NADP-malic enzyme subtypes, large quantitieoréloacetate
diffuse from the cytosol to chloroplasts of mesophyll cellsavieanslocator with high
specificity for oxaloacetate but not malgteatch et al, 1984) Another norspecific
translocator with competing specificity for malate and oxaloacetate operates in
mesophyll chloroplastsf Zeamayseaves butis not efficient tooperate under high load

of C4 photosynthesiszhen malate is in higher content than oxaloacé@aéy and Hatch,
1981, Hatch, 1987PDuring G photosynthesisa concentration gradient of about 18 mM
malate drives diffusionfrom mesophyll cells to bundle sheath c€®itt and Heldt,
1985) In a recent studyhowever Arrivault et al. (2016)noted that previous estimations
were biased, since metabolite concentrations wererdeied from whole leaf ssue,

instead of isola@mesophyll or bundle sheath cells.

These datalso showedthat malate in Zeamays contributes to the diffusion driven
transport, and is abotvofold more abundant in mesophyll than bundle sheath cells,
resulting in aconcentratiorgradient of 6 mM and not 18 mM as previously reported
(Arrivault et al, 2016) Furthermore, in NADPmalic enzyme subtypes, aspartate
contributes to about 10% of the carbon pool and moves from mesophyll to bundle sheath
cells in an estimated gradient of 0.96 nfKhanai and Edwards,9B9; Arrivaultet al,

2016) In PEPCK subtypeslike Megathyrsusmaximus malate is imported into
mitochondriain bundle sheath celigsa amitochondrial dicarboxylate carri€dIC), but

the transport of pyruvate from the mitochondrion to the cytosol has not been elucidated
(Brautigamet al, 2011) Also, despite that the transport of pyruvate fromdbeiisheath

to mesophyll cells via BASS2 (BILE ACID:SODIUM SYMPORTER FAMILY
PROTEIN 2) and NDH1 (sodium:proton antiporter) leenelucidated inFlaveria
bidentis(NADP-malic enzyme) an€leomegynandra(NAD-malic enzyme), it has yet

to be described ideamays(Furumotoet al, 2011; Leegood, 2013)
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1.4.3Physiologyand performancef C4 plants

C4 plants are characterised for their capacity to maintain high rates of photosynthesis in
low CO2concentrations (Figure 16} Thisis because€CO, can be concentrated around
Rubiscq allowing Rubisco tamperate under high G@oncentrations, thus suppressing

the rate of photorespiration and inhibition by (Sageet al, 2012) To allow such a
response, membrane permeability has been increased to allow the rapid diffusion of
metabolitesyithout compromising on the leakage@®, or bicarbonat¢Hatch, 1987)

PS, (umol m=s7)

Pearcy & Ehleringer (1984)
-10 : : : : '

Ll
0 100 200 300 400 500 600

Intracellular [CO,] (ppm)

Fig. 1.16. Modelled relationship between the rate of photosynthesis (R¥y and
intracellular concentration of CO:z in leaves of G (blue) and G plants (red). The
initial slope of CQ assimilation in @ plants is greater than that ot @lants at a low
intracellular CQ concentration, demonstrating the ability of @lants to perform better
in low CGp. Redrawnfrom Pearcy and Ehleringer (1984)

The proportion of C@leaked from @ leaves is minimised by the capacity of PEPC to
rapidly assimilate C®into the G-acid, along with the expression of Kranz anatomy
(Hatch and Osmond, 1976; Hatch, 1987; Cousinal, 2007) However, he rate of
photosynthesis in £plants, at low CQ is limited by the ratat whichbicarbonate is

generatedby carbonic anhydrassnd delivered to PEPSage and Kubien, 2007; Boyd
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et al, 2015) Under such conditian) PEPC activity is independent of temperature unless
the temperature falls below 10 °C, whiaicreases the rate of PPDK inactivation
(Shirahashet al, 1978; Hatch, 1979; Long, 1983; Olghal, 2004)and the activity of
PEPC becomes limited the capacityof PPDK to regenerate PERn contrast and
despite limited by lonatmosphericCO,, Cs plants can achieva highermaximalCO
assimilationratebecause Rubisco is in higher content gigaves than in gdeavesKu

et al, 1996) However, nitrogetuse efficiency is increased i @lants becauskess
Rubiscois required to operate the PCR ay@rown, 1978; Schmitt and Edwards, 1981,
Sageet al, 1987)

C4 grasses evolved under selective pressures such as increasing temperature, high light
and declining C@(Sage, 2004)A major characteristic o4 plants, especially those
occupying open and arid grasslangsto regulate the amount of water lost through
transpiration by improving leaf hydraulidocacinar and Sage, 2004; Sack and
Holbrook, 2006) As a result, ®mata in G plants can remain closed for longer during
the daytimewhen the light intensity is presumably high#tusincreasing wateuse
efficiency, which is at least twice as efficient &s Cs plants(Hatch, 1987; Hatfield and
Prueger, 2011)This is epecially importantin regions with higher temperatures and
variable rainfall(Long, 1999; Gowik and Westhoff, 2011)here is also a distinct
relationship between rate of amgdation and stomatal regulation. For instancereased
CQO; fixation in C4 grasseseduces stomatal conductance and minimises water los
(Osborne and Sack, 2013 recent hydremechanical model of stomatal conductance
of Cs photosynthesisuggeststhat quickerresponses irthe mechanisms controlling
stomatal opening and closum@ght have givenCs plantsthe competitiveadvantage in
achievingand maintaining higinates of CQassimilation relative to £plants(Bellasio

et al, 2017) An improved hydraulic design is likely to have-ewolved withthe CQ
concentrating mechanism of Ghotosynthesis angiould have served a significant role
for the emergence of4®lants in arid zone@sborne and Sack, 2012; Bellagibal,
2017)
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Fig. 1.17. Overview of theglobal distribution of higher plants dominated by either

Cs (yellow) or Cs grasses @range). Forests (green) and cropland (red) are also
indicated. Figure does not consider the seasemakrgence ofz and G plantsin some
grasslands. Black dots show the regions pf@sslands whose geological history are
best describedrigureand anotationobtained fromEdwardset al.(2010)

In addition, the C@compensation point of{plants does not increase as much as it does
in Cz plants in response to high temperatui@age and Kubien, 20Q7)herefore, @
leaves are less sensitive to leaf temperature, and better adapted for higher temperatures,
somewhere in the 25 to 30 °C ran@hleringer and Bjérkman, 197.7As a result,he
landscape of grasses that populategibbe has drastically changed since the evolution
of Cs4 photosynthesis and it is believed that thesgndrome was so successful that
neighbouring ancestorz@rassesmainly of tropical origin, were outcompeted as the
atmospheric concentration of @@eceased and temperatures increaggapge, 1999;
Edwardset al, 2010; Sageet al, 2012) C4 grasses dominate in warm, tropical or
subtropical environments (Figure 1.17), favouring higher daytime temperatures and
lower altitudes, though need plenty of water and like thene@tives are not adaptéal
droughtstresg{Sage, 2004; Edwards al, 2010). Although the Gpathway was selected

as an advantageous trait for increasing carbon gain through higher photosynthetic
efficiency (Monson, 2003) higher energetic costs of;@lated reaobns, such as the
ATP-dependent regeneration of PR PPDKor ATP-dependent decarboxylation by
PEPCK make G plants less competitive in regions whergp@otosynthesis is favoured
(Bauweet al, 2010; Saget al, 2012; Lundgrert al, 2016) It is likely, however, that

the evolution of @ photosynthesis in grasslands allowed the broadening, rather than

replacement, of existing ecological nich#sus allowing new €populations to occupy
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larger spaces, which gradually increased the ecological gap between C grasses
(Edwardset al, 2010; Lundgreret al, 2015) The capacity of €plants to operate at
their optimum in regions with varying environmental conditions or extremes, such as
temperature, water availability or soil salinity, which would othise directly promote
photorespiration and dark respiration inglants(Brooks and Farquhar, 1985; Sharkey,
1988) have greatly contributed tos@volution and the distribution ofs@lants(Sage,
2004; Edward®t al, 2010) Moreover, the diversity of these environmental conditions
could promote evolution of {photosynthesis in some taxa, but not oth{&rshdgrenet

al., 2015) This is supported by the existenof several intermediate species, including
Flaveria intermediategPowell, 1978)in arid and saline habitats, which are zones where
C4 species originated frorfbage, 2004)However, here is still some doubt as to how
much photorespiration is reduced inglants andwhetherthethree distinct subtypes of

C4 photosynthesis are truly representatverather an oversimplificationof the Cs
syndrome . We will understand the factors that contribute to the efficiency of carbon
movement and assimilation ins @lants by investigating how the enzymes involved in
C4 photosynthesiare regulatedFurbank, 2011; Bellasio and Griffiths, 2014; Wastg

al., 2014; Arrivaultet al, 2016)
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1.5Aim of thesis andthesis structure

Thisresearctprojectwaspart of an international consortium which attempts to engineer
characteristics of £ photosynthesis intaexisting Cz crops in hopes to improve
photosynthetic performance arwtop yields (Leegood, 2013) However, thepost
translationalregulatory mechanisms ofs@elated proteins and how thaggulation
translates tahe efficiency of carbon assimilatioimrough a diurnal cycle remms
unclear Therefore, 1 is vital to identify the factors that contribute to the regulatian C
related proteins prior to engineering artificial protein networks @xisting Cz crops,

such that the efficiency of carbon fixation, watrse efficiency and nitrogenuse
efficiency are achievedPosttranslational modifications (PTMglay a crucial role in
plant biology(Friso and van Wijk, 2015and their extensive regulatory mechanisms
remain largely undiscovered i @lants. Characterising unknown PTMs ofi€lated
enzymes can help to understand the regulattd C,; photosynthesis, prior to
incorporation into @plants.With this information, artificial regulatory mechanisms can
be implemented in £crop plant transformants, thus maintaining the expected
photosynthetic efficiency(Komatsu et al, 2013; Furbank, 2016)Furthermore,
exploiting these regulatory mechanisms can help maintain biochemical stability and
increase abiotic stress tolerance of transformant crop plants grown in harsh nutrient

deficient environment@Hashiguchi and Komatsu, 2016)

The primary aim of this studywasto identify light-dependent PTMsf key Cs-related
proteins in leaves of Setaria viridis (NADP-malic enzyme subtype)Protein
phosphorylation plagzan important rolen regulating the diurnal activity of PEPC,
PEPCK and PPDK and is hypothesisd that several other £enzymes, including
NADP-dependent malic enzyme aspartate aminotransferase and alanine
aminotransferasendergo lghtdependent phosphorylatioihis expectedthat not every
phosphorylation siteghat is identified is under regulation or contributes to enzyme
activity. However, identifying novel phosphorylationsites might provide some
indication toundiscoveregphosphoregulatory mechanisms that induce distinct changes

to diurnalenzyme activity.
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The secondry aim of this project wago ascertain whether NADRalic enzyme,
aspartate aminotransferase and alanine aminotransferase have similar kinetic properties
across three £NADP-malic enzyme monocot grassess well asexplore the dual
decarboxylasesystemin NADP-malic enzyme subtypes and determine if there are
distinct variations in the properties afpartate and alanine aminotransferas®eiaria
viridis, Sorghumbicolor and Zea mays In the dualdecarboxylasesystem Cs-acid
decarboxylations partitioned between NAD#alic enzyme and PEPCK or NADalic
enzyme(Wanget al, 2014) However, whether these pathways difeerently regulaed

in closely related €grassess unclear. The ¢grasses used in this studsere chosen
because they use NABRRalic enzyme as the primary decarboxylageughhave
varying amounts dPEPCKactivity (Hatch, 1987; Brautigaret al, 2014) Furthermore,
Sorghunbicolor andZeamayssharea common ancestor wheregetariaviridis evolved

C4 photosynthesis through a separate or{@hristinet al, 2009) While it is accepted
that NADPmalic enzyme activity is pHlependent acrosssGpecies(Johnson and
Hatch, 1970)it is hypothesised that eachtb& Cs grassen this studyregulate NADP
malic enzyme differently and dependermepH vaiesin dark and light conditions.
Finally, it is hypothesised that theeareinterspecesdifferences in th&inetic properties

of NADP-malic enzymeaspartate aminotransferase and alanine aminotransferase

The novel findings of this pyect are presented in ChapteiChapter /and Chapter 6f
this thesis.A summary of ourcurrent understanding of the regulation ofr€lated
proteins is presented in Chapter 3, followednbyel lightdependent phosphorylation
sites identified irSetariaviridis (supplementary data in Append®. In Chapter 4the
light and darkn vitro activitiesand thecorresponding Michaelisenten constantK)
of NADP-malic enzyme fromSetaria viridis, Sorghumbicolor and Zea mays are
presented and discussdd Chapter 5novel findings will show that the activity of
aspartate aminotransferasesersitive to dark and light changes andly aspartate
aminotransferase ileamaysis activated by -malate and-alanine In Chapters and6,
the implications of these findingsill be discussedwith emphasis towards a putatjve
regulatory mechanism, mch controls theflux of carbon formation of PEP and
efficiency of carbon assimilation it€s photosynthesis and sugar homeostasis during

illuminated and darkened conditions.
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Chapter 2 Methods

2.1 Proteomicsand Mass Spectrometry

2.1.1Growth ofplant material

Setariaviridis seeds accession AlBafrvested opril 2013) were received from Dr
As aph Co uWasmngtéon Staee biniversityullman, WA, USA)n early 2014.
Seed dormancy was overcomedmyd stratificationBrutnell et al, 2010)or incubation

at 45 °C prior to sowin@Rizal et al, 2013)

Growth of plant
material

A4

Leaf tissue collected
by flash-freezing

A4

Proteins extracted in
Bicine-KOH pH 9.8

A4

Proteins resolved by
SDS-PAGE

A4

In-gel protein digestion with trypsin

A4 A4
No phosphopeptide Phosphopeptide
enrichment enrichment MOAC
h 4
HPLC/ESI-MS/MS

using OrbiTrap Elite

Fig. 2.1. General workflow for the extraction of leaf proteins, sample processingnd
analysis by massspectrometry. Mass spectrometry methodptimised for in-gel
digestion ofplant proteiis. Samples were analysed using electrospray ionisation LC
MS/MS with ultrasensitive Orbital Trap mass spectrometer
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Plants were grown for seed productiamd seeds wenearvested frononemonth old
plants. To increase seed viability upon collection from bristles, seeds were dried at 40 °C
for five days then stored at room temperatiienrmonth oldSetaria viridis seedsvere
culled andsown into large traysontaining nutient rich M3 compos{ICL Levington,
Ipswich, UK), supplemented withitrogen (144 mg 1), phosphorus (73 mg %) and
potassium (239 mg't) and covereavith a thin layer of compost, following the planting
method described hyianget al. (2013) Trays were watered with distilled water and
propagator lids were fixed ¢mpotting trays.Lids were covered with a sheet of black
cloth for no more than 36 ko allow for dark germinationPlants were grown in an
environment controlled growth chambasing a 16h photoperiod (28 °@6 °C
light/dark), maintaining350 pumolm'? s'! photosynthetic photon flux densi{PPFD),
70% relative humidity and COnot exceeding 600 ppnA week after germination,
seedlingsvere transplanted into individual 7 cm petsdgrown until the6™ leaf was

fully emerged equivalent t®.5 weeks after germinatigfigure 2.2)

Mature leaf ready to harvest

\ + Half-leaf cut
',

Fig. 2.2. 2.5-weekold Setaria viridis photographed before the harvesting of leaves
During the harvest,uts were made approximately half way frame tip and base of the
leaf, indicated by the dashed lin@ne halfleaf section was collected per plar#0 half-
leaves weraisedfor eachtime-point.
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2.1.2Extraction of leaf proteinfr mass spectrometranalysis

All mass spectrometry protocolaiere performed under sterile conditions using
proteomicgrade reagas and MilliQ watef1 8 . 2 cmM)qTo assess changes in protein
posttranslational modification during the damkight transition, 20 half-leaf sections
from different2.5-weekold Setaria viridis plants(Figure 22) were harvestednd flash
frozen in liquid nitrogerat 4 timepoints 2 hand7.5h intothedarkperiod 4 hand15.5

h into the photoperiadrozen leaf tissue was ground to a fine powder in liquid nitrogen
using a pest and mortagrhomogenised in 200 mM BiciA€OH, pH 9.8 and 50 mM
dithiothreitol (DTT) containing 1x ethylenediaminetetraacetiacid (EDTA)-free
protease an®hos$STOPphosphatase inhibitor&koche,Mannheim Germany (Figure
2.3). Crude extracts wereleared by centrifugatiom Eppendorf tubeat 16,800 xg.
Protein concentrations were determirgzbctrophotometrically at 595 nfollowing
Bradford (1976)using bovine serum albumin (BSA) standar@rude extracts were
solubilised and boiled isodium dodecyl sulfaté€SDS solubilisation buffer containg
100 mM TrisHCI pH 6.8 200 mM DTT, 20%v/v) glycerol, 4%(w/v) SDS, 0.2%w/v)
bromophenol blue (BPB).

Extraction in liquid Homogenate in

Tissue/Cells Bicine-KOH/DTT

Fig. 2.3. Classical method for the extraction ofproteins from plant leaves using
liquid nitrogen. Proteins were extracted by grinding leaf tissue in liquid nitrogen using
a pestle and mortar and homogenising inigdOH/DTT extraction buffer.Plant
lysate was collected in Eppendorf tubes and cleared by centrifugation.

2.1.3In-gel tryptic digestion

To analyse proteins by mass spectrometrptgin extractswere resolvedby one
dimersional (D) SDS polyacrylamide gel electrophores(®AGE) using 4i 20%
gradient precastSDSgels (BioRad, Hertfordshire, UK). Gels weren at 180 V fo0
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min in a Bio-Rad electrophoresis gel tank containibg Tris-Glycine-SDS (TGS)
running buffer.After electrophoresis, gels westained with Expedeon lt@BlueE
(Expedeon, HarstgnUK). Bands were excised, placed into EppendortBlad
microtubes(Figure 2.4) and destained at 37C in a solutioncontaining 200 mM
ammonium bicarbonate (AB) and 40% acetonitrile (ACNgel pieces were dried down
at 45°C in a vacuum concentrator (Eppend@tevenageUK), and therreducedor 1

h at56 °C with 200 pL 10 M DTT and 50 mM ABC Proteins were thealkylated in
the dark at room temperaturearsolution containing5 mM iodoacetamide (IAAxnd
50 mM ABC. Gel peces were briefly washed with 50 mM ABC and 5@%N then
dried down.Tryptic digestion reactions were performed af@7using 0.4 ug of trypsin
from porcine pancreas (Sigafddrich, Saint Louis, USA) in70 pL containingl mM
HCI, 40 mM ABC and 9% ACN.The following day, peptides wereansferredto
collection Lo-Bind microtubes and gel piecegere treated with 100% ACN and 5%
formic acid to protonate anextract remaining peptideSxtracted peptides were slowly

dried at 30°C to remove interfering gianic solvents, and stored a0 °C until use

SDS-PAGE and Destaining, Protein digestion Peptide extraction

staining reduction, alkylation with trypsin and C18 clean-up

- B

~ .;:(”;D@f%
T @@mﬁ%@yﬁmﬁi

Fig. 2.4. General workflow for sample processing using an kgel tryptic digestion
approach, prior to analysis by mass spectrometryFirst, proteins were resolved ati
20% or 4i 12% pre-castSDS Bis-Tris gel and staind with Coomassie InstaBiue™ .
Proteins in the SDS matrix were washed, reduced and alkyiatékearise peptides.
Finally, proteins were treated with trypsi8cissor symbolsndicate trypsincleavage
sites at amino acidérange circles)ysine (K) and aginine (R) within the protein
(represented bthe blue line) Peptides were dsalted using C18 spin tips to remove
detergents andrganiccontaminantrior to analysis by mass spectrometry
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2.1.4C18column deanup

To increaseptide recovery and spectrum resolution, dried down peptides were desalted
using Pierce C18 spin columns (Theifisher ScientificWaltham USA). Spin columns

were activated with 50% methanol and washed with 0.5% trifluoroacetic acid (TFA) and

5% ACN (equiibration buffer). Peptides were reconstituted in 50 pL equilibration
buffer, applied to the C18 resin and centrifuged at 100 x f ol | owi ng manu
protocol (Pierce Biotechnology, Rockford, USApeptides were eluted in 70% ACN

containing 0.1% fomic acid.

2.1.5Phosphopeptide enrichment lbtahium dioxide

To enrich for phosphopeptidely titanium dioxide (TiO2) metal oxide affinity
chromatographyMOAC), dried down peptides were reconstituted in 150 pL 26% lactic
acid, 0.4% TFA and 80% ACN (Buffer A) and applied to the surface of the activated
TiO2 resin(Figure2.5) and centrifuged at 1000g The flowthrough was reapplied to

the resin to mariise phophopeptide bindingliO> columns were washed with Buffer

A at 3000 xg, and peptides were eluted in 1.5% ammonidmdroxide and 5%
pyrrolidine.Samples were desalted using a graphite elgakit.
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Peptides reconstituted in
150 pL lactic acid

VAVARRVAY
F%l V ” TiO, column
|

-

Y

Enriched sample

Fig. 2.5. Workflow schematicillustrating the basic flow of analyte through TiO2
phosphopeptide enrichmentolumns Four Eppendorf tubes per tinpdint, containing
dried down peptidesvere removed from the20 °C freezer anéquilibratedto room
temperaturePeptideswere reconstituted in 150 pL lactacid and run through activated
TiO2 resins (blue coned)y centrifugationat low speedPhosphopeptides were eluted
into a newEppendorftube with1.5% ammonium hydroxide and 5% pyrrolidine
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2.1.6Massspectrometnanalysis

Mass spectrometry anabss using ahigh-performancdiquid chromatographyUHPLC)
MS/MS Orbital Trap Elite mass spectrometerere performed by Dr Richards.
Beniston (Senior Scientific Officer, biOMIGSThe University of Sheffield from
February 2014 to November 2015 and DifefnaE. Acosta Martin (Facility Manager,
biOMICS, The University of Sheffieldfrom April 2016 to June 2017Theprotocok for
in-gel protein digests, instrument calibration, sample injection and data anagrss
issuedand performed as a servibg biOMICS and optimised through communication
with Dr R. G. Benistonand Dr A E. Acosta Martin

2.1.7General mass spectrometry protocol

Dried down peptides wermeconstituted in 0.1% formic acid and 2% A@Ndinjected

into a Dionex Ultimate 3000HPLC usinga PepMap100 C18 trap cwhn at a constant

rate of 10 uLmin't. The eparation phaswas performed over &L min gradient with
increasing ACN concentrations from 2.4% to 72%, using a 15 cm PepMapl100 C18
analytical column (2 um particle size, 100 A poreesizZ5um 1.D) (ThermoFisher
Scientific Waltham USA) at a rate of 250 niin'?, at 35 °CNanospray ionization was
performed at 2.0 kV, with the ion transfer capillary at 260and Slens setting of 60%.

MS1 spectraanging from350' 2000nVz were acquiredtaa resolving power of 60,000.
Following MS1 analysisthe top ten most abundant precursors were selected for MS2

analysis using collision induced dissociation (CID).

2.1.8 Immunoblotting

Immunoblots were performed using PEPC and NADd#ic enzyme antibodies raised
from Cs sequences, as described.imdgrenet al.(2016) Polypeptides were visualised
with their appropriate Immunoglobulin G (IgG) secondary antibody grown in rabbit

(polyclonal) or mouse (monoclonal) (Sigmédrich, St. Louis, USA), in conjunction
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with an enhanced chemiluminescence (ECL) blotting kit and Hyperfim ECL (GE
Healthcare, Buckinghamshire, UK).

Spectrum files
Spectrum selection
MASCOT SEQUEST

> Target decoy <

database

—— | Annotation [€—]

—®»{ PhosphoRS [€——

Fig. 2.6. Proteome Discoverer workflowused for identifying novel phosphorylation
sites Resulting spectrurfiles weresearched against spectral libraries us®SCOT
and SEQUESTand validated usin@ target decoy databasPhosphorylations were
determined using the PhosphoB&§orithmin Proteome Disceerer.
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Table 2.1. MS/MS search enginesused during the study The main MS/MS search
engines that were availalderingthe studyAll search engines scoreqtein matches as
a measure of how similar experimental spectra are to theonggipatiespectrum files.

Sea.rch Developer Reference
Engine
MASCOT  Matrix Science http://www.matrixscience.com
ThermoFisher http://www.thermo.com/com/cda/product/detail/
SEQUEST Scientific 1055,22209,00.html

MaxQuant Max Planck Institute http://www.biochem.mpg.de/5111795/maxquan

2.19 Data acquisition and anabs

The resultig peptidespectra were searched agaitestget database@able 21), or
theoretical spectral libraries from tidational Center for Biotechnology Information
nonredundanti|CBInr) andtheUniversal ProteirKknowledgebas@JniProKB) protein
sequencadatabass using MASCOT or SEQUEST Peptide spectrum match (PSM)
validation was performed usimecoyamino acidsequenceassembledrom the target
databaseluring eachanalysis Search parameters set as follovdsgestion with trypsin

with a maximum of two misd cleavages, MS1=5ppm, MS2=0.2 Da,
carbamdomethylation of cysteineé{.02 Da) as atatic nodification and serine (Ser, S)

and threonine (Thr, T) phosphorylation 79.97 Da, HPGs; 97.99 Da, H3sPQy) and
metionine oxidation 15.99 Da)as variable mdifications. Phosphoylations were
determinedising PhosphoRSv3.PhosphoRS site probabilities were set to a minimum

of 0.75 to compensate for poor PSM scores and due to the high degree of automation of
PTM prediction algorithmg§Zhao and Jensen, 200@pw scoring phosphorylation sites

were only considered if the phosphorylation was aggadly assigned in subsequent
experiments. For statistical confidence, accepted spectra were searched against decoy
amino acid sequenceshe false discovery rat@FDR) wasdefined at two stringencies

(1% and 5%), requiring a minimum of two peptides p@tgin matchfiltered above

95% confidence. Candidate phosphopeptide significance was determihe @ &5 E-

valug in MASCOT and the crossorrelation value (Xcorr) in SEQUEST, where Xcorr

> 2.15 is significant.
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Table 2.2. Online protein sequencalatabasesusedfor MS/MS analyses. To increase

the number of peptide spectrum matches, observed peptide spectra were searched against
several plant protein databasé&mcharacterised proteins were subsequently searched
against green plant protein sequenasing BLAST.

Target Database Online Directory FASTA
All Green
NCBInr ftp.ncbi.nim.nih.gov/blast/db/FASTA/nr.gz Plants
Viridiplantae
UniProtKB/Swiss : . : Setariaitalica
Prot ftp.uniprot.org/pub/databases/uniprot/unir¢ Zeamays
UniProtkB/TrEmpL  UNiretloo Sorghum
bicolor

Protein matches, which remained uncharacterised due to unreviewed protein ascessio
in UniProKB, were searcheabainst green plant protein sequencgag theBasic Local
Alignment Search TodBLAST). For consistency and due tmcharacterised matches
from proteinsequence repositories, along with tise ofprotein sequences frorelated
speciesdifferences in protein amino acid sequences of inferred protéinsultiple
accession numbers and multiple protein isofgqph®sphorylation sites were annotated
by the position of the modified residue in the phosphopeptide and not the aoid
number in the protein sequencaless specifically indicatedniProt accession numbers

are indicated in the texTable 3.3)

Full length potein sequencesnd structural informatiorwere obtained from the
UniProtKB database anahnotated usingASTAnotate Alignments were pdéormed
using ClustalOmega ttp://www.ebi.ac.uk/Tools/msa/clustaloProtein schematics
were drawn to scale using Adobe lllustratord annotated with experimental data
obtained (Appendix A)Peptide spectrurannotation s performed using pFind Studio
(Fu et al, 2004, Liet al, 2005; Wanget al, 2007) Protein structure information was
acquired from the Protein Data Barktps://www.rcsb.org/and poteins were modelled
using PyMol https://pymol.ory Additional protein information was acquired from
BRENDA (http://www.brendaenzymes.org/ Monoisotopic masses were calculated
using the Peptide Mass Calculatbttp://www.peptidesynthetics.co.)k
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2.110Phosphopeptide validation

Novel phosphorylation sites were validated using a fremtliin-gel tryptic digestion.
Half-leaves fronR.5weekold Setariaviridis andSorghunbicolor plants were harvested
at7.5 h into darkandMegathyrsusnaximudeaves were harvested at 7.5 h into the dark
and 4 h into the lightLeaves were ground to fane powder in liquid nitrogen, then
homogenised 1200 Bicine-KOH, pH 9.8 and 40 mM DTT containing EDTAfree
proteasend phosphatasehibitors Lysate was centrifuged at 4 °C and aliuoipetted

into 0.5 mL Eppendorf tubes. Protein concentrations were determined following
Bradford (1976)

Fig. 2.7 Stained protein gelcontaining four replicates of Setaria viridis (lane T 4,
V1iV4) and Sorghum bicolor (lane 69, G1i G4) protein extracts from 7.5 h
darkened leaves50 ug of protein was loaded into each laofea 4 12%, 1.5 mm Bis
Tris SDS gel (NUPAGE)adding 15 pL of proteitadder into &ne 5 Lane 10was left
empty.Gel was stained with InstantBlEestainfor 15 min Two sectiongA and B)of
the gel were excised pkme, perreplicate along the dashed lineBark bandndicated
by the black arronbelow 98 kDa in Section Acrossightsampleds a combination of
PEPC(109 kDa nativepnd PPDK(108 kDa native)
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Protein extracts were solubilised ir Bthium dodecyl sulfat€LDS) buffer and reduced
using 10 mM DTT at 70 °C for 1&in then alkylatedvith 55 mMIAA for 15 minwith
dark incubation150 pg of proteinvasresolved using aid2% NuPAGE BisTris 1.5
mm gel andsubsequentlgtained with Coomassidye, InstarBlueE s tfar 15min.
After staining, gel pieces were excised from two regions of thebgélveen 110 kDa
and50 kDa, as indicated on Fige 2.7. Gel pieceswvere destained at room temperature
andincubatedovernightwith 0.15 pg of trypsimat 37 °C The following day, peptides
wereextractedn ACN and5%formic acidby gentle agitation at room temperatudeed
down using a SpeedVat 45 °Cand stored &at20 °C before use
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2.2 Protein Isoform and Phosphoproteome Analysis

Growth of plant
material

'

Leaf tissue collected
by flash-freezing

'

Proteins extracted in Urea-

Thiourea based buffer

!

Protein quantified
with 2D Quant Kit

!

1D SDS-PAGE 7 cm
gels

}

2D SDS-PAGE 7
and 24 cm gels

' ! '

ProQ Diamond
staining

Whole protein Ruby
staining

Whole protein
Coomassie staining

'

Imaging

Spot identification
using MS

Fig. 2.8. Setaria viridis sample preparation workflow for protein isoform analysis
Setariaviridis plantsweregrown in a controlled environmeahdharvested at four time
points by flab-freezing in liquid nitrogenProteins were extracted ngia ureathiourea
based bufferGels wereeither stained for whole proteior phosphoproteinand the
formersubjected t@nalysis bynass spectrometry
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2.2.1Sample preparation

To analyse protein isoforms bydmensional2D) SDSPAGE, 350 mg of plant tissue
from four specific timegooints € h and 75 h into dark; 4h and 15.5 h into lightwas
homogenised in aoncentrated lysis bidr containing8.2 M urea, 2.3 M thiourea, 35
mM Tris-base ((hydroxymethyl)aminomethahe 4.7% 3-[(3-
cholamidopropyl)dimethylammoniel-propanesulfonatéCHAPS), 1 pepshkatin, %
nuclease mx, EDTA-free protease and®hosSTOPphosphatase inhibitor§Roche
Mannheim Germany. Crude extractsveretransferrednto Eppendorf tubesjncubated

on ice for 30 mirwith agitation every ten mifor thecompleteremoval of nucleic acids
andcentrifuged at 4 °C at 16,800puntil liquid fraction appeared clear. The supernatant
was collected, and poteins were quantified using the2D Quant Assay Kit(GE

Healthcare Buckinghamshirg

2.2.2Two-dimensionaSDSPAGE

Protein extracts wersubjected to analyslsy two-dimensional2D) gel electrophoresis
on7 and 24 crmesolving gelsisinga29:1 acrylamide:bisacrylamidmlutioncontaining
1.5M Tris-HCI pH 8.8, 10% SDS).5%(v/v) ammonium persulfate solutigAPS) and
0.05%(v/v) tetramethylethylenediamin@ EMED). Proteins in nativeonditions were
solubilised in rehydration buffer (lysis buffer, BPB and 1.6%%) DeStreak) containing
1.6% (v/v)immobilized pH gradien{IPG) buffer (pH 4i 7) and 20 mM DTT, vortexed
and centrifuged at 13,300gfor5min. 8 0 or 450 79orR4 ont0% BP0t ei n
gels, respectively, was fixed ontgH 4i 7 Immobiline DryStrip Gel (eferred hereatfter
aslPG strip) (GE Healthcar&uckinghamshireUK) by passive rehydration. Isoelectric
focusing (IEF) for 7 cm IPG strips was performed using a h&bcol (Table2.3) at
3001 2000volts (V), 5 @ndL2#Acm IPG strips were focused using a protacdbO
10,000V over the course of 15 (Table2.4).
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Table 2.3. Programme for 7 cm IEF. Small format protocol used for isoelectric
focusing ofSetariaviridis proteinsusing 7 cm 10% SDS gels.

Step Task Voltage (V) Duration
1 Gradual voltage increase 300V 1h30
2 Gradual voltage increase 500V 3h
3 Voltage hold 500V 0h30
4 Gradual voltage increase 2000V 1h
5 Voltage hold 2000V 6h30

Table 2.4. Programme for 24 cm IEF. Large format protocol used for isoelectric
focusing ofSetariaviridis proteinsusing 24 cm 10% SDS gels. 24 cm gels were used for
subsequent spot analysis and protdentification using tandem mass spectrometry

Step Task Voltage (V) Duration
1 Gradual voltage increase 750 1h
2 Gradual voltage increase 2000 5h
3 Voltage hold 2000 2h
4 Gradual voltage increase 8000 2h
5 Voltage hold 8000 3h
6 Gradual voltage increase 10000 0h30
7 Voltage hold 10000 1h30

After IEF, IPG strips were immediately stored in plastic containér2 & RBefore the
seconddimension, IPG strips were immersed m TGS containing 1%w/v) DTT for

15 min then alkylated with 2.5%w/v) IAA. Strips were then positioned on 7 or 24 cm

SDS gels and stabilised using 1%/v) agarose7 cm gels were run at 2bfor 15 min,

then at 200/ until bands migated to the bottom of the g&4 cm gels were run at 600

V for 6.25h with a maximumcurrentdf 0 ¢ A f oh ,t hdemi A4 Qhile R pe

maintainng 20 °C.



2.2.3ProQ Diamondghosphoprotein staining

For phosphoprotein profiling, 7 cm SEFBAGE gels were fixed in 50%¥/v) methanol

and 10%(v/v) acetic acid, then left to stain in the dark @ rocker for 2 in 65 mL 3

fold diluted ProQ Diamond phosphoprotein gel staifhgrmoFisher Scientific,
Weltham, USA, following Agrawal and Thelen (2009After staining, ged were
destained in 20% ACN and 5% sodiunetate, pH 4.0ProQ Diamond stained gels were
visualiedwith a FLA-5100 FUJIFILM Life Science Stamford USA) using a532 nm

laserat 740V intensity Phosphoprotein signal wasned againsh Pepper mi nt S
phosphoproteistandard ThermoFisher Scientific, Weltham, USA)

2.2.4Coomassiataining

7 and 24 cm R gels were stainedising Coomassie Simply Blu¢ThermoFisher
Scientific, Weltham, USAvith gentle agitatiorat 4 °C.Stained ged were washetiice
with ultra-pure water and imaged using tRe€A-5100 at 500 V with 635 nmlaser

excitation
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2.3 Determining Enzyme Kinetics

Growth of plant
material

'

1.28 cm? leaf sections

collected by flash-freezing

!

Proteins extracted in
Bicine-KOH pH 9.8

'

Chlorophyll extraction
in 80% acetone

' '

Chlorophyll a
measured at 652 nm

Bradford assay for

total [protein]

'

Extracts normalised

with extraction buffer

' !

Enzymes assayed >
spectrophotometrically

Data acquisition
and analysis

Fig. 2.9. Schematic showing the wrkflow for protein assays usingSetariaviridis,
Sorghum bicolor and Zea maysleaf proteins. Plants were grown ifiour sets of 20
replicates in a controlled chamber under ambient @00 ppm), long days at 28 °C and
900 pmol M2s 1 PPFD. Leaf tips of 2.5week old plants were harvesteylflashfreezing

in liquid nitrogen. Proteins were extracted, quantified and normaligemr to
measurement
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2.3.1Preparation ofeaf homogenates for enzyme measurement

To determine the enzymatic properties BEPC, NADPmalic enzyme, aspartate
aminotransferase arafanine aminotransferageresponse tthedarkto light transition,
two 16 mm x 8 mnsectiongFigure2.10) were cut no more than 2 cm from each leaf tip
of matureSetaria viridis and Sorghumbicolor plants atfour time-points(2 hand 7.5 h
into dark;4 hand 15.5 h into lighthndZeamaysat two timepoints (7.5 h into dark and
15.5 h into light) placed into a microtube and flaflozen in liquid nitrogenLeaf
proteins were extracted from theaf section closer to the leaf tigs detailed ilChaper

2, MethodsPartl, using 1 mLof 200 mM BicineKOH, pH 98, including protease
inhibitors Crude extracts were cleared by centrifugatioBppendorf tubeat 16,800 x

g at 4°C, then250 pL aliquots were storeati 80 °C.

Setaria viridis 4™ /5t leaf cuts
1.6cm x 0.8 cm

A — protein extraction

B — chlorophyll extraction

Initial Cut

Sorghum bicolor 5" /6" leaf cuts

1.6cmx 0.8 cm

A — protein extraction

B — chlorophyll extraction Initial cut

Fig. 2.10. 2.5-week old Setaria viridis (I) and Sorghum bicolor (Il) leaves
photographed before harvestsProteins forenzyme assaywere extracted from leaf
sectionA. Chlorophyll content was measured in the adjacent leaf seBjomife 16 mm
x 8 mm leaf sections we accurately cut using a metal template.
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2.3.2Protein quantification

Protein concentrations were determined for leaf homogenates spectrophotometrically at
595 nm using a BSA standard curve (FigR:El) following Bradford (1976)

Standard Curve for BSA

y = 0.0002132x + 0.02664

O

. 03-

0.2

0.1

2 _ -
0.09 l . R™=0.9601
0 500 1000 1500 2000

BSA (ug mL™)

Fig.2.11. The BSA standard curvethat wasused to determine protein concentration

in leaf homogenatesAbsorbance of bovine serum albumin standard2@00 pg), in
solution, was determined spectrophotometricallynear regression analgs was
performed,and the equation was used to calculate total protein concentration in leaf
lysates.

Prior to each assay,rude extracts were normalised against the lowest protein

concentration using equation 1
A
~ P U U (1)

where A is the absorbance of a sample,i®\the absorbance of the least concentrated
sample Ui is the initial crude extract volume (mL) akk is the volume (mL) of buffer

to add each extract to normalise them against the least concentrated extract.
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2.3.3Measurement of enzymes

Rapidassaysaresummarised in Tabl2.8. Eachenzymeassay consisted of six biological
replicates across tesubstrate concentrations (5008nge fold), each including three
technical replicatesn a 96well microtitre plate (Figur@.12). Reactions were initiated

by the addition 05 L of leaf lysatg150 pL final volumelandmonitored ovel5 cycles

(20 min) or until reactionreached saturatioriFor each assayo leaf protein and no
substrate controls wenesed tosubtractnonenzyme mediatedeactionbackground
signak. Reaction rate given in terms of the amount of NADP (Figure 2.13A) or NADPH
(Figure 2.13B) fomed, per amount of protein used to initiate the reaction, per unit time.

Assay 1

Final [Substrate] uM

1000
500
200
100
50
20
10
5
1
0.2

No Substrate
(+10 pL dH,0)

= ﬁ No Leaf Extract
- (+ 5 pL extraction buffer

Reactionssealedin Substrates at
96-well microplate different concentrations

Fig. 2.12. Example of a96-well microtitre plate assaydesignused for determining

Michaelis-Menten kinetics. Each plate contained three biological replicg#esB and
C), nosubstrate() anddesignatedontrols(®), across tersubstrate concentrations

determineKy constantsReactions were initiated by adding 5 puL of normalipeotein
extractto 145 pL of mastermix, giving a final volume of 150 and monitored
spectrophtometrically over timen a continuous assay 25 °C
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Standard Curve for NADH

Y =0.001482x + 0.06585

2 _
0.0 | | | | R 0|.9998 |
0 50 100 150 200 250 300
[NADH] (M)

Standard Curve for NADPH

2.5-
B =0.02223x + 0.04962
y

2.0+

1.54

Agy

1.0

2

R™=0.9997

0 200 400 600 800 1000
[NADPH] uM

Fig. 2.13. NADH (A) and NADPH (B) standard curvesfor determining enzyme
reaction rates The assay was performed using setialtionsof a freshly made NADH

or NADPH stock solutios. Linear regression analysis wasrformedand thegoodness

of fit was determinedNADH curves were used for PEPC, PEPCK and aminotransferase
assaysNADPH used for the NAD#nalic enzyme assays.
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2.3.4Phosphoenolpyruvate carboxylassay

__________________________________________

I 0, L I
1 z PEPC{ MDH 1
. ! malate '
(eer) @ Y |
L 3C 4C I

NADH NAD'

__________________________________________

Fig. 2.14. Reaction mechanismshowing thecarboxylation of phospheenolpyruvate
(PEP) to oxaloacetate (OAAxatalysed by PEPGn C4 photosynthesis Highlighted
regionin blue boxindicates thalirection of than vitro reactionmonitoringthereduction
of OAA to malae via MDH The number of carbonsiisdicated below each metabelit
CA, carbonic anhydras@PDK, pyruvatephosphate dikinas®, phosphate
Phosphenobyruvate carboxylas@PEPC;EC 4.1.1.3) was assayedt 340 nm, 25C,
following the reduction of oxaloacetate (OAA) Imicotinamide adenine dinucleotide
(NADH) (Figure 2.14). 150 e L reaction mi xt u4-(8s
hydroxyethyl}1-piperazineethanesulfonic aembtassium hydroxide HEPESKOH),
pH 7.5, 10 mM NaHCg 5 mM glucoses-phosphatd G6P) 5 mM MgCh, 0.2 mM
NADH and 6 units of malate dehydrogen@s¥OH) (Table2.5). Absorbance signals of
reaction mixtures containing no leaf protein wemsedto correct for norenzymatic

oxidation of NADH

Table 2.5. PEPC mastermix.

Stock Concentration Reagent Final Concentration
0.1 M HEPESKOH, pH 7.5 97.32 mM

1M NaHCG 10 mM

1M G6P 5SmM

0.5 M MgCl2 5mM

0.25M NADH 0.2 mM

1200 Umg!(5mgmL't)  MDH 6UmL?!
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2.3.5NADP-malic enzyme ssay

3PGA/\

PCR Triose-P

RuBP
NADP NADPH

Fig. 2.15. Reaction mechanism showing the decarboxylation afmalate by NADP-
malic enzyme(ME) in bundle sheath chloroplasts of @ plants. Thein vitro assay
monitors thdormationof NADPH (in red)following the decarboxylation af-malate by
the NADP-dependent mal enzymen bundle sheath chloroplasts of flants,malate
is oxidised to pyruvate (pyrjorming NADPH and CQ. CO; then enters thECRcycle
The number of carbons is indicated below each metabdkteBP, ribulosel,5
bisphosphate;-BGA, 3-phosphoglycerate

NADP-dependent malic enzyn{BlADP-ME; EC 1.1.1.4(Q wasspectrophotometrically
assayed in the forward direction (decarboxylatirag)340 nm at 28C, following the
reduction of NADP (Figure2.15). The reaction mixture contained 98.8M Tris-HCI,

pH 8.0, 5 mM MgCd and 0.5 mMnicotinamide adenine dinucleotide phosphate
(NADPY) (Table2.6). The pH and concentration of MgClequiredto achieve optimal
rates of reaction, were determined for NADRIlic enzymefrom darkened and

illuminated leaves.

Table 2.6. NADP-malic enzymemastermix.

Stock Concentration Reagent Final Concentration
0.1 M Tris-HCI, pH 8.0 98.90 mM

0.5M MgCl2 5mM

05M NADP* 0.5mM
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2.3.6Aspartate and alaninemnotransferasessay

NADH NAD®

AspAT MD
@ + 2-0G ——— L-glutamate -+ ;-Z> malate

B) Alanine aminotransferase

NADH NAD'

AlaAT LDH
@ + 2-0G ——— L-glutamate + @ ¥> lactate

Fig. 2.16. Reaction mechansm for the aspartate (Asp) and alanine (Ala)
aminotransferase assay. Aminotransferase were assayedby coupling to malate
dehydrogenase (MDH)r lactate dehydrogenag¢eDH). 2-OG, 2-oxoglutarate; OAA,
oxaloacetate.

Aspartate aminotransferade( 2.6.1.) wasassayed spectrophotometrically at 340 nm
by coupling to MDH(Table 2.7) following the oxidation of NADH to NAD (Figure
2.16) at pH 8.0 The range of-aspartateind2-oxoglutarate concentratisrused in this
assaywas 0-25000 puM and 02000 uM, respectively The activity of aspartate
aminotransferasevas assayedh the presence of-malate,L-alanine,3-PGA, PEP,

pyruvateanddimethyl2-oxoglutaratean analogue of-Bxoglutarate

Alanine aminotransferag&C2.6.1.2 was assayed in the pesge of_-alanine towards
the formation of lactatat pH 7.5 by coupling to LDH.-Alanine and -aspartate were

used as the negative control for aspartate and alanine aminotransferase, respectively.

Table 2.7. Aminotransferase mastermix. Mastermix used for aspartate and alanine
aminotransferase assaysndicates alanine aminotransferase reagents.

Stock Concentration Reagent Final Concentration
1M Tris-HCI, pH 8.0or 7.5 50 mM

50 mg ml'! Pyridoxal phosphate 10 pg ml't

05M EDTA 2 mM

05M NADH 0.2 mM

6000 U m¢' (1.0mg mLl'Y)  MDH 4UmL't

1000 U mgt (9.3 mgml'Y)  LDH* 4U mL'?
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Table 2.8. Summary of enzymeassays

Assay

PEPC

PEPCK

NADP-ME

AsSpAT
AlaAT

Bradford

Chlorophyl

Wavelength

340

340

340

340

595

652 (Sample)
750 (Blank)

Spectroscopy
Measureghe concentration of NADH
Abs shoulddecreasemver time due to oxidation tc
NAD*.

Measureghe concentration of NADH.
Absshoulddecreasever time due to oxidation tc
NAD®.

Measureghe concentration of NADPH.
Abs shouldincreaseover time due ttNADP*
reduction to NADPH.

Measureghe concentration of NADH.
Abs shoulddecreasever time due to oxidation tc
NAD*.

Measureghe concentration of total protein prese
in the crude extradBeerLambertLaw).

Measureghe concentration of chlorophyd (mg
L' in 80% ethanobr 80% chilled acetone
(Appendix B)

64



2.3.7DeterminingMichaelisMenten kinetics

Raw data was analysedNicrosoft Excel and eazyme reaction rategeregraphedising
Prism7 (GraphPad Software) and thechaelisMentenconstans (Kv) were determined

usinga curve fitting algorithmn GraphPadusingthe MichaelisMentenmodel(2),

[ S]

W Gha TS0y )

whereVp is equal to the velocity of the reactiofaxis the maximum reaction rate, [S]
is the substrate concentration afd is theMichaelisMentenkinetics constantnitial

velocity is given as an arbitrary unit of absorba@®&es) change over timémin).

NB. Vmax cannot be reported becausezyme assays were conducted ugingyme in
crude leaf lysates and not purified protein. Alsw, dimplicity, Ku will be referred to as
affinity. However, it should be noted th&# and affinity are not interchangeable due to
limitations of the Michaels-Menten modelTo properly discuss substrate affinity for an

enzyme, the structural properties and binding interactions must be known.

Affinity fold changg(i.e.increase or decregseas calculateds aratio of twoKy values

using equation3),

Fol d cl?lj—'\é—ng)e X3)
M

whereKw? is the new value (in response to a variable, for example lightiKahd the
original value An increase irkKm corresponds to a decrease in affinity (positive fold
change) and decreaseln corresponds to an increase in affinity (negative ébldnge).
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Chapter 3 Identification ofnovel lightdependent
phosphorylation sites @s-related enzymes

3.1 Introduction

C4 photosynthesibasevolvedindependently in over 60 plant lineagesm the classical

Cs pathway involving the gradual transition to Kranz anatomy and recruitmentsof C
genes for @function(Sageet al, 2012) The genetic mechamis that underpinned the
regulation ofmesophylt or bundle sheathell specific gene expression evolved in
parallel across multiple L£origins (Sinha and Kellogg, 1996; Browat al, 2011;
Williams et al, 2013) C4 plant lineages have alsbared mechanisms for deternmg
Cs-specific enzyme functiothrough changes to amino acid sequences, though the degree
of parallelism depends on theelective pressures acting on specific residies
instance, the acquisition of thes-€pecific PEPC through the evolution from the
ancestral noitCs PEPC,occurred repeatedly across several independerin€ages
(Christinet al, 2007) FurthermoreChristin et al. (2007) alsoshowed thaparticular
PEPC codon mutationat posiions 517, 577, 579, 761 and 780 serine and threonine
amino acids,were under positive selection in independentli@eages and may be
determinants of £charaderistics.These amino acid substitutions, namely the A780S
transition inZeamays have been shown to be contenders associated with the regulatory
properties and kinetics ofs&pecific PEPCgDong et al, 1998; Blasinget al, 2000;
Svenssoret al, 2003) The amino acidsthat evolvel in parallel across independent
lineages may be indication$ the adaptations that were advamt@aigs in determining £
function (Williams et al, 2013) but the significance of these residue mutations, with
regards to th@hospheoegulatory mechanismsnderlyingthe kinetic properties ofs-
relatedenzynes, have not beestudied in detalil

In plants, serine and threonine residues are frequently phosphor(faisal and van

Wijk, 2015) and are prominent sites of regulation forr€lated enzymes like PEPC,
PPDK and PEPCK. These mechanisms of regulation are often complex, and may be
dependent on illumination or circadian controlléfmo and Chollet, 1988; Jia al,

1991; Wilkins, 1992; Nimmo, 1998; Hartwe#t al, 1999) The lightdependent
phosphorylation of PEPC is well documented at the invahbtairminal serineacross
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grass specigdiao and Chollet, 1988; Jiao aBtollet, 1991) however despite evidence
of the selection pressures of serine and threpresidues in £lineages presented by
Blasing et al. (2000) and Christin et al. (2007) little is known about the regulatory
characteristics that span across thes@ecific PEPC sequence. Furthermore, the
phosphoregulatory prop@s of other essential s€elated proteins that evolveds-C
specific function, like aspartate and alanine aminotransféHeteh and Mau, 1973)r
NADP-malic enzymégChristinet al, 2009; Saiget al, 2013) have not been described
in C4 plants.

3.1.1The role and diversi of posttranslational modifications in plants

Posttranslational modifications (PTMs) play a pivotal role in the regulation of proteins
and contribute to the functionality of the proteome (Fidliig. The diversity of PTMSs,
together with their revensie, dynamic nature, contribute to protein function, which is
essential for the regulation of metabolic pathways, pregieatein interactions or
activation of signal transduction pathwgy&arve and Cheema, 2011However, these

tightly regulated, dynamic mechanisms are often overshadowed by spontaneous
enzymatic reactions induced by reactive species such as free radicals or redox potentials,
which nonspecifically modify amino acids and result in irreversible changes to protein

structure and functio(Friso and van Wijk, 2015)

Proteome

Functional complexity of the proteome

Transcriptome

Genome

AAA
AAA
/\‘//ifAAA
______ - _——————
AAA 5666
Gene expression and Post-translational \
alternative splicing modifications Protein

Fig. 3.1. Schematic showing the role of PTMs on the functional complexity of the
proteome. Expressed genes undergo splicing mechanisms creating polyadenylated gene
transcripts (coloured linesAAA). Proteins shown asulti-coloured swirls
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In plants, proteins may be phosphorylated, ubiquitinated, acetylated or methylated (Table
3.1, 3.2 by enzymatic reactions mediated by regulatory enzy(ffeso and van Wik,

2015) In the event ofphosphorylation (Figure3.2) protein kinases transfdr h e 2
phosphate of ATP onto tyrosine, threonine or serine resigiigger, 2007) Histidine

and aspartate residues can also undergo phosphorylation,lbwt fatquenciegFriso

and van Wijk, 2015)

Tyrosine
Serine Threonine OH
OlH O‘H |
CH, CH—CH, @
NH—CH—CO NH—CH-CO CH,
|
ser/Thr T l Ser/Thr kinase NH—CH—CO
phosphorylase
O 0] Tyrosine Tyrosine
‘ ‘ ‘ ‘ phosphorylase kinase
0 PO 0 P O
| | 0
7 7 |
CH, CH-CH, 'OI‘DO'
| |
H;N-CH-COO" *H;N—CH—COO 0
Phosphoserine Phosphothreonine /w
\|/
CH,
|
*H;N—CH—COO

Phosphotyrosine

Fig. 3.2. In vivo reversible phosphorylation mechanism of serinethreonine and
tyrosine residues Protein kinases and phosphorylases regulate the reversible
phosphorylation of serine, threonine and tyrosine residues (only functipoaps
shown), whereby phosphate groups are linked by phosphoester bonds (bottom) via an
oxygen atom (in orange), resuigj in an 80 Da mass shift in the target protein (top).
Arrows show the direction of phosphorylation by protein kinases and dephadsypioory

by phosphorylases.
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Reversible modifications, such as phosphorylation, typically regulate protein activity
through the diurnal cycle, but PTMs in plants like acetylation, play another crucial role
in determining protein localisation for organedipecific reactionsCarbon fixation in

plants depends on cytosolic protein activity as well as protein activisybcellular
compartments such as chloroplasts, mitochondria and peroxi¢doggest al, 2013)
However, the PTM diversity gflastidicproteins and how they regulate plant metabolism

is unclear(Lehtimé&ki et al, 2015) Additionally, proteins may undergo napecific
modifications, which may affect other PTMs on the same protein or nearby proteins. A
single PTM can serve as a signal promoting the binding of regulator proteins that mediate
subsequent specific or n@pecific modificationgHunter, 2007) Direct competition
between PTMs can result in the blocking of amino acid side chains preventing site
specific modifications. For instance, cysteine residues are essential for plant
development, immunity, pathogen defence, pros¢ability and enzyme activi()kim et

al., 2015)but are prone to nespecific PTMs typically  redox regulatiorfMicheletet

al., 2013) due to a highly reactive thiol group in the smin. Under specific
conditions such as oxidative stress, cysteine residues are susceptible to spontaneous,
nonenzymatic modifications, which block sites of regulat{dMarino and Gladyshev,
2012; Chuneet al, 2013; Bhattacharjeet al, 2015; Friso and van Wijk, 2015)

Enzymes involved in carbofixation, such as Rubisco, PEPCK ahthADP-malate
dehydrogenaséVIDH), as well as enzymes in the PCR eyare regulated by redox
mechanisms (Table 3.2Ashton and Hatch, 1983; Drincovich and Andreo, 1994; Raines
et al, 2000; Schirmann and Buchanan, 2008; Micletlet, 2013; Gitleet al,, 2016)
These regulatory mechanisiea® widespread iplants ad otherbiologicalsystemsFor
instance,m Mycobacteriuntuberculosis PEPCKpreferentiallycatalyses the conversion

of oxaloacetate to HE but under hypoxic and growlimiting conditions, the
anaplerotic reactiofin the reverse directiortpwards the formation of oxaloacetate is
favoured (Machovéaet al., 2014) These changes ardntrolled by the reductionof
disulphide bridges forming between cysteine residagker by maintaining reducing
intracellular environments, or interaction with reducing agents, such as thioredoxin
(Machovéet al, 2014) It was shown that the formation of disulphide bridgeBEPCK
resulted in the loss of enzyme activigarlsonet al, 1978; Krautwurset al, 1995) but
such modifications can have more intrinsic effects on tertiary protein structuness It

recently shown that the interaction between @@l and Cys397, via a disulphide
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bridge, induced changes to the structure and functid?E6fCKfrom Mycobacterium
tuberculosis whereas the reduced form of these residsiebilised PEPCK and

influenced theanaplerotic functioifMachovaet al, 2017)

In C4 plants, NADRMDH is activated in illuminated and reducing conditionsZka

mays NADP-MDH is inactive in darkened leaves, but when transferred frarkngss

to illumination, activitycan berestored(Johnson and Hatch, 1970h addition, when
NADP-MDH from darkened leaves was subjected to 5 mM BERkymaticactivity was

fully restored, suggesting that the reduced form of the enzyme was essential for catalysis
(Johnson and Hatch, 197®urthermore, NADRMDH was inactivated when extracted

in the absence of thiseducing agents such as DT Ttbioredoxin(Jacquott al, 1981;

Ashton and Hatch, 1983 he light activation ofNADP-MDH is regulated by the
reduction of a disulphide bridge occugibetween Cyd40 and Cysl5 within theN-
terminal of NADRMDH (Decottignieset al, 1988)

3.1.2Phosphenobyruvate carboxylase

PEPC (EC 4.1.1.31) plays a pivotal role inphotosynthesis, catalysing the irreversible
b-carboxylation of PEP to oxaloacetate (OAA) by utilising bicarbortdt€ Q) (Figure
3.3) in mesophyll cells of €plants(Cholletet al, 1996; Cousingtal., 2007)and is by
far one of the best characterised enzyme&®fG pathway. The active form of PEPC
consists of four identical 109 kDa suburfigatch, 1978; Matsumuret al, 2002)andin
vivo catalsis is dependent on a divalent cation, usuallyMitpough M3* and C3* can

be replacedh vitro (O'Learyet al, 1981)

2+

g
PEP + HCO, — OAA + P,

Fig. 3.3. Irreversible b-carboxylation of PEP toOAA by PEPC.

In C4 plants, PEPC is activated by glucesphosphate and allosterically inhibited by
malate and aspartaféluber and Edwards, 1975; Andreb al, 1987) Inhibition by

malate is less pronounced when assayed at pH 8.0, rather than in physiological pH 7.3
and sensitivity to inhibition by malate is reduced with increasing concentration?f Mg
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(Hatch, 1978; Weddingt al, 1990; Echevarriat al, 1994; Duff and Chollet, 1995)
Sensitivity to feedback inhibition by malate or activation by glugdgpbosphate is
regulated by lightlependent reversible phosphorigat(Jiao and Chollet, 1991; Chollet

et al, 1996) The underlying meclmesm was first described dyimmo et al. (1984)
demonstrating that theEPCfrom Crassulacean acid metabolig@AM) specieswas
more sensitive to inhibition by malate during illumination than in the dark period, when
PEPC is active. Furthewwne, when the phosphorylated night form was purified and
dephosphorylatedh vitro, the sensitivityto malate inhibition increase@Nimmo et al,
1986)

Using the*?P-phosphorylation system, the-®rm of PEPC fronZeamayswasshown

to undergo phosphorylatiom vitro (Budde and Chollet, 1986)onsistent with the
CAM-form, the phosphorylation athe Cs-specific PEPC was determined to occur
predominantly at a single serine residue withinNheerminal of PEPC fronZeamays
(Ser15) andSorghunbicolor (Ser8) during illumination, when PEPC fromy @lants is
active(Jiao and Chollet, 1988; Jiao and Chollet, 1990; diad, 1991) The relationship
between phosphorylation and sensitivity to malate inhibition was substantiated in
phosphomimetic mutants of ttf&orghumbicolor PEPC expresseid Escherichiacoli,
which showed that substituting the Sgrwith aspartate (S8D) resulted in reduced
inhibition by malatgWanget al, 1992) whereas substitution to cysteine (S8C) showed
no reduced sensitivitgDuff et al, 1993) Also, while the phosphorylation of the;-C
specific PEPC decreases sensitivity to inhibition by malate during illumination and
causes about a twiold increase iVmax it does not alter the its affinity for bicarbonate
or PEP(Vidal and Chollet, 1997)The phosphoiation of PEPC is essential to maintain
high nocturnal carboxylase activitin CAM plants (Boxall et al, 2017), while in
Flaveria bidentis(C.), phosphorylation of PEPC is not essential to maintain high CO

assimilation rates during illuminatiqiFurumotoet al, 2007)
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PEPC kinase »  PEPC kinase
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Fig. 3.4. Regulation of Cs-specific PEPC activity by in vivo serine phosphorylation.
Light-dependent PEPC phosphorylation (serine in red) is regulated by PEPC kinase (PK),
which is more active ithe light. PEPC kinase is regulated by cytosolic pH and.Ca
Dephosphorylation (serine in blue) is mediated by protein phosphatase 2A (PP).
Phosphorylated PEPC can maintain higher maximal activity dua decreasen
sensitivity to inhibition by malatd=igure adapted fror€holletet al. (1996)

PEPCis maximally phosphorylated within one hour of illumination by PEPC kinase
(Vidal and Chollet, 1997; Bailest al, 2007)and dephosphorylated by a type 2A protein
phosphatase shortly before tharkd period in G plants(Carteret al, 1990; Vidal and
Chollet, 1997; Donget al, 2001) Another study shoed that the phosphorylation of
PEPC inZeamaysoccurredoefore the onset of light awdasdephosphorylated before
the dark perioqUenoet al, 2000) suggesting that to some degregpBotosynthesis is
controlled by circain mechanism@Nanget al, 2011) In fact, the activity of PEPC is
largely dependent on the ligdependent activation of PEPC kinase (FigBuw# rather
thanchanges oprotein phosphatas®A activity (Echevarriaet al, 1990; Carteet al,
1991; McNaughtowet al, 1991). Moreover, two protein kinases can phosphorylate PEPC
at theN-terminal serineesidue, but only the Gadependent protein kinase shows light
dependencyJiao and Chollet, 1988; McNaughtet al, 1991; Li and Chollet, 1993;
Wang and Chollet, 1993In the G-form, PEPC kinase is regulated by metabolic factors,
such as proteirutnover, photosynthesis and pHaoet al, 1991; Jiao and Chollet, 1992;

Li and Chollet, 1993)whereas activation of the CArm PEPC kinasé controlled

by a circadian oscillator, rather than light to dark transit{@ngf et al, 1996; Gigliolt
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Guivarc'het al, 1996; Vidal and Chollet, 199.7At the protein level, the activity of PEPC
kinase is also regulated by ubiquitination mediated degrad@mgetsumeet al, 2005)

In relation to PEPC, the PEPC kinase is also preferentially expressed in mesophyll cells
in Zeamays suggesting the existence of additional regulatory controls at the@agie |

(Li et al, 2010)

Recent studiebavesuggested that the activation mechanism of thofn PEPC is
dependent on crodalk betweenphosphorylation and lysine ubiquitination. Lysine
ubiquitination has received attention in recent ydagsause, like phosphorylation, it is
reversible, widespread in eukaryotic cells, occurs at relatively higher frequencies and
mediated by a myriad of gelator enzymegHunter, 2007; Huber, 2011; Friso anchva
Wijk, 2015) Monoubiquitination was first described byhrig et al. (2008)
demonstrating that the ngohotosynthetic PEPC was modified at 1§28 in
germinating castor oil seedRuiz-Ballesta et al. (2014) demonstrated that PEPC
monoubiquitination occued at Lys624 in developingSorghumbicolor seeds, and
proposed a novel network of regulatory mechanisms contributing to PEPC adtivity.
addition to this recent evidence suggests that the activation daschPEPC depends
on severalmodifications, other than phosphorylatiobhis is supported iimaturing
phosphateadeficient roots ofHakea prostratg where PEPC deubiquitination was

followed by phosphorylation, promoting enzyme activityivo (Shaneet al, 2013)

3.1.3Pyruvate, phosphatekihase

PPDK (EC 2.7.9.1) catalyses the AtBpendent regeneration of PEP from pyruvate in
mesophyll chloroplasts of {plants (Figure3.5). Similar to PEPC, the active form of
PPDK is a homotetramer made up of four 94 kDa sub(égsch, 1978)

M 2+
Pyruvate + ATP + P, <—g> PEP 4+ AMP 4 PP,

Fig. 3.5. Regeneration of PEP from pyruvate by PPDK in G plants.

The reaction mechanism of the-§pecific PPDK involves two steps. The reaction begins
when PPDK binds two ATP and phosphate to form a phosphohistidine intermediate,
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AMP and diphosphate, amsl subsequently followed by a pipgpngmechanism for the
addition of phosphate to pyruvate torfoPEP(Hatch, 1978; Roesket al, 1988) PPDK

is inhibited by PEP, AMP and RPout these products are readily s@d by high
activities of PEPC, adenylate kinase and pyrophosphatase in mesophyll cells, thus the
Cs-specific PPDK reaction is favoured towards the formation of fHafch and Slack,

1968; Hatch, 1978Mg?" is also essential for catalysis and the increasing concentration
of Mg?* in the stroma during illumination correlates to the light activation nréshaof
PPDK(Leegood and Wakk, 1999)

An early study demonstrated that PPDK was less active in darkened leaves than
illuminated leaves cAmaranthugpalmeri(Slack, 1968)This study also showed that the

in vitro activity of PPDK declined after transferring liggtown sorghum and sugarcane
plants to a period of darkness. In addition to this, PPDK is activatedtro with
treatment by a stromal regulatory protein and phosphate and deactivated by a regulatory
protein and ADRBuddeet al, 1985) To determine the activation prepies of PPDK

from Zeamays PPDK was assayed vitro using radioactively labelled phosphate. In

this approach, it was demonstrated that PPDK underwent phosphorylation at a threonine
residue by an ADRlependent regulatory protein, resulting in the dgatiobn of the
enzyme(Ashton and Hatch, 1983Jurthermore, the actiyitof PPDK depends on the
degree of phosphorylation. It was shown that one 94 kDa subunit from the inactive form
of PPDK contained twold higher content of phosphate than one subunit from the
active form(Buddeet al, 1985)

In Zeamays PPDK is inactivated in the dark by phosphorylation at the active site (Thr
456) and reactivated by dephosphorylatiofRoeske et al, 1988) Both the
phosphorylation and dephosphorylation of PPDK areuely regulated by a single
bifunctional regulatory protein (PPDRP) (Figure3.6) (Chastairet al, 1997; Chastain

et al, 2000) Although PPDKRP is active in mesopHytell chloroplasts where PPDK

is localised, transcripts of PPRRP were predominantly found in bundle sheath cells of
Zeamays(Li etal., 2010). Also, despite its essential role in the regulation of PPDK,
PPDK-RP appears to be in low abundance in mesophyll chlorof\&stsget al., 2011)
However, being localised in the stroma of the chloroplast, RRPKis reguited by
light-dependent changes in ADP, which increases after the light to dark transition,
resulting in higher PPDIRP activity and PPDK phosphorylation darkened leaves
(Chastain and Chollet, 2003onversely, the phosphatase reaction of PHRPKis
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favoured in illuminated conditions, when ADP is limiting, resulting in fewer copies of

PPDK being phosphorylated.

His*¢-P A[i }MP His8-P
>
p RP
LIGHT Thr*s VR DARK > Thr56.p
Active PP p Inactive

i

Fig. 3.6. Light activation mechanism of the G-specific PPDK by reversible
phosphorylation. Phosphorylation (in red) and dephosphorylation (in blue) is regulated
by a bifunctional ADRdependent regulator protein (PR). PPDK is inactivated by
phosphorylation in the dark and activated by dephosphorylation. Figure adapted from
Chastairet al.(1997)

The catalytic effect of phosphothreoni#®g6 of PPDK fronZeamayswas determined

by direct mutagenesis inEscherichia coli, using serine (also a target for
phosphorylation), valine and aspartate substituti@msstairet al, 1997) In this study,

it was shown that tareoninegio serine substitutioat position 45§T456S) did not hinder

the phosphorylation of PPDK nor affected catalysis, but resulted in less effective enzyme
inactivation, whereas the substitution to aspartate (T456iicking a nordabile
phosphorylation, resulted in complete enzyme inactiva{i©hastainet al, 1997)
Chastairet al. (1997)also showed that the dephosphorylated form (T456V) remained
active. Further analysis also showed that a s@qazhosphomimetic mutant (T456E)
abolishes catalytic activity, while substitutions to tyrosine (T456Y, another target for
phosphorylation) and phenylalanine (T456F) substantially decreases a@@ivagtain

et al, 2000)

In a study to determine the tolerance of low temperatures on the photosynthetic activity
in Zeamaysshowed that the accumulation of PPDK in mesophyll chloroplasts decrea

by 50% when plants were grown in low temperature, though transcript amounts were
unchanged, suggesting that low temperature had little effect on gene exp(&sstn

et al, 2003) While there are mother known regulatory sites on the-$pecific PPDK,

Wang et al. (2011) speculates that PPDK may be controlled by more complex

mechanisms, thus explaining the difference between gene expression and accumulation
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of PPDK in mesophyll chloroplasts. In fact, it has been recently demonstrated that the
PPDK regulatory mechanism at TH527 in Zea maysis strictly controlled by light
intensity rather than by the dark to light transit{@henet al, 2014) It is important,
however, that inactivation by decreasing light intensity had been previously noted
(Burnell et al, 1986) but had not been attributed to a single resittuthe recent study,

it is suggestethat increasing the expression of PPDK in mesophyll cells does not imply
an increase enzymatic activity and there could be other regulatory controls or regulatory

sites that are still unaccounted {@henet al, 2014)

3.1.4Phosphenobyruvate carboxykinase

Compared to PEPC and PPDK, the ligependent phosphorylation of PEPCK
(4.1.1.49) is the most recent to be elucidated.plénts yet dher G-related proteins
have not been shown to be regulated by phosphorylation (Té)ldr8BPEPCK and
NAD-malic enzyme sulgpes and certain NADHnalic enzyme ¢plants, such agea
mays (Walker et al, 1997) PEPCK catalyses the cytosolic ARpendent
decarboxylation of oxaloaceta(®AA) in bundle sheath cells, forming ¢@nd PEP
(Figure3.7) (Hatch, 1978)

n2+

OAA + ATP <«— PEP 4+ ADP + CO,

Fig. 3.7. ATP-dependent decarboxylation oOAA by PEPCK in C4 plants.

Initial observations noted that the activity of PEPCK and accumulation in bundle sheath
cells changed very little beeen light and dark condition¥Valker et al, 2002)and
regulating the activity PEPCK would be essential to prevent depletion of ATP or
oxaloacetate durintipelight to dark transition of gphotosynthesi€Carnalet al, 1993)

The lightdependent phosphorylation of PEPCK was first described in cucumber
cotyledons by feeding seedlings with radioactively labelled phosphééker and
Leegood, 1995)In this study, the native forraf PEPCK was purified and shown to
undergo phosphorylation by treatment with PEPC kinase Zreamays Also, the larger

and native 74 kDa protein was phosphorylated, whereas the truncated form (62 kDa) was

not phosphorylated, suggesting that the phosgpaion site was in theN-terminal
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extension that had been proteolygéthlker and Leegood, 1993)alker and Leegood
(1995) also showed that upon the removal of AT# the reaction assay, the

phosphorylation of PEPCK was reversible by treatment with protein phosphatase 2A.

In Cs plants, such as the PEP@ype Megathyrsusmaximus(previously Panicum
maximun), PEPCK is phosphorylated in darkened leaves and dephosphorylated in
illuminated leaves, in a regulatory mechanism that leads to PEPCK activation in
illuminated leaves(Walker and Leegood, 19968Valker et al, 2002) The role of
phosphorylation in this mechanism was studiedhyey et al. (2007) with emphasis
towards the coordination between carboxylation by PEPC and decarboxylation by
PEPCK in darkened and illuminated leavedgfgathyrsusnaximus In thisstudy, the
authors showed that PEPCK activation at full sunlight correlated to a decrease in its
phosphorylation state, whereas the phosphorylation state of PEPC during illumination
correlated with the lighinduced activation of PEPBailey et al, 2007) Recatly, the
phosphoregulatory site of PEPCK frateamayswas determined by mass spectrometry.

In Zeamays PEPCK was shown to undergo phosphorylation atSemhr58, Thr59

and Thrl20, though phosphorylation at S showed a higher degree of light
dempendency(Chao et al.,, 2014) Furthermore, the study showed thatdea mays
seedlings, Seb5 was phosphorylated in illuminated leaves and dephosphorylated in
darkened leaves, which is the opposite of what had previously been repdai&dr and
Leegood, 1995; Walker and Leegood, 1996; Baliegl, 2007) Differing from previous
findings, the activity of PEPCK was shown to be lower in illuminated leaves and higher
in darkened leavg€haoet al, 2014)
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3.1.5Identifying novel phosphorylation sitesing LGMS/MS

The adaptation of proteomic pipelines for laggale studies has grown in recent years
through the technological advances of kigroughput mass spectrometry. Proteomics,
along with genomics and metabolomics, has become a powerful tool for identifying
proteins and characterising protein function and is essential for elucidating the factors
that contribute to the complexity of the proteo(Perubleva and Chits, 2000; Park,
2004) Using high resolution mass spectrometry, not only can proteins be inferred from
peptide spectra, but pesanslational modifications (PTMs) can be accurately identified

to amino acid specificity. The analysis of complex mixtures is most frequently achieved
by coupling mass spectrometry to high performance liquid chromatog(Bt2009)

as in the case of the Orbital Trap mass spectroriédrersold and Mann, 2003; Ht

al., 2005; Perrget al, 2008) in which ions can be separated on a liquid elution gradient
prior to injection into the instrument. However, success in proteomic studies, such as
phosphoproteomics, depends on several factors that may outweigh the technological
improvements and optimisations thg analysis. Phosphoproteomic studies are hindered
by experimental challenges such as sample preparation, which may affect
phosphopeptide recovery and yield computational challenges, like poorly annotated
protein database®la, 2010) In plants, these challenges are more pronounced due to
incomplete genome sequences and uncharacterised protein entries. Furthermore, proteins
from plant samples may be underrepresented due to incomplete gxiteiction from
various specialised cell types or organe{lEsrinet al, 2007) presence of nucleic acids

and nonrprotein contaminants that affect subsequent analy$ynes and Roberts,
2007) high concentration of #soluble membrane proteins, which are lost during
detergendree extractions usingonvolatile buffers and high content of hydrophobic

molecules that may block analytical colunjAbdallahet al, 2012; Bagagt al, 2013)

The success in proteomic studies relies on increased resolution, sensitivity and accuracy
of analytical protocols. Early proteomic experiments were designed torsteuale
cellular function at the protein level by mapping proteins ugidgrotein gels, which

were limited to smalkcale experiments due to the increased difficulty in identifying
multiple proteins in more complex mixturé3'Farrell, 1975; Manet al, 2001; Graves

and Haystead, 2002y his was overcome by the development of mass spectrometry

technology, which hadhe necessary sensitivity and resolution to accurately identify
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proteins in complex mixtures. The study of proteins by mass spectrometry became
capable after the development of ionisation strategies, which transfer the protein analyte
from the liquid to e gas phase, maintaining ions in their charged state. There are two
commonly used methods for ionisation: 1) ma#ssisted laser desorption/ionization
(MALDI) and 2) electrospray ionisation (ESI); the latter ionisation source is used in
OrbiTrapbased mass spectrometer@ebersold and Mann, 2003; Het al, 2005)

During the first stage of analysis (MS1), ions (peptides) are accelerated through
postively and negatively charged plates, separated and selected by thetorohasge

ratio (m/z) using an electromagnetic field. In tandem mass spectrometry, ions are isolated
in a collision chamber and fragmented with an inert gas during coliistucel
dissociation (CIDYMarcotte, 20@; Dephoureet al,, 2013) which breaks down peptides

into smaller fagments, most commonly at the peptide bond, resultingiams (N-
terminal fragments) angrions (C-terminal fragments), which are analysed, during the
second stage of analysis (MS2ebersold and Mann, 20Q03)

For rapid protein identification, the resulting peptide spectra are searched against
theoretical mass spectra, which gemerated from the computational digestion of protein
sequence databas@thanget al, 2013) For phosphopeptide determination, observed
spectra are searched against theoretical peptide spectra generated assuming all possible
serine, threonine or tyrosing@hosphorylation eventgDephoure et al, 2013)
Phosphorylated peptides bearing a phosphaiepg(80 Da), unlike dephosphorylated
peptides, behave differently during CID fragmentation. The behaviour of the labile
phosphoester bond during fragmentation can affect phosphorylation site assignment due
to peptide spectra generated from multiple fragimen products, often from the partial
neutral loss of phosphoric acid#PMs; 98 Da), through the ggshaseb-elimination of
phosphoserine or phosphothreonii@hweppeet al, 2003; Thingholmet al, 2009;

Solari et al, 2015) The neutral loss of phosphoric dcfrom phosphoserine or
phosphothreonine is a favourable event during CID, unlike phosphotyrosine which is
resistant to gaphaseb-elimination due to stabilisation &fprotons in the benzene ring
(Figure 3.2)(Mannet al, 2002; Schweppet al, 2003) Moreover, the neutral loss of
water (18 Da)along with the loss of phosphate competes with mass spectra for the loss
of phosphoric acid, which, under specific conditions, can hinder phosphorylation site
assignment(Cui et al, 2014) Although these complex chemical interactions pose

challenges for neutral loss scanning methods and subsequent mass spectrum analysis, the
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versatility of new pratomic approaches, as well as, tailored prediction algorithms and
mass spectra visualisation tools have enhanced the accuracy of PTM identification by

mass spectrometiwon et al, 2006; Audagnotto and D&eraro, 2017)

To understand the significance abnvergenCs-relatedenzyme evolution anaientify

the determinantfor Cs-specific enzyme activity, thehosphorylatiorof C4 proteinsin
three NADPmalic enzyme @¢sultypeswasstudiedusing hidn-resolution tandem mass
spectrometry Recent largescale phosphoproteomic studies is f@ant models have
demonstrated that several metabolic proteins undergo phosphorylation, regardless of
their subcellular compartmentation, indicating that phosphorggylanechanisms are
ubiquitous in G plant organelles and in the cytogblakagamiet al, 2010; Hodgegt

al., 2013; Liuet al, 2014; Lvet al, 2014; Yeet al, 2016) The enzymes that areviolved

in carbon fixation and photorespiration in [@ants operte between two specialised cell
types(Hatch, 1987; Kanai and Edwards, 1998)the cytosolas well as in chloroplasts,
mitochondria and peroxisom@satch and Osmond, 1976; Hodgesl, 2013) and may

be, like their G counterparts, subjected ®TMs However, the diversity of tise
modificationsand how theyregulate Cs-specific protein activity across subcellular
compartmentgas well ashow they contribute to the efficiency ofi @hotosynthesis is
unclear.High-resolution mass spectrometrgs beempreviouslyusedin targeted studies

to describdhelight-dependenphosphorylation sites dAREPCK(Chaoet al, 2014)or
light-intensty dependent phosphorylatisiteson PPDKin Zea may$Chenet al, 2014)
However, there have not been any lasgale phosphoproteomiexperiments in €
grasses, sthe undeying regulatory properties of &elated proteins involved in4C
photosynthesiareunaccounted foil he aimof this investigation was to determine novel
phosphorylation sites on key-@elated proteins from darkened and illuminated leaves
of Setariaviridis, as well as inSorghumbicolor and Megathyrsus maximusn this
Chapter,novel light-dependent phosphorylation sites identif@a C-related proteins
are presented and discuss€lis wasthe first attempt to analyse the phosphoproteome
in Setariaviridis, with hopes to elucidate novphosphoegulatory mechanisms and
further understand the role of phosphorylation and how changes of protein activity,
through a diurnal cycle, aregulatedThe comprehensive list obrel phosphorylation

sitesidentified are listed in AppendiA.
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3.2Resultsi Novel phosphorylation sites of G-related enzymes

3.2.1ldentifying key C4 photosynthesis proteins Betaria viridis

To determine novel phosphorylation sites in thar©delSetaria viridis proteirs were
extracted from 2.5veekold leaves30 min before the onset of light and 4 h and 15.5 h
into the photperiod. Leaf extracts were subjected t® SDSPAGE and stained with
Coomassie Blue protein dy€igure 3.8). Two bandsabove 100 kDavere excised to
idertify previously describeghhosphorylation oPEPC(phosphoserine at positidib,
residuesl2i 20, HHSIDAQLR) andPPDK (phosphothreonine at positi&27, residues

524i 535, GGMISHAAVVARIn Zeamays(Roeskeet al, 1988; Jiacet al, 1991) The
tolerances forsubsequenMS/MS spectra validatigwere establishedagainst the
aforementionedphosphopeptide controlgwentythree proteins involved ircarbon
fixation were identified, of which seven were specific topGotosynthesis (Table 3.

1,702 spectra were matched from 155 observed peptides of PEPC at 7.5 h into the dark
compared to 1,669eptide spectrum matcheBIM9 from 131 observed peptideof

PPDK. The number of PEPC PSMs increased to 1,983 at 15.5 h into the light and amino
acid sequence coverage increased by 16%. Similarly, PPDK sequence coverage
increased by 41% between 7.5 h into the dark and 15.5 h into the light, resulting in 2,358
PSMs.
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Fig. 3.8. Setaria viridiswhole leaf proteins resolved by 1D SDBAGE. The4i12%

SDS gel was stained with Coomassie Blue protein dyme 1 and lane 2 contained
protein and phosphoprotein standanmgspectively.10 ug of proteinwas loaded into

each lane, across four replicaf@s D) atthree timepoints: 7.5 h into the dark (HIA

H1D, lane 36), 4 h into the light (H2AH2D, lane 710) and 15.5 h into the light
(H3AT H3D, lane 1114). Lane number 8 did not contain any proteifhe gel was
imaged usin@ FLA-5100 with 635 nm laser excitatioREPC and PPDK are indicated
at109 kDa and 102 kDa, respectively

Unlike PEPC and PPDK, the recovery of NAIDRlic enzyme irSetariaviridis was

less consistent, but protein sequence c@eeracreased by 58% after the dark to light
transition. From the total 143 theoretical peptides, assuming a maximum of two missed
cleavages filtered above 500 Daltons, 48 peptides were identified in NdAdP
enzyme from the 7.5 h into dark extracts; thisreased by 13% after plants were
illuminated for four hours, and then again by 2% towards the end of the photoperiod. The
number of PSMs increaseddd from 228 to 1,179 after 15.5 h illumination; however,
this large difference was due to the increlsesolution of observed peptide spectra

rather than an increased number of total observed peptides.
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Table 3.3. Summary of proteinsinvolved in C4 photosynthesigdentified by MS/MS.
Accession numbers, protein mass (kDa) and the calculated isogbedtti¢pl) obtained
from the UniProtKB protein database.

UniProt Mass

Protein name Accession (kDa) Calc. pl
Alanine aminotransferase K4A868 09.3 8.09
K3ZSXO0 53.2 7.64
K3YSB2 50.2 8.63
K3XHJO 50.2 8.68
Aspartate aminotransferase KAAG31 16.1 >.01
K3Z6L1 44.6 6.28
K3YSM6 47.6 6.84
K3XHZz4 47.3 8.22
K3XWW9 47.9 5.31
Enolase K3Z681 47.9 5.81
P42895 48.1 5.97
P26301 48.0 5.33
K3YHB4 52.8 6.68
NADP-dependent malate dehydrogenase K37T87 493 6.35
K4ACE3 355 6.09
K3ZU36 40.8 7.59
NAD-dependent malate dehydrogenase K3Z7W1 34.3 7.39
K3XJIN7 355 7.85
K3Z7Q4 355 8.10
K3XG11 63.8 7.15
. K3XFW4 65.1 6.16
NADP-dependent malic enzyme K3XEHG 70.0 6.77
K3ZRI5 69.4 6.51
K3XV32 109.9 6.34
Phosphenobyruvate carboxylase K3YPNG 1098 6.20
Pyruvate, phosphate dikinase K3Z3Q6 95.7 5.12

Smaller sized or less abundant proteins in the leaf at the time of harvesting showed
lower number of PSMs and below 50% sequence coverage on average, suggesting that
analyte recovery may have been overwhelmed by large quantities of more abundant ions
(peptides) from PEPC and PPDREP carboxykinas€®EPCHK was not identified in any

of the Setara viridis leaf lysates but 38% of the total sequence was observed in
Megathyrsusmaximusat 7.5 h into the dark and 4 h into the ligltble 37) using a

similar experimental approacfio evaluate the subset proteins that ugden vivo

phosphorylationgels werestained with ProQ Diamonphosphoproteirgel stain The
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light-dependent phosphorylation of PER@s evident in illuminated leaf lysates,
whereas no banding was observed in darkened leaves (FigureC8rdjersely.the
phosphorylation oPPDKwas moreprominent at 7.5 h into darkhe phosphorylation
pattern of PEPC and PPDK at 4 h and 15.5 h into thewghktess consistent across the
biological replicatesand there waso distinguishable pattern of ligdependency
between the light timgoints Phosphoprotein profiling using 2D gelBigure 3.10)
concurredwith Figure 3.9and showed that PEPC phosphorylation increased from dark
to light, while PPDK phosphorylation remained constant throughout the 16h light and 8h

dark cycle.

Pre-Dawn Photoperiod

~<——PEPC
~<——PPDK

Phosphoprotein standard (kDa)

45 — -

Fig. 3.9. Fluorescence stained gel showinghosphorylated proteinsin Setaria viridis
10 pg of protein from 7.5 h into the dark h and15.5 h into the lightvereresolved
usinga 12% SDS gelAfter electrophoresisthe gel wasstained with ProQ Diamond
phosphoprotein fluorescergel stain 8 pL of Pe p p e r mi rphoSphoprotéinE
standardwas loaded into lan2 (lane 1 is not shownPhosphorylation of PEPC and
PPDK is indicatedThe gel wawisualisedwith 532 nm laser excitation.
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Using tandem mass spectromefPEPC was confirmed tondergo phosphorylation at
Serll (Figure 312A, residues 017, HHSIDAQLR), strictly after leaves were

illuminated. However, duing validation experiments, triply chargecphosphpeptide
ion (residues 217, ASKPVEKHHFSIDAQLR, vz 604.99 was observedbur times in

7.5 h into the darlprotein extractgTable 3.7) The phosphorylation of PEPC at 7.5 h
into the dark was not evident from the phosphoprotein staine¢(Fggire 310) and
presumablyemairedpresenin the dark perioédsanintermediae PEPC isoform during
the light to dark transitionwWhile the phosphorylation at S&éf in PEPC generally
exhibited a strict lightlependentegulatory mechanispPPDK phosphorylation at Thr
462 Figure 315, residues 459470, GGMSHAAVVARwas identified in everyleaf
samplemixture, irrespective othe harvestingime-pointin Setariaviridis andSorghum
bicolor leaf lysates Additionally, the phosphorylatiorat Ser463 was detected four
times although inlow confidenceat 7.5 h into darkn validation experimentasing a
1% FDR (Table 36). The phosphorylatiorof Ser463had not been identified Betaria
viridis protein extracts.In total, 69 putative phosphorylatiorsites from key G
photosynthesis enzymesSetariaviridis were identifiel by LC-MS/MS (AppendixA):
12 sites inalanine aminotransferas@ sites inaspartate aminotransferase8 sites in
malate dehydrogenase0 sites inNADP-malic enzymeseversites inPEPCincluding
the identified phosphorylation at S&6 in Zea maysandeightsites inPPDK including
the phosphoryl@gon identified at Th527 inZeamays
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3.2.2Phosphenobyruvate carboxylasghosphorylation

Seven phosphorylation sitggigure 311) were identified inSetaria viridis PEPC
(K3XV32), including the phosphoserine describe@@amaysPEPC(P0471). PEPC

2 (K3YPNG6) was also identified in Setara viridis, but despiteconserved active site
residuesthe extent of similarity betwedtEPC2 andthe G PEPCwasnot investigated
Furthermorethe N-terminal phosphopeptideasnot detectedn PEPG2. Based on the
phosphoproteomic data and information obtained from the UniProtKB database,
candidate proteiiK3XV32 wasselected as the true counterparZzeamay®Cs PEPC
primarily because of 1) the fully conservBegerminal phosphopeptide which bears th
phosphorylagd regulatory site described ibeamays 2) higher sequence similarity to
Zea maysPEPC and 3more substantial peptide recovesuggesting thaPEPCis
relatively more abundant ieaf lysateshanPEPC2 (Table 35).

PEPC sequence information was obtained from the UniProtKB database, aigingd
Clustal Omega and illustrated to scale as Figure &éfjuence similarity betweety
PEPC inZea maygP0471) and PEPC inSetariaviridis (K3XV32) is 84% covering
814identical positionswhich is close to the 83% similarity between PEPC and PEPC
2, whereas similarity between PERGNd P04711 is slightliower at 80%, based on
781 identical position®ll phosphorylated residues, except for-3&8 inK3XV32, are
conseved in theZeamaysCs PEPC. PEPC iSetariaviridis was phosphorylated at Ser
11 (Figure 3.12A, residues 97, HHSIDAQLR) after the onset of light and remained

phosphorylated until the end of the photoperiod (Table 3.4B). WhildSéPEPC2,
residues 918, HQSIDAQLR) corresponds to Serl in PEPC, it was not
phosphorylated. The phosphorylation of-88rof PEPC occurred strictly after the onset
of light and corresponds to S26 in PEPG2, which was phosphorylated at the same

time-point.
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The phosphorylatins at Ser25, Ser378 and Thi379 were present in illuminated
conditions but absent in darkened leaves. Conversalyphosphorylation at Sef52
(Figure 312B, residues 748757, LNIG SRPAKR solely occurredin darkened leaves
and was not iderified in illuminated leaves.As shown in Figure 3,9 the
phosphorylatiosat Ser180(Figure 313A, residues 180189, SLLQKHARIR andSer
702 (Figure 313B, residues 68808, FTAATLEHGMHPRBPKPEWRoccurredin
darkened and illuminated leaves and sbdwno light-dependent regulation.
Additionally, the lightdependent phosphorylatisof Thr-658 and Thi820 occured in
PEPGC2, butthe corresponding residues in PER&enot phosphorylated.
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3.2.3Pyruvate, phosphate dikinaghosphorylation

Eight phosphorylation sites were identified 8etaria viridis pyruvate, phosphate
dikinase (PPDK,K3Z3Q6), including the previously described phosphopeptide at
position Thr527 inZea maygRoeskeet al., 1988, which corresponds to TH62 in
Setariaviridis (Figure 314). The extent of sequence similarity betwd€3¥3Q6 and
P11155 is 83% covering 786 identical amino acid positions, including all identified
phosphorylated residue$he phosphorylation at TH62 (Figure 35, residues 459

470, GGNMISHAAVVARoccurred at 7.5 h into the dark and 4 h and 15n8adthe light
suggesting that PPDK phosphorylation at -#62 may be under more extensive
regulation rather than being simply induced by the darlgtd transition. Based on the
ratio between the phosphopeptide and its unmodified counterpart, as a relative
guantitative measure, the phosphorylated phosphopeptide was obsertéghen
amounts in 7.5 h darkened leaves than in illuminated leaves. Aside Thr462,
phosphorylatioa at Serl04, Set394 and Th593 (Figure 3l6, residues 584697,
AVRQMIMAPLELR) occurred at 7.5 h into dark, whereas the phosphorykidihr-

557, Thr704, Thek721 and Thi753, occurred gutly after the onset of light.
Additionally, the phosphorylatianat Thr753 and Thr462 wereidentified in the

phosphopeptide enrichment experiments.
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3.2.4NADP-dependent malic enzynphosphorylation

Four NADP-dependent malic enzymproteins were identifiedn Setaria viridis:
K3XFH6, K3XFW4, K3XG11l and K3ZRIYTable 3.3. Compared to the primary
NADP-malic enzyman Zea may$P16243)K3ZRI5 is 36% identical while the protein
sequence similarity between P16243 &3KFH6, K3XFW4 and K3XG11s higher at
83%, 70% and 75%, respectivelin addition, NADP-malic enzymeK3XG11 was
approximately 6dold and 535fold more abundantidarkenedeaf lysates thak3ZRI5
andK3XFW4, respectively (Table 8). Using a standard MS approach without enriching
for phosphopeptide21 phosphoylation sitesin NADP-malic enzyme were identified.
Five putative phosphorylation sites were identifiedKBXFH6 during the light time
points, of which three were significant (Xcorr > 2.15). The phosphorylation at2Ser
(Figure 3.18, residues 41430, VWLVDSKGLIVSR) correspnded to the
phosphorylationat Ser380 in K3XFW4 and Sei363 in K3XG11 (Figure 3.17).
Although, the phosphorylatienat Ser373, Ser379 and SeB80 in K3XFW4 were
identified in separate experiments, the phosphopeptides and phosphorylatioresites
not significant. Furthermore, the triply phosphorylated peptide was not detected in the
light samples.
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3.2.5Alanine andaspartate aminotransferagphosphorylation

Seven phosphopeptides were identified in alanine aminotransferase, ofshwére
significant (Xcorr > 2.15)In total, 12 phosphorylation sites were identified in alanine
aminotransferase (Figure2B). Reoccurring phosphorylatisroccurred at Thl67 and
Ser189 Figure 3.19residues 166190, ATGAYSHSQGIKGLRDAIAAGIER) in 7.5

h into dark and 4 h after the onsetlight andremained phosphorylated until 30 min
before the dark period. The phosphorylasiah Thr57, Ser-62, Thr-203 Ser-207, Thr-
288, Ser290, Ser322 and Ser-326 occurred in illuminated leaves, whereas the
phasphorylatiosat Thr-167, Sr-189and Sei206occuredin darkened and illuminated
leaves. Only one putative phosphorylation site, at28&; was present in darkened
leaves. Conversely, aspartate aminotransfevesephosphorylatecat more residues
during the dark period. Seven phosphopeptides, of the nine identified in aspartate
aminotransferase, ave significant (Xcorr > 2.15 he phosphorylatianatSer10, Ser

11, Ser99, Ser266, Ser273, Ser341and Ser391, were only found in darkened leaves,
whereas the phosphorylat®af Ser300, Thr394 and Thi397 were only present after
illumination (Figure 31).
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Fig. 3.19. Peptide spectrum showing alanine aminotransferase phosphorylatisat Thr-167 and Serl89. Alanine aminotransferageeptide
spectrum showing the ion fragmentation pattern of residuasl®6§above spectrum) along its magsharge (V2) ratio. Charge of the peptide
is indicated by the blue numbabove the peptide seence The detected+tand yions (including loss of KD, 18 Da and loss of (RP ' 80 Da)

are indicated in green and yellow, respectively. Putative phosphorylation sites highlighted iN-sxktylation.
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3.2.6Phosphoglyceratmutaseand enolasehosphorylation

Three phosphopeptides were identified in phosphoglycerate miax&X0), one of
which was detected in the phosphopeptide enrichment experiffiaiie 34B). The
phosphorylation at Sek09 (Figure R2A, residues 98120,AHGTAVGLPSDDDMGN
SEVGHNALGAGHRCccurred in 4 h and 15.5 h illuminated leaveSefaria viridis and

during phosphopeptide validation experiments, the phosphorylation was detected in three
replicaes of 7.5 h darkeneSetariaviridis and Sorghumbicolor leaves(Table 36 and

Table 37). The phosphopeptidevas not detected in darkened leaves in previous
experiments. Additionally, the phosphorylatsoat Sef520, The527 (Figure 322B,
residues 52649, SGGIQIL TSHTLQPVPVAIGGPGLHPGVKFd€curred at 7.5 h

into the dark period and 15.5 h into the photoperiod, wete absent 4 h after
illumination. Either Seb28or Thr-530 could be phosphorylated in 7.5 h darkened and
15.5 h illuminated leaves, but thdentified sites were not significanP (< 0.75).
However, based on a 240.9 Da mass shift between the identified phosphopeptide and the
unmodified counterpart, the peptide (residuesi 529) could betriply phosphorylated

in darkened and illuminated lease

Two enolase proteins with 90% sequence similafBBXWW9 and K3Z681)
represented as Figure 3,%vere identified inSetaria viridis The 7.5 h into dark and 4 h
into light phosphorylation at Sd21 K3XWW9, residues 11132,
LGANAILAVSLAVCKAGAMYKorrespondd to the phosphorylatiorat Ser120
(K3z681, residues 11233 LGANAILAVSLAVCKAGASIKKIin an almost identical

phosphopeptidélhe phosphorylation of S€r29 wasonly present in proteifiK3Z681,
while the phosphorylatiaat Thr334 and ThH337only occurred in K3XWW?9.
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Fig. 3.22A. Peptide spectra showindhe phosphorylation at Ser109 (residue®93i 120)on phosphoglycerate mutase irsetar
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3.2.7Phosphopeptide validation

To validate thegphosphopeptides that may be under lidapendent regulatioproteins
between 110 kDa and 50 kDa from darownSetariaviridis plantswereanalysed using
amodifiedmass spectrometprotocol.Gradient lengths were optimised for the analyte
and the resulting peptide spectra were searched a&atesia italicaprotein sequences
using MaxQuant Stringent tolerances were sefor the classification of class |
phosphopeptideandthe FDR was set at%. Additional validatiors werecarried out in
two other G speciesSorghum bicolo(Table 3.7) and Megathyrsus maximud able
3.8). The degree of reproducibility giutativephosphorylation siewasdetermined by
thetotal number of timegachphosphorylatiorsite wasobserved across four biological
replicates Eight phosphorylation sites were validaied’.5 hdarkenedSetaria viridis
leaves (Table3.7). Phosphoglyceratemutase was phosphorylagd at Serl7 in
Megathyrsus maximu@able 38), Ser81 in Sorghum bicolor(searched againgea
maysproteinsequences) and S&09 inSetaria viridis(searched againStetariaitalica
protein sequencesYhis phosphorylationvas detected in several experimergi&ble
3.4B; Table 36; Table 37; Table 38).

114



Q1T

v'e - - - 1690 - - - vJoT 982S YdNOHAHADDNMS890)S
A
- - - G9T - - - 860 701 80.S JI6SAddHNSOHITLYV.LL TT.tv0d Jd3d
. . . . . . B HOVOTVNHOA
panlasqo
P4 €4 29 T1H sawi] °npIsay apndadoydsoyd uoIsSSa20y  uIsloid

Aljigeqo.d uonesijeoao

9JualalJIp al03S

SaAea}I0]021q wnyblospauayiep Y G /2 Jouonepijea apndadoydsoyd '€ ajgel

6YS 98T /00 GS.¥ |8.0 090 050 ¥.0 vOy  €9VS HVAAYYHBLOGNDD  90€ZeM  Mddd
95'GZ 98'6F ST'8Z 2LVZ |660 660 660 660 V10V TIS  Y1OVAIMBHNIADISY  CEAXEM  Od3ad
. | . . . | . . . - HOVOTVNHOA
Tégy | 0T'Sy 1829|660 | 660 660 VI0E  60TS SEENAQASHIoAYIOHY — OXIXEM NOd
PaAIaSqo
pd €4 2zd Td| ¥4 €4 ¢4 1 sowr °nPIsaY spndadoydsoyd UuoIsse2dy  UIB10Id

9oUaJayIp 81003 Aljigqeqoud uonesieaoT

'/"89|ge | ul a1aojodiq wnybiag paynuapl sepndadoydsoydpaulispun ase
sa1Is uonejAioydsoyd arepipue) (1) saredljdal Inoy ssoioe (Quesliubis SI G gip 8109S) sanjeA asualayipalopue (uesliubls s1 G20 < d)
salljigqeqold uonesijeao| Aq uaalb are sapndadoydsoyd| sse|) sanes| sipuiAeLRIagausyIep Y G°/ 104 uoneplfeA spndadoydsoyd ‘9°€ s|jge L



91T

€dl 9S00 /G'SSTT 9G°9€2T G-8S ‘7-IUL HVYAAVVYHE 0SEQNDD Y2 1e GGTTTd Mddd

2dl /9£00°0 LS'GSTT 9G'9¢2T s7-IUL HVYAAVYVYHSMNDD TE'EC GSTTTd Madd

€dl ¥2£00°0 ¥G'G/0T €G'OGTT €-18S Y1OVAITSHH 92°ST TT.v0d 2d3ad
. . . G-yl d333sIvvv4ls -, .

edl €£¥0°0 8T'6T1¢C L1°00G¢2 10 Y-IUL YYOONId6r 0160 0L AVED O)a 2L 0L €9e62ece  MOd3ad
. . . N da33sivvy -, .

€dl 98000 9T'S01¢ T1°99G¢ JUL'TI9S VS LYOaNIdLES Ol B 0)S 2.0. €9€62EEE  MOd3ad

€dl 2800 G'€18 Y68 T-18S Md11dv(T)S 28°0¢ 0Z1S60  MOd3d

Z2dl 8200 G'€T8 SY'v768 T-18S Md11dv(T)sS 2802 0Z1S60  MOd3d

£dl 685000 1Zv0/2 021082 LT-19S HOVOIVNH oo-pm 2610€d Nod

OAINDINAAASATOAVLOHY

(eg)ssew  (eq)  epnded spndadoydsoyd

(%)

UOISS329 uIa)ol
abeiano) : v 19101d

anjea-3  oidolosiouoy .HWN Ul uonisod

Aq paredipul are saus uonejAioydsoyd BulNdd0ayIURINIUBIS SI GO'0 >aNnjeA-Tue a1sym snjensg) Ag usAlb sI 9ouspluUOd [ednsnelS

"umoys aJe apndad paiipowun ay) jo (eq) ssew dldojosiououwsyl pYRI),uol Josindaid pareuolosd ayl Jo SSew palenojed ay uedyiubis sl
G/9084M ‘pl1oe oulwe paljipow ayl Jo 1ybi syl 01 sasayualed ul paredipul assddiiqeqold uonesijeao| a1s uonelioydsoyd aduanbas
apndadoydsoyd ay) seam@ipow a8yl Jo uonisod ayl Aq parelouue ate salls uolejAioydsoyaislold yoes 1oy paredipul si(9500T JO 1N0)
abelanod aosuanbas ulelogHoydsoyd buisn paulwiarp suwonejAioydsoyd pue | ODSVYIN Buisn saouanbas uisjoghwixew snsiAyreba|n
puesAg@aarpue gM10idiun 1surebe payaleas alam enoads spndad [eluswnadxgsselb eauinsshwixew snsiAyrebanul paynuapl salls
uonejAioydsoyd joA0N SnwixewsnsiAyieBaJ0 SaARa| paleulwn||l Y 7pue pauayiepy G 2ul paynuapl sals uonejfioydsoyd ‘g€ ajqel



3.3Discussion

3.3.10vercominagthe challenges of phosphoproteomics

Phosphorylated proteins account for approximately 0.1% of the proteome and
phosphorylated peptides are difficult to detect because of their lower abundatige rel

to unmodified peptide&Seo and Lee, 2004; Ticley al, 2011) To increase the recovery

of phosphopeptides irSetaria viridis, protein extracts were first subjected to
phosphopeptide enrichment usifi.. TiO2 enrichmenivas specifically chosen due to

its low-cost, high specificity for phosphorylation sites and tolerance towards a range of
detergents and buffergadily used during protein extractiosichy et al, 2011)
However,phosphopeptide enrichmentSetaria viridiswas not successful, possibly due

to low protein concentrationdn plant cell lysates which led to suboptimal
phosphopeptide binding-uture approaches may need -freetionation usingstrong

cation exchangehromatographyand multi-step enrichment techques to gradually
reduce proteome complexiZhao and Jensen, 2009; Fila and Honys, 20L&
quality spectra and high background noise indicate that there may have been
contamination from unspecific binding durittgeenrichmentFigure 3.24)While TiO

Is highly selective towards phosphopeptides, acidic wvesidor negatively charged
contaminants may have bound to the resin instea@luting with phosphopeptides
Phosphopeptide signal suppression was evident with most of the phosphorylation
profiles inSetaria viridis including the PEP®I-terminalphosphopeptide (Figure 3.24).

The majority of phosphopeptides identified by Tighosphopeptide enrichment were
singly phosphorylated (Table 3.4, 3.6), while containing several serine and threonine
residues that were not mistaken as putative phosphorykitis, which is likely to occur
when sitedetermining ions are absefftauset al, 2011) The presented data suggests
that phosphorylation sites were correctly assigned despite loss of phosphopeptide
resolution. The use of phosphopeptide enrichment, however, for this analytical approach
was not #icient mainly due to low peptide recovery, resulting in approximatei\p8ao

of protein sequencdxing absent.
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Insufficient fragment ion information from mass spettirsderedphosphorylation ¢
assignmentin Setaria viridis While the observation was more notable after
phosphopeptide enrichmetgss abundant ions the analyteshowed diminished peptide
resolutbn acrossall experimentswhich not only affected PTM assignment but also
made it difficult to properly infer proteins adistinguish protein isoformsPTM
assignment waslso hindered by alow abundance of phosphopeptides sample
mixtures It is not krown at which stagehe loss ofphosphopeptidesccurred but
addition of protease and phosphatase inhibitors in subsequent protein extracts contributed
to increased phosphopeptide recovemnyphosphopeptide enrichmenstrong binding
affinities between miltiply phosphorylated peptides and the enrichment resin may have
made it difficult to eluteseveral phosphpeptides.Phosphopeptide elution can be
increased in future studies by optimisitige pH of the peptide elution buffesince
phosphate groups coiltute to the solution charge, affecting the elutdiciencies of
phosphorylated peptidgVillen and Gygi, 2008) While subsequent analyses did not
include a phosphopeptide enrichment stegentains clear that to counter the effects of
substoichiometric phosphorylation, plant cell lysates should undergo several steps to
reduce sample complexity and redwsphosphorylated peptideshich cansupress

signak from the modified counterpast

Singly and multiply phosphorylated peptidesthe mixturecan alscaffectthe overall
elution ofphosphopeptide In these experiments, proteins were digested with trytpsin
guarantee the presence of either lysine or argigjeeerating peptides of basnature,
which aidthe elution of singly phosphorylated peptideter theirdephosphorylated
counterparts, reducing the loss of phosphopeptidesig the early stages of tHeow
gradient (Steenet al, 2006) The effects argeversedin the presence of multiply
phosphorylated peptideandmay be lost due to theredominantly negative charge.
multiply phosphorylated peptides, the rate of peptide hydrolysis by trgpsprdecrease

if phosphorylation sites are in proximity to the cleavage ($ttgure 325), increasing
peptide lengths, thereby increasitige numberbasic residues, whictay courter the
effects of multiply phosphorylated peptidg&chlosseet al, 2001; Steeret al, 2006)
Phosphopeptides could also be lost due to lower ionisation efficiencies, but in a similar
approach using ESIC-MS/MS, phosphopeptides showed better ionisation and
detection efficiencies than dephosphorylated pepfi@t=nret al., 2006)
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Trypsin P Trypsin

"HN-ATSKGGMTSHAAVVARLTS-COOH

P

p Trypsin Trypsin

©

B Trypsin
—

"HN-ATSTSKTGSKDTAAS

GLTS-COOH

Fig. 3.25. Schematic showing trypsin inaction due to a phosphorylabn sitealong a
peptide. A) Tryptic digestion of a phosphopeptide (underlined) showing cleavage sites
(red lines) alysine (K) and arginine (R)'he ghosphoylation site is indicated by M)
Hypothetical protein peptide digestion affected by phosphorylation nel¢dawvage site

(K). Red lines crossing peptide sequence represent a successful clebagive
charge( ); positive charge (+)

The light intensity for these experiments waaimbained at 350 pmol ths' 1, whichwas
apprximately sixfold lower thanthe intensity offull sunlight (Peri et al, 2009)
Although this may havéad minimaleffect on proteins that undergo ligipendent
phosphorylation, enzymes that are regulated by mooeplex light-intensity
mechanisms, like PPDKChenet al, 2014) may have been less phosphorylaaeéey
regulatory sitesafter the dark to light transitioror visaversa Therefore, these
phosphorylationsnay have been more difficult to detect because of their low abundance
in the analyteln addition to this, iyen that the rate of photosynthearsd activity of key
enzymes could be affected by lower light intensities (Figure 3se®sequent enzyme
kinetic experiments described in Chapter 4 and Chapter 5 were conducted using plants

grown at900pumol m?s't,
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Full sunlight

l

Rate of photosynthesis

>
Irradiance

Fig. 3.26. Model relationship between irradiance and rates of photosynthesis insC
plants. Low rates of photosynthesis are observed when-iigansity is low.Rates of
photosynthesis increase with increasing light intensittehematic is adapted from
experimental data collected Milner and Hiesey (1964 ndBrautigamet al. (2014)

Aside from experimental difficulties for PTM assignment in plants, incomplete or poorly
annotatedlatabaseaffectprotein identificatior(van Wijk, 2001; Abdallalet al, 2012)

In UniProtKB, here are cuently 267 unreviewed protein entries and 17 reviewed entries
for Setaria viridis compared to 40,779 and 27 entries, respectivethgBetaria italica
databaseChoosingSetaria italicaprotein sequences as the target database for this study
was essential fathe identification of proteins from MS/MS peptide specithough
peptide spectrérom Setaria viridiscoud be searched against the wafinotated and
larger Zea maysprotein segences,Setaria italicais more comparable due to high
genome similarit{Bennetzeret al, 2012) Initial experimental data was searched using
MASCOT andNCBI green planfrotein sequence$Vhile the advantage of using a
larger database and filtering peptides using a narrow mass window may assist in
increasing protein identification, tidbase search times were substantially longer and did
not yield significant resulisasthe probability ofpeptide spectranismatchesncrease
(Hsiehet al, 2010) There were similar issues with tis®rghum bicolomdatabase in
UniProtkKB and resulting MS/MS peptide spectra were searched agairdtdhaays
protein database, which aided the identification Smirghum bicolorproteins and

subsequent misphorylation site assignment.
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3.3.2Phosphorylation of phospboobyruvate carboxylase

In Zea maysand Sorghum bicolagrthe regulatory phosphorylation of PEPC occurs at
Serl5 and SeB respectivelyJiao and Chollet, 1990; Jiaat al, 1991; Cholletet al,
1996; Vidal and Chollet, 1997However, regulatory phosphorylation of PEPC at
additional serine or threonine residusss not beendescribed Using a nortargeted
approach inSetariaviridis, sevennovel phosphorylation sites were identifi¢Bigure
3.27) PEPCphosphorylationn Setara viridisincreasd after illumination(Figure 3.10),

but this may be due to increased content of PEPC through the photgpsriod PEPC
content in leaves can vary in response light inter{Sitsgcket al, 1969; Hatch, 1987)
Also, increased PEP content was only discernible from 2D geling80 ug of total
protein (Figure 3.10)and not 1D gelsising 10 pg of total protein(Figure 3.9) and
phosphorylated PERGn darkened leaves may be in very low content to be detected by

phosphoproteistainirg.
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RTDEIRRAQPTPQDEMRYGM
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ANEPYRVVLGYVRDKLYSTR
*k
460

GLSMVKLDIRQESERHTDVI
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Active site
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A
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ERSRHLLTSGFSDIPEDSAF
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Fig. 3.27. Phosphorylation of PEPC fromSetariaviridis. Cleavage sites at lysine (K)
and arginine (R) are highlighted in red. Phosphorylation sites indicated by asterixis.

*

Active sites are indicated. Sequence annotatedRABT Ainotate.
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The phosphorylation at Seirl (residuesial7, HHSIDAQLR) in Setaria viridis which
corresponds to Sdi5 inZea maysoccurred after illuminatio@liao and Chollet, 1988;
Baileyet al, 2007) The phosphorylation of Sd1 in darkened leaves was only detected

in a largemeptide (residuesia7, ASKPVEKHHBIDAQLR), suggesting that a missed
cleavage at Ly8 could be affecting the retention of this larger phosphorylated peptide,
as depicted in Figure 3.25. Furthermore, the identification of phosphorylation sites at
Ser25, Se-180, Ser378, Thr379, and Ser52 could be affected by the proximity of
cleavage sites (Figure 3.27). In fact, all these phosphorylation sites were detected in
phosphopeptides with two missed cleavsaged i is possible that small phosphopeptides
werelost during analysis.

SI1 S25
| |
Setaria italica PEPC = -—------ MASKPVEKHHE IDAQLRLLAPCKVEEDDK
Setaria italica PEPC-2 = ------ MTCKAPMERHQS IDAQLRLLAPCGKVESEDDK
C Zea mays PEPC ---MASTKAPCPCEKHHE IDAQLRQLVYPCGKVEEDDK

4| Zea mays PEPC-2
Sorghum bicolor PEPC
Flaveria trinervia PEPC
Flaveria pringlei PEPC
C Triticum aestivum PEPC
31 4 rabidopsis thaliana PEPC
Oryza sativa PEPC

Setaria italica PEPC
Setaria italica PEPC-2
C Zea mays PEPC
4 | Zea mays PEPC-2
Sorghum bicolor PEPC
Flaveria trinervia PEPC
Flaveria pringlei PEPC
C._ | Triticum aestivum PEPC
3| Arabidopsis thaliana PEPC
Oryza sativa PEPC

Setaria italica PEPC
Setaria italica PEPC-2
Zea mays PEPC

C4 Zea mays PEPC-2
Sorghum bicolor PEPC
Flaveria trinervia PEPC
Flaveria pringlei PEPC

C Triticum aestivum PEPC

3 | Arabidopsis thaliana PEPC

Oryza sativa PEPC

----- MAALGPKMERLSS IDAQLRMLVPCOKYSEDDK
——————————— MPERHQS IDAQLRLLAPCKYSEDDK
------- MAMRNLEKLAS IDAHLRLLYPCGKYSEDDK
——————— MANRNLEKLAS IDAQLRLLYPCKYSEDDK
MALSAPCGGSCKIERLSSIDAQLRLLYPARKYVEEDDK
——————— MANRKLEKMAS IDVYHLRQLVPCRKYSEDDK
———————— MACGKVEKMAS IDAQLRMLAP AHREEDDK

S378 T379

o
EFWRQLPANEPYRVY LGYYRDKLYETRE
EFWKOQYPPMNEPYRV | LGDYRDKLYYTRE
EFWKQIPPNEPYRVILGHVRDKLYI RE
EFWKKVPPNMEPYRY I LSDVREDKLY FE
EFWKQVPPMNEPYRV I LGDVREDKLYYTRE
EFWKOYPPTEPYRV I LGDYREDKLY FE
EFWKOVPPTEPYRY | LGDVRDKLY FE
EFWKKYPPNEPYRY | LGDVRDMNLY R.E
EFWKSIPTTEPYRY | LGDYRDKLY RE
EFWKKYPPSEPYRVY LGDYRDKLY RE

S7|02

FTAAT LEHGMHPPYEPKPEWRALYMDE | AAYATDEY
YTAATLEHGMHPP ISP KPEWRALYMDEMAL VATHKEY
FTAAT LEHGMHPPYEPKPEWRKLYMDEMAVYATEEY
FTAATLEHGMHPPMNAPKPEWRALY LDEMAVYVATEEY
YTAATLEHCGMHPP ISP KPEWRALYMDEMAYVATKEY
FCAAT LEHGMMNPP ISP RPEWRELYMDOMAVY ATEQY
FCAAT LEHGMNPP IEFRPEWRELYMDOMAVYATEEY
FTAATLEHGMEPP IEPKPEWRALY LDEMAVYATEEY
FTAATLEHCGMEPP I EPKPEWRALY LDEMAVYATEEY
FTAATLEHGMHPP | APKPEWRALY LDEMAVY AAKGCY

Fig. 3.28. Alignment of PEPCs from G and Cs plants. PEPC and PERE
(housekeeping enzyme) are aligned and the phosphorylation sites identiiethria
viridis are shown. Phosphorylations identified in illuminated leaves higfeldyyellow
and phosphorylations found in both light and daghlighted in blue and yellow. Similar
residues highlighted green.
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Serll is conserved in majors@nd G plants (Figure 3.28and it mayhave similar
regulatory properties iBetaria viridisas it daes in closely related{plants. In addition,
Serll may bea substratéor PEPC kinase. The ngrhotosynthetic PEPC inz®lants
undergoes regulatory phosphorylatiom vitro and in vivo by the light and Ca*-
dependent PEPC kinase at the invaridttrminal serindWang and Chollet, 1993; Duff

and Chollet, 1995; Let al, 1996; Zhang and Chollet, 199%hich suggests that these
regulatory mechanismare conserved in plant species, butether these regulatory
mechaisms extend to othehighly conserved residues like S5 or Thr379 is
unknown. The position of conserved positively charged lysine and arginine residues
around putative phosphorylation sites could also act as recognition binding sites for
PEPC kinaséUenoet al, 1997)

Asn-384

Al

Ser-708

Gly-646

Fig. 3.29. Zea mays PEPC annotated with phosphorylation identified in Setaria
viridis. Annotated residues (red markings) correspond to the phosphorylated sites
identified in Setariaviridis. C1 indicates the region important for catalysis and PEP
binding. Cyan lines and markers indicate active si@sen line indicates the
phosphorylated &-378 residue irSetariaviridis, which corresponds to As384 inZea

mays Blue tubes are alpha helices and yellow arrows show beta dPe#tsn structure
takenfrom Matsumureet al.(2002)
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Using the PEPC structure frofieamays the positions of the identified phosphorylated
residues were determined (Figure 3.29). Using this model, residue384si hr385
and Sei708 (corresponding to S&78, Thr379 and Sei02 in Setariaviridis), are
exposed and could be readily phosphatsti by kinases, whereas residues18& and
Ser758 (corresponding to S&B0 and Se52 inSetariaviridis) are less accessiblie.
Arabidopsisthaliana, phosphorylation of the <form PEPCoccurs atSer704 (de la
Fuente van Bentest al, 2008) which corresponds to S&02 inSetariaviridis, butthis
residue is not kkown to be phosphorylkadiin C4 speciesandcould be a determinant for
Cs-specific PEPC functioas previouslyoundfor Ser774 inFlaveria speciegBlasing

et al, 2000; Jacobet al, 2008)

Fig. 3.30. Schematic model showing the @ive site of PEPC in higher plants The
phosphate and carboxylate of PEP interacts with positively chaygee (Lys) and
arginine Arg) residues.Active site inSetariaviridis at His172. Figure taken from
Andreoet al.(1987)
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More importantly,Ser752is conserved in all PEPCs aishear the active sitat His-
177 inZeamays or His172 in Setariaviridis, suggestingphosphorylatiorcould have
direct interaction with thearboxylation reactiorfKai et al, 2003) Furthermore, the
cavity between Hid 77 and Arg647, shown as C1 in Figure 3.29, allows for movement
of PEP during catalysi6Andreoet al, 1987; Matsumurat al, 2002) It is therefore
possible that the negative charge framearby phosphorylated residue (382) may
counteract the positive charge of A847 or Lys-606 (Andreoet al, 1987; Scheefét

al., 2009) Moreover, the phosphorylation of S&62 was only identified in atkened
leaves Phosphorylation at S&152 couldinfluencethe way that PEP interactstivthe
catalytic site.A phosphate interacting with the positively charged lysine and arginine
residues at the catalytic sigight alsoalter the shape of the catalytic poc&ethinder
the entrance of Mg and PEP into the active sibedisrupt the iteraction with histidine
and cysteine residues, as shown in Figure 3[B@s, together with the identification
solely in the dark perigduggests that phosphorylatiabh Se¥752 might correlatevith
PEPC inactivation in darkened leaves and regulate Rigihlg during the dark period.
This region of PEPC may also contribute tespecific function and contain regulatory

propertiegBlasinget al, 2000)

Additionally, the side chain of Sd85in Zeamays(Ser180 in Setariaviridis) may
interact with the side chasmof Arg-182, Arg183, Arg231 andArg-372 during the
allosteric binding of glucos8é-phosphatéBlasinget al, 2000; Matsumurat al,, 2002;

Kai et al, 2003) If Ser185 (Zea maysnumbering)is phosphorylated, the negative
charge of the phosphate group couddel the phosphate frogiucose6-phosphate, thus
affecting its binding to PEPGer180 is also conserved in alk@nd G PEPCs andni
Setariaviridis, Serl80 was phosphorylated in darkened and illuminated ledves
therefore possible that phosphorylation at 580 is a necessary structural component to
regulate activator binding, rather than prevenpromotebinding at one specific time

point.
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3.3.3Phosphorylation of pyruvate, phosphate dikinase

Unlike PEPC, the regulatory phosphorylation of PPDK at-#62 in Setariaviridis
occured in both darkened and illuminated leaves, as evident from phosphoprotein
stained gels (Figure 3.9 and Figure 3.10). In the phosphoprotein stained 1D gel (Figure
3.9), the PPB band intensity from darkened leaves appeared to be greatelP BiaK

from illuminated leavesThis was confirmed by relative quantitatiohThr-462, which
showed that the phosphopeptide wasigheramounts in darkenddavesUnlike PEPC,

there is litle indication whether the content of PPDK varied between darkened and
illuminated conditions, bu2D gels (Figure 3.103uggest that there was a higR&tDK
content per 80 pg of total protein in darkened leaves than in illuminated leaves. The
phosphorylabn of Thr462 in darkened leavas consistent with the regulatory site
previously identifiedin Zea mays(Ashton and Hatch, 1983; Chastagh al, 2000;
Chastain and Chollet, 2003; Chext al, 2014) Moreover, the highedegree of
phosphorylation at Th462 in darkened leaves is consistent with the inactivation
mechanism by phosphorylati¢Buddeet al, 1985)

The phosphorylann of Serd63 was also identifieth darkened leaves &etariaviridis
(Figure 3.6) but witha lower localisation probability?(= 0.78) when compared to the
phosphorylation at Th462 @ = 0.99) Additionally, the phosphorylation at Sé63was
also icentified in Megathyrsusmaximus(P = 0.50) in illuminated leaves. However,
despiteSer463 beingless accessible for phosphorylation, it is possible $eat163in
Setariaviridis, like in leaves oZeamays might be a substrate for PPERP (Chenet
al., 2014) In a previous study, the phosphoserine waentified in both active and
inactive preparations of APK, while the phosphothreonine was only present in the
inactive PPDK and althougBhenet al. (2014) identified Ser528 as a substrate for
PPDK-RP,the phosphorylation at Set63 inSetariaviridis may bethe result ofa non
enzymati¢ nitrogen to oxygen phosphoryl migrati¢Rlapinger and Wagn&lauregg,
1953; R#hlev and Rosenberg, 1956; Budsteal, 1985)
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Fig. 3.31 Alignment of PPDKsfrom C4 and Cs plants. Phosphorylation sites identified

in Setaria viridis are indicated. Phosphorylations identified in illuminated leaves
highlighted yellow and those found in darkened leaves highlighted blue.
Phosphorylations found in both light and dark highlighted in blue and yellow. Similar
residues highlighted green. Stiase binding sites highlighted in purple. F64
(Setariaitalica numbering)is the active site. Green triangle represents phosphorylation
of Ser528 identified inZeamays

Thr-704, The721 and Thi753 are conserved acrosg &d G plants (Figure 3.31)
however there is no indication that these residues are phosphorylated. Moreover, the
proximity of Thr753 to the metal binding sit¢Glu-756) could affect binding
mechanismsOf the phosphorylation sites identified, 462, Thr557 and Th753 are
closeto the catalytic site of PPDK and mmmfluence catalytic properties (Figure 3.32).
Thr-593, Thr721, Thr704 and possibly S&94 are exposed to the surface of the protein
andmaybe targets for phosphorylation. However, whether any of these putativest

regulatedcannot be determined from these data

128









































































































































































































































































































































































































