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Photosynthetic acclimation is the ability of photosynthetic organisms to respond to light irradiance by
adjusting the composition of the thylakoid membrane to maintain photosynthetic effiCiéecyork
described in this thesis utilises mass spesetry-based proteomics to quantify the changekytakoid
protein abundance thatcur during acclimation i\rabidopsis thalianaA novel strategy fotabel-
free quantitativethylakoid proteomicswas developed andombined with electron microscopy,
structured illumination microscopgnd various biochemical and spectroscopic analyses to further our
understanding of thylakoid proteome remodelling in resptm&svironmental conditiongirst, the
thylakoid proteomes of Arabidopsis plants grown under low, moderate andighigimtensitywere
comparedArabidopsisgrown outdoors in natudglfluctuatinglight conditionswere therinvestigated

to identify mechanismsparticulaty important for photosynthesisn the field Finally, the
phosphorylation mutantstn7 and tap38 the former previously reported as defective in long term
acclimation, grown under different light irradiancegeveubjeatdto proteomic analysjgs well as the
proton gradient regulation mutgmgrs. The results of this thesisvealed changes in protein abundance
associated with light harvesting, electron transfer altgild architecturand photoprotectiarSTN7 is

not essential foacclimationbutthe effects operturled LHCII (de)phosphorylatioron grana size ah
light harvesting are compensatedor by alterations ® photosygtem stoichiometry While
phosphorylation regulatelynamicthylakoid stacking proteomic analysis revealed change€WRT1

and RIQ1/2protein abundancessociated witHong term alterationsin grana sizeLow light plants
maintainfast relaxation of quenchinghereaglants acclimated tbigh lightintensityincrease their
capacity for linear electron transfandrapidinduction of quenchingConstant lightacclimated plants
favour PGR5/PGRLimediakd cyclic electron transfavhile those in a natural environment focus on
increasing NDH While individual changes inthylakoid protein abundancdave been studied
extensively in the pasthis data, which includes many regulatory pnogenot previously quantified,

provides a view of thylakoid proteome remodelling in unprecedented.detalil
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Photosynthesis evolved 3.5 billion years ago and now sustains nearly all life on Earth. In its earliest
form, bacteria gained the ability twonstruct an assembly of lighbsorbing pigmess and other
cofactors for oxidation/reduction on a protein scaffold in a lipid bilayer: a reaction centre. Protons
transferredacrossa membrangpowered byreaction centresreated a chemiosmotic gradient, which
couldbe used tgeneratadenosine trippsphate ATP), used in biosynthesikvolution of increasingly
complex photosynthetic systems gave rise to their divergence into two main reaction centtedgpes:

that use irorsulphur clusters, similar to photosystem | (PSI), nugse that transfedextrons through
pheophytin and quinone molecules, similar to photosystem Il (PSlI) of pldmse are termed type |

and type Il reaction centres, respectiv€lyanobacteria contain both reaction centre types, along with

an enzyme capable of harvestimgtons anctlectrons from the splitting of a water molecule using a
manganese clustefThis enzyme is known as the oxygen evolving complex (OEC) because of the
oxygen released as part of the wagplitting reaction.The evolution of oxygenic photosyntles
resulted in a dramatic change in the Earthoés at
first eukaryotic organism#n endosymbiotic event, 662000 million years ag@cFadden and Van
Dooren,2004) whereby a cyanobacterium was taken up by a eukaryotic cell led to the evolution of the
chloroplast, the site of oxygenic photosynthesis in algae and higher éniesthe chloroplast retains

its own small circular genome, endosymbiotic genengfar over time means that the majority of

chloroplast proteins are now encoded by the nucleus.

Integral to human life, plant photosynthesis provides us with all of our foodanaot of ourfuel,

making it a vital area of research within the context ofanging environment, an increasing world
population, and the consequent strain on agriculRietosynthesismitheplant chloroplastnvolves

the capture of light energy from the sun to produce ATP and redigcegthamide adenine dinucleotide
phosphatgNADPH) in order toconvertatmospheric C®into complex organic compound$he

structure of thechloroplast consists of a double envelope surrounding another continuous enclosed
membrane structure known as the thylakoid membrane in an aqueous enviroalieenihe stroma.

The stroma contains the enzynthatc ar ry out t he 6dar-BensorBassham ons 6
cycle(CBB cycle)for COf i xati on whereas the thylakoid membr a
It is important to note that bothalight and the dark reactiona | s o known-i adepadedéhi g
reactiong occur during daylight hourdn higher plants, chloroplasts are mostly located in specialised
mesophyll cells ithe leave$ organs specialised for photosynthesis by tlaegee surface area for light

absorption and efficient gas exchange through pores known as s{@méttaet al., 1997)Some plant

species use specialised chloroplasts in separate tissues to physically segregate the light and dark

reactions and reduce the inhibitory effect of oxygen on @ation. Ribulosel,5-bisphosphate



carboxylase/oxygenaser Rubisco, is the enzyme responsibled@x fixation, the first step of the dark
reactionsvhereatmospheric C@is used to carboxylate ribulode5-bisphosphat€RuBP)and produce
two molecules ofglycerate3-phosphate(PGA). Using NADPH as a reductant, the PGA is then
converted toglyceraldehyde3-phosphatg G3P), which is used for both glucose synthesis and the
regeneration of RuBPStirbet et al., 2019)

The light reactions of photosynthesis function to generate ATP and NADPH, febicnto the dark
reactions to fix atmospheric GOTo power the light reactions, solar energy is absorbed by pigments
such as chlorophyll and i#enoids held on a protein scaffold embedded in the thylakoid membrane.
Pigments with different absorbance spectra are arranged in different environments to broaden the
absorbance crosection and maximise the number of photons absorbed. Chlorophytlseaneain
pigments involved in chloroplast light absorption and photochemistry and feature a phyabtail
tetrapyrrole ring chelated with a magnesium ligahlde two types of chlorophyll in higher plants are
chlorophylla andb, which absorb light emgy from the violet and red, and the blue and orange regions

of the visible light spectrum, respectively. While only chlorophy involved in the chemistry of the
photosyntheticreaction centres, chlorophylh is found mostly in the lighbarvesting atenna
complexesAntenna complexes collect light energy, which is transferred between pigmiemaiae

by Forster resonance energyrtsfer (FRET{transfer of excitation energy from one electron to another)

or Dexter energy transfer (exchange of elednaith different excitation energieahd funnelled into

the reaction centres of either photosystem | (PSI) or photosystem Il (PSIl). Here, a special pair of
chlorophyll molecules becomes excited resulting in electron transfer and charge separatioarelhese
P700 {n PSI) and P680irf PSII), named for the wavelength of their absorption p&hle differences

in the absorption spectra of the two photosystems broaden the spectrum of light available for use in
photosynthesisHoweverwhen there is preferentiexcitation from variations in the spectral quality of
absorbed light, these differences make the system susceptible to imbalances in the relative amounts of
ATP and NADPH produce@ohnson, 2016)

PSllregenerates its special pair chlorophylls using electrons released from splitting a water molecule

a processhatalso releasesvo protons into the thylakoid lume®SIl thenreducesa plastoquinone

(PQ) molecule from t h e 6PQ pool 6 wit hin Theé eeducech PQ akoi d
(plastoquindPQH) diffusesbackout into thePQ poo) where it can be taken up bye cytochromebsf

complex (cybef) and oxidisedUsing these electrons from PQutlef then reduceshe small soluble
proteinplastocyanin (PC) in the thylakoid lumenile transferringwo moreprotonsfrom the stroma

to the lumen Absorption of light energy by PSI results in excitation of the P700 special pair, electron
transfer and charge separati®educedolastocyanirsupplies electrons to regenerate P7&td PSI

uses the energyoosted electrons treduce the stromal iresulphur protein ferredoxiiFd). This

protein works witferredoxinNADP* reductas€FNR), to produce NADPHAs the hteral transfer of

electrons through the thylakoid membrane is coupled to uptake of protons from the stroma and release

2



of protons into the thylakoid lumem, transmembrang@roton gradient ¢pH) accumulates, which
powers the sythesis of ATP by ATP synthase. Chloroplastic ATP synthase prodoeesaecule of
ATP for every 4.67rotons that pass through {Hahn et al., 2018; Petersen et al., 2082 ce he
photolysis of one water molecule results in the trartgf@protons into the thylakoid lumethe process
has a net output df.28 ATP and one NADPHThis route of electron transfer is termed linear electron

transfer(LET)or t h e @& isslwowneomthedtop panelfafurel.

The CBB cycle uses 1.ATP for every NADPH. Thereforef linear electron transfewerethe only

way to generate substrates for @B cycle, there would be a shortfall in the amount of ATP produced.
Instead, there is an additional, alternative route tereyelic electron transfefCET), which involves

only PSI, where electrons froRd are returned to the PQ pobly a ferredoxirplastoquinone
oxidoreductase (FQR)stead of continuing on to theBB cycle. This process allows additional proton
motive force gneration and ATP synthesis without any net NADPH produ¢fioinnson, 2007CET

may be triggered when there is not enough NABRiilable to accept electrons, or when the cell has a
particularly high demand for ATFSince he elative demand for ATP and NADPId affectedby a

range of environm#al and developmental factofiexibility in the balan@ of LET and CET is critical

for maintaining photosynthetic efficiencTP demand is elevated during high levels of biosynthesis,
such as in young leaves, and hoforespirationwhereRubisco oxygenates, rather than carboxylates,
RuBP. Instead of one of the two PGA molecylgbosphoglycolate, which cannot be productively
utilised by the CBB cycle, is producadd the extensive ptess of converting it back to PGAquires

ATP. Conversely, nitrogen assimilation decreases ATP/NADPH demand, thus requiring less CET.
Another function of CET may be to decrease lumenal pH for the activation of photoprotective
guenching mechanisms and ptstnthetic contro{Nawrocki et al., 2019)
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Figure 1: Electron transfer through the thylakoid membrane.

Two routes of CET are thought to exiahd are shown on the bottom paneFafurel: The NDH

dependen pathway and t# PGR5/PGRLIependent pathwayThe NADH dehydrogenadike

complex (NDH) now increasingly referreidalargebadow 6 Phot o
abundance mul$ubunit protein complex, whighares at least 11 subunits with théoetiondrial and

bacterial respiratory Complex | and is thought to be a direct f@Rrocki et al., 2019)it forms a
supercomplex with PSiia LHCA5 and LHCAG of the PSI anten@eng et al., 2009The structure

and function of the NDH complex is discussed fertm Section1.2.4 As shown inFigure 1, PSI



receives electrons from dxf via plastocyanin (PC) anteduces Fd, but these electrons are then

returned to the PQ pool via NDH, coupled to the transfer of psdtao the thylakoid lumen.

The secad route, involving PGR5/PGRL1, is suggeste@lay an important role in protection of PSI

under high or fluctuating ligh&igurel shows the transfer of electrons from the reduced Fd gederate

by PSI to cyief via FNR andPGRS5, whichis tethered to the thylakoid membrane on the stromal side

by PGLR1(Nawrocki et al., 2019)As well as forming a complex with PGR5, PGRL1 has been shown

to interact with FNR, Fd, cif, and PS(DalCorso et al., 2008pPespite evidence of the ability of the
PGRL1/PGR5 complex to accept electrons from Fdraddce P(Hertle et al., 2013)there remains

di scussion about the function of these proteins,
role, and about the presence ofaatditional FQRNawrocki et al., 2019; Suorsa, 201Bpwever, it

was recently demonstrated that PGR5 is necessary for the switchingebbeyveen th& ET Q-cycle
(Sectionl.2.2 and a modified €ycle for CET(Buchert et al., 2020)

Aside from LET and CET, other more minor electron transfer routes exist. In higher plants and algae,
one of these pathwajschlororespiration. In this process, NDH reduces PQ, which is then oxidised by
the plastid terminal ddase (PTOX) and the electrons used to produce W&gerervo et al., 2005)
TheMehlerascorbate peroxidase pathway (MA®) waterwater cyclejnvolves the reduction of O

to make waterVariousfunctions are proposed ftne MAP pathway, including ROS scavenging and

as an electron sinfwo water molecules are split by the PSII OEC, releasingv@lich is then reduced

by PSI in the Mehler reaction. Superoxide dismutase uses the resulting ROS to.@akehith is in

turn reduced and converted to back to water by ascorbate peroxidase using electrons from ascorbate.
The MAP pathway also contributesapH and, therefore, ATP syntheli&@nervo et al., 2005; Miyake,

2010)

High levels of fluxthrough the electron transfer chatan cause duild-up of excess reducing
equivalent such as NADPH, resulting ROS production, known toause oxidative damage to the
photosynthetic machinery and triggesgulatory networks (Foyer, 2018) Because, unlike NADR

NADPH cannot be transferred across membrémeseet demands elsewhere in the cell, a mechanism
known as the Omal ate valved is necessary to main
stress, reduceld from the electron transport chain can reduce thioredoxin in a system referred to as
the ferredoxirthioredoxin system, which reduces disulphide bonds within a number of enzymes to
regulate their activity. One of these enzymes is malate dehydrogenase (MDH), which is activated upon
disulphide bond reduction and catalyses the reversibleNA@ependent conversion of oxaloacetate

to malate, releasing NADPMalate may then leave the chloroplast via dicarboxylate translocators and

be taken up elsewhere where reducing equivalent is needed, such as the mitochondria, and be
dehydrogenated by MDkb produce NADPH or NADHSelinski and Scheibe, 2019; Zhao et al.,
2020b)



1.2.1 The photosystems and their light-harvesting antennas

Photosystem I, the first complex of the LET chain, reduces plastoquiR@)¢o plastoquino(PQH)

and replenishes the lost electrons by splitting a water molé@€ata and Renger, 2007y he reaction
centre of the complex consists of a heterodimer of the proteins D1 and D2, which hold the P680 special
pair chlorophylls, one of whitbecomes thaighly oxidisingP680 chlorophyll capable of splitting
water. Two other core proteins, CP43 and CP47, bind the, @BICh is stabilised by an additional
protein, FISBO. The OEC, coordinated in the luma side of the thylakoid membrane byide® side
chains of CP43 and D1, is almanecluster of manganese ions, a calcium ion, and oxygen atoms with
the formula MnOsCa. The cluster binds and splitgo water molecules, extracting two oxygen atoms
to be released as,(! protons for release intbe thylakoid lumen to generate a proton gradient, and 4
electrons which are transferred sequentially to a tyrosine residue @yDZ). Oxidation of the D1
P680 chlorophyll by an absorbed photon is reversed by the electron from this tyrosine résatioansE
from P680 transfer to pheophytin then to a plastoquinone in PPN to a second plastoquinone in
D1 (Q). This @ plastoquinol leaves the reaction centre and diffuses into the lipid bildy@subunits

of the PSII reaction centre are showablel.



Tablel: Subunits of photosystem Il

Subunit Alternative names

PSBA D1

PSBB CP47

PSBC CP43

PSBD D2

PSBE Cytochrome b559 subunit O

PSBF Cytochrome b559 subunit B

PSBH

PSBI

PSBJ

PSBK

PSBL

PSBM

PSBO1 Oxygen-evolving enhancer protein 1-1
P5BO2 Crygen-evolving enhancer protein 1-2
PSBP1 Oxygen-evolving enhancer protein 2-1
PSBP2 Oxygen-evolving enhancer protein 2-2
PSBQ1 Oxygen-evolving enhancer protein 3-1
PSBQ2 Oxygen-evolving enhancer protein 3-2
PSBR

PSBS

PSBT

Bound to the PSII reaction centre are additional chlorogioyitaining protein$ the light-harvesting
antenna complexesFigure 2). These exist as the monomeric antenna proteiRE€R4/CP29,
LHCB5/CP26, and HCB6/CP24, and LHCII trimers consisting oHCB1, LHCB2 and LHCB3 in
differentcombinationsThe reaction centre subunits D1 and D2 are linked to the monomezimant

via CP47 and CP43, and a number of low molecular weight subunits span the membrane and stabilise
the core. Mnomeric antenna proteins link the PSII core to the peripheral LHCII trimers, controlling
the formation of supercomplexes and directimgitaion energy into the reaction centRSIl ismostly
present in the thylakoid membraaga dimerin supercomplexes containing variable numbers of LHCII
trimers.These trimers are named according to the strength of their interaction with the PSII core (C):
strongly bound (S), moderately bound (M), and loosely bound (L) trimers. Single partickdecymn
microscopy (cryeEM) has revealed the structure of the&S@1, supercomplex from plant thylakoids

(van Bezouwen et al., 2017; Su et al., 20HOwever,while PSII supercomplexes aat¢sothought to



exist in the forms €, GS,M, C:SM.L, and GSM2L; (Sheng et al., 20191he most abundant in
physiologically relevant conditiongries according to specigsarly work in barley plants grown in
greenhose conditions identified LHCII sathe most abundant protein in the thylakoid membrane,
constituting around 30% of all prote{iPeter and Thornber, 1991though this value likely varies
substantially in response to environmental conditidhe compositiorof the LHCII trimers, whether
homotrimeric or heterotrimeric, determines their position in the supercomplefuaciibral role.
LHCBZ1, of which there are five isoforms LHCB1115in Arabidopsisis the most abundant component
and is able to formdmotrimers. Between 20 and 30% of LHCII trimers contain two LHCB1 and one
LHCB2 (Vener, 2007)which is the main target of phosphorylation by the kinase S(C&@ni et al.,
2013) LHCB2 is presenasthree nearly identical isoforniis Arabidopsis LHCB2.1, 2.2 and 2.4. The
third componenof LHCII trimers,LHCB3, formsheterotrimers with LHCB&Nd is only pesent in the

M trimers (Damkjeer et al., 2009 Complexes lacking M trimers, i.e. theSz complex, lack both
LHCB3 and the monomeric antenna LHCBG6, which acts as a linker to the PS{Pegl&ano et al.,
2014) The S trimer, on the other hand, is linked to the core by LHCB5.

C LHCII trimers D

&)

~on

E LHCII trimers

Figure 2: Structural organisation of the photosystems and their antenna. Schematic diagrams to represent A, the positions of
PSiII reaction centre proteins and its antenna subunits, B, the positions of PSI reaction centre subunits and its atitenna, C,
arrangement othe PSIl GSM:2 supercomplex, and D, the arrangement of the-IB8TI-LHCII supercomplex. Antenna

proteins are shown in bright green, whereas reaction centres are light green.

The second photosystem of the LET chaimd the only photosystem inved in CET is PSlthe

reaction centre of which consists &f dubunitsshown inTable2. The two main subunits of the PSI
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reaction centre are PSAA and PSAB, which holdRR60 special chlorophyll paivwhen the P700
special chloophyll pair absorb light energy, an electron is promoteda higher energy level and
transfers to a modified chlorophyd molecule termed Aand isreplaced by an electron from
plastocyaninwhich binds at the PSAF subuniithe highenergy electron fim P700 passes frompy4A0
the phylloquinone 4 then through a series of ir@ulphur centresoordinated by the subunits PSAB
and PSACThese electrons are then used for the reductiéid oh the stromal side of the membrane
at the PSAE subun(€Erik et al., 2007)Fd interacts withFNR andits electrons are direstl to either
NADPH synthesis o€ET to increaseATP synthesisThe readbn centre of PSl is flanked layrow of
at least4 monomeric antenna proteins: LHCA1, LHCA2, LHCA3 and LHCfgure 2). In
Arabidopsighere are two more isoforms, LHCAS and LHCA#hich are proposed to bind NOYReng
et al., 2009) The PSAHand PSALsubunit arecapable of binding a LHCII trimgiErik et al., 2007)
via its LHCB2 subunitwhen phosphorylateth direct moe energy to PSl in a press known as state
transitiong(Section0).

Table2: Subunits of the PSI reaction centre.

Subunit Alternative names

PSAA PS5l P700 chlorophyll a protein A1
PSAB PSI P700 chlorophyll & protein A2
FSAC FSl iron-sulphur center

PSADA1

PSAD2

PSAE1

PSAE2

PSAF

PSAG

PSAH1

PSAH2

PSAl

PSAJ

PSAK

PSAL

PSAN

PSAO

1.2.2 Cytochrome bgf
The second protein complexd ratedimiting stepof the LET chain is def, which links PSII to PSI

by accepting electrons from PQHEINd transferring electrons pdastocyanirin the lumenCytbsf also
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functions to transfer protons into the thylakoid lumen and contributes to the formatiphl ébr ATP
synthesisThe four main subunit§rable3) of cythef are cytochrom&(PETA), cytochroméss (PETB),

the Rieske irorsulptur protein (PETC), and subunit IPETD). Four smaller subunits (PETG, PETL,
PETM and PETN) surtnd the periphery of the complex, which is found as a difies. complex
containsvariouscofactors including a 2F2S cluster (known as the Rieske wsuiphur cluster), four
haems, of which two aretlype and two are-type, as well as chlorophydl andb-carotene. Recently,
the cryeEM structure of the spinach &gt complex revealed a role for the chlorophg/inolecule as

a o6gati ngd® me acheasra its bmdifigsjtdep@n@ert on the redox state of the PQ pool
(Malone et al., 2019)

Table3: Subunits of cytochrommf

Subunit Alternative names
PETA Cytochrome f
PETB Cytochrome bg
PETC Iron-sulphur subunit
PETD Subunit IV

PETG

PETL

PETM

PETN

The process byhich cybsf catalyses the oxidation of PQIldnd the reduction of PQ is termed the
quinol cycle (Qcycle). When a PQHmolecule binds and is oxidised, at a location known as §lsé«)

on the lumenal side of the complex, two protons are released intbytagoid lumen and the two
electrons bifurcate into separate redox potential pathways. One is the high potential pathway leading to
plastocyanin via the Rieske iraulphur cluster, while the other, the low potential pathway, leads to a
bound PQ moleculat the Q site on the stromal side via theype haems. A second PQId oxidised

and used, along with two protons from the stroma, to regenerate the bound PQ molecule sitehe Q

to PQH via the low potential pathway. In this way, l@ftdoubles theaumber of protons transferred

into the thylakoid lumen for each PQthat is oxidised?QH: oxidationat the @ site is the ratdimiting

step of the LET chain, rather than the reduction of PQ and diffusion of @¥ibsf (Tikhonov, 2014)

When cybsf senses reduction of the PQ pool through PRiHding at the Qsite, it signaldo activate

the LHCII kinase STN7 through binding at the Rieske subunit, making this complex important as a

redoxsensing hub in addition to its role in electron tran&&apiguzov et al., 2016; Vener et al., 1997)
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1.2.3 ATP synthase

ATP synthasautilises the qpH generated by the light reactions of photosynthé%istons flowing

across the thylakoid membrane into the stroma power a rotational motor mechanism for ATP
production.Cryo-EM wasused recently to determine the structure of chloroplast gyffthase from

spinach at a resolution of 2.9 to 4Hahn et al., 2018)n total, the enzyme is made up of 26 subunits,
divided between two regionthe arrangement of which is shownHigure 3. The hydrophilic head

region (ck), which catalyses the phosphorylation of ADP to AGéhtainghreeUandthreeb subunits
alternating in a ring aroundasand an) s u b u n i tthe ceatkali stall of thephydrophobic motor
region (cky). The peripheral stalk of gFmade up oftte b, BNindU subunits, connects to the proton
translocating, membrarembeddedc-ring. The c-ring of chloroplast ATP synthase contains 14
monomers, compared to tireastmitochondrial ATP synthase withO ¢ subunits.The size of the-

ring in plant mitotilondrial ATP synthase is currently unknogiancani et al., 2020Lhloroplast ATP
synthase has features specific to photosynthesis that are not present in respiratory forms. To prevent
ATPase activityi the reverse reaction of ATP synthase where ATP hydrolysis powenginmyof

protons into the thylakoid lumenin the dark when photosynthesis is not occurring, chloroplast ATP
synthase is inhibited by a redox switch. In the dark, when conditions in the chloroplast are more
oxidising, a redox loop located inthe subomnimsg a di sul phi de bond and i

to block rotation.

Stroma
o s A et
QIIOTITIIIR COOOCOLO0

Lumen

Figure 3: Structural arrangement of the chloroplast ATP synthase.

1.2.4 NDH

In ArabidopsisNDH is a very large but lovabundance complecomprisedive subcompexes. While

NDH was first named for itssupposedNADPH dehydrogenase activity, the complex is now
increasingly referred to as O6photosynthetic com

complex | but, unlike the mitochondrial complex, NDHedmotactuallyappear to function asuch.
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Rather, it is now thought to catalyse tRd-dependent reduction of PMunekage et al., 2004;
Shikanai, 2016)Through this activityNDH mediates CET to augment ATP productimndiverting
electrons from PSI into the PQ pool. The NDH complex is more effickerrthancing ATP synthesis

than other routes of CET, transferring eight protons into the thylakoid lumen for every PQ molecule it
reducesinterestingly, mutants lacking NDH components, at least in C3 plants, do not have dramatic
photosynthetic or growthhgnotypes so the biological significance and redundancy of this complex is
uncertain. Possibly, under some conditions where there is a surplus of ATP, NDH may function in
reverse to generate more reduéell powered bygpH (Strand et al., 2019Another proposed role is

that the complex functianin chlororespiration alongside PTOX, similarly to complex | in the
respiratory chainNDH forms supercomplexes with PSI, whereby up to 6 PSI monomers may associate
with one NDH complex to improve the localised efficiency of NBépendent CETYadav et al.,

2017) The minor PSI antenna proteins LHCAS5 and LHCAG, present at substoichiometric amounts
relative to PSI (Ganeteg et al., 2004), are required for the formatioesd gupercomplexes, which

are proposed to link PSI and NDH to one anofReng et al., 2009)
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Table4: Subcomplessof the NDH complex and their subunits.

Subcomplex Subunit

NDHA
NDHE
NMDHC

M NDHD
NDHE
NDHF
NDHG
NDHH
NDHI
NDH.
NDHK
NDHL
NDHM
NDHNM
NDHO
PNSB1
PNSB2

B PNSB3
PNSB4
PNSBS
PMNSL1/PPLZ
PNSL2/PQL

L PNSL3/PQL
PNSL4/FKE16-2
PNSLE/CYP20-2
NDHS
NDHV
NDHT/CRR.
NDHU/CREL

EDB

NDH shares evolutionary origins with NDHin cyanobacteria. However, NDH features iaddal
subdomainsbsenin cyanobacteria and is encoded from a mixture of nuclear and plastid Gbaes.

five subdomains of NDH in chloroplasts are subcomplex A and the membrane subcomplex
(subcomplex M), both of which are also found in cyanobacteribcosoplex B, the lumenal
subcomplex (subcomplex L), and the electron donor binding subcomplex (EDB subcomplex). The
individual subunits and their corresponding subcomplexes are showabie 4. Subcomplex A
corresponds to the Q mualeé in respiratory complex | and functions to reduce PQ. It is not required for

interaction of NDH with PSI. Subcomplex A form$&dbinding site along with the EDB subcomplex,
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which also containsJ proteinsNDHT and NDHU) a type of molecular chaperorighe function of
subcomplex B is currently unclear, but it is required for stability of the complex. Subcomplex B contains
an FeS cluster but is unlikely to be involved in electron transfer betvekand PQ because it is
missing in the cyanobacterialguvalent complexXNDH-1. Subcomplex M is comparable to the P
module in complex I, functioning in proton translocation into the thylakoid lumen. Subcomplex L in
the thylakoid lumen is required for stability of the complex. It contains proteins homologowusé¢o th

of the OEC of PSII, PSBP and PSBQ, as well as proteins with peptiolyl cistrans isomerase
activity, thought to be involved in protein foldi(8hikanai, 2016)

The thylakoid membrane of higher plants is one of the most complicated membrane superstructures
known. It has a heterogeneous and dynamic three dimenstsoature, which is divided into densely
packed cylinders of stacked membranes, called the grana, and connecting sections of membrane called
the stroma lamellae. PSI and ATP synthase are foumhdin the stroma lamellae whereas PSII is
locatedmostlyin the grana stack®\ndersson and Anderson, 1988jhother region, known as the grana
margins, is thought to contain a mixture of the two photosystemsnagchave roles in PSII repair
althoud its existencas a distinct domairemains contentioug he two photosystems are physically
separated primarily to prevent energy spillover from PSIl into PSI, which acts as an energy sink, and to
separate linear and cyclic electrivpansfer CET takes lace in the stroma lamellae or{lbertsson,

2001) Segregation and balance of activity from the two photosystems is important for maximum
efficiency of electron transfer, while tight stacking of thylakoid membranes allows more chlorophyll
containing proteins to be packed into a given volume of chlorogdastlectron micrograph of an
Arabidopsischloroplast is shown iRigure4. While negative stain EM of leaf thin sections can be used

to observe and analyse thylakoid membrane structure within a chloroplasgletyrmn tomography

has revealed a number of additional features of its three dimensional st{datstia and Staehelin,

2011; Daum et al., 2010; Kowalewska et al., 20EB¥tly, the darker colour of the stroma indicates a
higher protein density than in the lumenal space. The grana form cylinders, adoichdive stroma
lamellae protrude and wrap helically. Between the grana and stroma lamellae are the grana margin
connecting regions, which are staggered between grana membraneN&jresygnthasés locatedonly

in the stroma lamellae regions and flaé regions ofstromaexposedend membraneat the top and
bottomof the granawhile cytbsf dimers are distributed throughout both the grana and stroma lamellae,

in the grana theliave been found to be located in close proximity to PSII to increase thereffiof

PQ transfer between the compleXéshnsa et al., 2014)The physical basis for membrane stacking

in the grana comes from multiple factors and prepeotein interactions. Granal LHCII trimers interact

with one another between membrane layPesy et al., 1984dhrough norspecific but complementary
positively and negatively changed areas on the stromal Aitther important dctor to consider

regarding thylakoid structure is its lipid compaosition. Lipids make up around 20% of the dry mass of
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chloroplasts and are integral to protein complex formation. Around 50% of the lipid in the thylakoid
membrane ignonogalactosyldiacylgharol, followed by digalactosyldiacylglyceroht around 30%
(Garab et al.,, 2000)and the galactolipid composition of the ld&koid membrane contributes

significantly to its complex structufgowalewska et al., 2019)

A

Grana

Chloroplast
envelope

Figure 4: Electron micrographs ofrabidopsischloroplasts at\, 2900« andB, 9300« magnification.

A less wellstudied &ature of the thylakoid membrane, highlightedrigure4A, is the plastoglobule.

Initially viewed as passive storage spaces for thylakoid lipids and carotenoids, proteomic analysis has
revealed plastoglobules as crucial partictpain chloroplast metabolism, redox regulation, and
remodelling of the photosynthetic machinery to adapt to environmental st(Bis&@sand Bréhélin,

2013) Plastoglobules are contiguous with the thylakoid membrane, formed from the outer leaflet of the
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thylakoid membrane both constitutively at lawevels and at higher levels as a stress response and
during chloroplast senescence, comprising a membrane microdomain for the recruitment and
concentration of metabolic enzymes and prod(laiedquist et al., 2013)hey contairvariouslipids
including phylloquinone (also found in PSI), PQ, triacylglycetsipcopherol, and the enzymes for

their synthesis such as VTEL for tocopherol synthesis and phytyl esterases. NDC1 is capdindénof

PQ, while the ABC1 kinase PGR6 phosphorylates and possibly regulates the activity diAreiis

et al., 2014)None of the proteins in the plastoglobule are membrane proteins, structurally, and some
may associate with the hydrophilic heads of lipids on the outside of the globule. For example,
plastoglobules conia structural proteins called fibrillins, many of which contain lipocalin domains,
suggesting additional or alternative roles in metabolite transport. A proteomic analysisdoyist et

al., 2012 assigned 30 proteins to the ptagbbule proteome, with seven fibrillins and six ABC1 kinases
making up over 70% of the total protein. Plastoglobules may also play a role in the regulation of starch
synthesis, since the starch synthase SS4 associates with plastoglobular fi@G@liitezArjona et al.,

2014)

Plants have evolved to survive and flourish in a wide range of light environments from asimb&en

deserts to the deep shade of the rainforest floor. Even within particular environmental niches, the
intensity and spectral quality of irradiance can fluctuate dramatically according to the season, time of
day, meteorological conditions and because of dynamic shading within plant ca@bieging light
intensity affects the balance between saaergyabsorption and its utiligion in photosynthesis,
potentially leading to metabolic imbalances that trigger photooxidative stress and/or slower growth and
developmenfFoyer and Noctor, 2005; Li et al., 2008) low light, the rate of photosynthesidimited
primarily by theefficiency of light capture by antenna complexes and delivery of energy to the reaction
centresln high light, the rate of photosynthesis is limiteg factors within both the light and dark
reactions. The slow rate of carboxylation by Rubisco limitk sapacity in the stroma, while high light
intensity reaching the thylakoid membraas well as the difference in the rate of energy capture and
transfer compared to threlatively slower rate of electron transpocguses saturation and damage to
reaction centregMann, 1999; Ruban, 2009)herefore, being mostly immobile, land plants must react

to changing light levels to maximise their photosynthetic efficiency. Plants have evolved a complex
network of short athlongterm responses to optiniphotosynthesis to the prevailing light environine
allowing them to control the amount of light absorbed as well as those that help them to manage that
energy.The shorterm responses take place on a timescale of seconds to minutes and involve regulatory
mechanisms that alter the structaraefunctionof existing proteingRuban, 2016; Theis and Schroda,
2016; Tikkanen ah Aro, 2014; Yamori and Shikanai, 201®) contrast, longermresponsesvolve

both de novosynthesis and specific degradation of proteins that lead to changes in leaf morphology,

number & chloroplasts per cell, orgamion of the chloroplast thylakib membranes, their protein
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composition and that of the surrounding stroma that contains the enzyme£BRIlogcle (Adams et

al., 2007; Anderson et al., 1988; Boardman, 1977; Schéttler and Té6th, 2014; WaltersTRe06hg

term response to growth light irradiarafean individual planistee med &éaccl i mati on6é an
by multiple regulatory mechanisms to produce distinct reactions to low light and higfBailety et

al ., 2004d.;201RouSil et

1.4.1 PSIl damage and repair

The reaction centre of PSII is highly susceptible to damage from excess light, termed photoinhibition.
Excess excitation arising from high irradiance leads to production of more electrons than the
photosynthetic machimg has the capacity to utilise. Reactive oxygen species are generated, aided by
triplet chlorophylland lipid peroxidationand can damage protein structure and electron transport
components. Visible light can also damage the@éncluster, which can thdead to further damage
through the formation the P68&nd TyrZ*- oxidising radical§Johnson, 2007 Mostdamage téSlI

occurs at the D1 reaction centre suburtita devel directly proportionab light intensity. In barley

pl ants gr ownhs%akl hdsa balife ah2.4 h(Nelson et al., 2014)n order to repair this
component, the whole of the PSIl compiegontaining 28 subutsi must be disassembleBefore

the complex is disassembled, damaged PSIlI must be moved from the grana to the stoma lamellae, where
many components of the repair machinery are enridPteasphorylation of D1, D2, CP43 and PSBH

by kinases including STN8 ando a lesser extenGSTN7 facilitates monomerisation of PSIlI and
movementout of the grananto the norappressed stroma lamellae regioBace mobilised, PSik
dephosphorylated by PBCP and other phosphatases. The damaged D1 protein is degradé&bly the F
and DEG proteases then a new D1 is inserted into the complexs R&dssemblednd migrates back

to the grana where it dimerises and foraesive PSIFLHCII supercomplexeshilst the PSII repair
machinery is subject to complex regulation in respaashigh light, the damage and repair process
occurs continually in all light conditiori8arvi et al., 2015; Nath et al., 201Bwas previously assumed

that photoinhibition by PSII damage was a taaf the system, which was compensated for by the
extensive repair machinery. However, a recently proposed theory is that there is a physmigoca

for PSIl damagend repair, ithat it reduces damage to PSI, which lacks the extensive repair grgchin

of PSII and takemuch longer to replag@arvi et al., 2015)

1.4.2 Short term responses to light intensity

To deal with faster fluctuations in light intensity suchchangingcloud coverand the movement of
leaves in the windplants have sheterm response occurring on a timescale of seconds to minutes,
that arereadilyreversible. These responses occur on various |dvefs,leaf movement to physically
reachor avoidlight, opening and closing of stomata to control gas exchange, Rubisco activation in
control of CQ fixation, down tatheregulation of light harvesting and electron transfer in the thylakoid
membrane.The aim of shorterm high light responsem the thylakoid membrané generally

photoprotection through downregulation of light harvessing electron transféGjindali et al., 2021)
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whereas the lonterm aim § to restore homeostasis by adjusting the sink cgpatithe system to
better utili® the increased light levalhe aim of shorterm low light responses is generally to manage
and divert absorbed light energy to balance the ATP and NADPH output ttaimaéfficient CQ
fixation. Although proteins involved in these processes are generally regulated sapsisttional
modifications such as protonation or phosphorylation, rather than by alterations in transcription or

translation, the capacity for theesesponses may be affected by koegm acclimation.

Shortterm mechanisms are activated not by the intensity of light that the leaf is exposed to but by
mismatches in the electron transfer rate and sink capacity of the photosynthetic machinery. \When ther

is an increase in electron flux that exceeds the sink capacity for those electrons, the system must
decrease electron transfer to avoid damage. Likewise, when electron flux is lower than is optimal for

the system, energy absorption and transfer is magii Therefore, the activation of shtatm
mechani sms depends on the position of -terme phot
acclimation to the light environment. Plants adapted to different light environments will initiate short

term resposes at different light intensities from one another.

Photoinhibition is the loss of PSIl electron transfer activity throplyjbtamxidative damage to the
reaction centre induced by light.o avoid photoinhibition, plants possesseveral mechanisms of
photoprotective energy dissipation. The dissipation of excess excitation energy as heat can be measured
as the nofphotochemical quenching (NPQ) of chlorophgfluorescencéSchreiber, 1986)Several
different components of NPQ exist that can be distinguished on the basis of their temporal evolution.
The major component Bnergy (i.e gpH)-dependent quenching (gE), which forms and relaxes on a
timescale of seconds to minutes. gE is triggered by a decrease in the lumenal pH resulting in the
protonation of the violaxanthin eepoxidase enzyme (VDE) and the PSBS prot¢iDE converts
LHCIl-bound violaxanthin to zeaxanthin and this together with the protonation induced
monomerisation of PSBS allosterically promotes a conformational change in LHCII, from a light
harvesting mode to a dissipative mode, leading to its the reversible aggrédalison et al., 2011;
Murchie and Ruban, 2020part of the NPQ induced during the excess light period is maintained for
several hours afterwards due to the slow reconversion of zeaxanthin back to violaxanthin by the enzyme
zeaxanthin epoxidase and is knows gZ.Depending on the efficiency of gE induction, some
photoinhibition of PSII may still occur leading to another persistent form of NPQ known as gl, which
involves damage to the RC and requires PSII repdatsubara and Chow, 2004) third form of
sustaned quenching known as gH, recently discovered, involvelsithanal located lipocalin protein
(LCNP) (Malnoé et al., 2018)Reversal of gH occurs through the action of #@Q1 and ROQH1
proteins, though the exact mechanisms involved remain to be elucjdatetiitz et al., 2020; Brooks

et al., 2013)
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While consideredess susceptible tphotooxidativedamage than the reaction centre of PSII, damage

to and inactivation of PSI is costly. Unlike PSIl, PSI does not have the extensive machinery for
disassembly, storage of ndamaged peripheralibunits, and reassembly, so the entire complex must

be replaced. The main source of damage to the PSI reaction centre is electronttrahsfacceptor

side where ovetrreduction of the electron transfer chain causes oxidative damageSi@lEsterson

the stromal side of PSIhErefore, photoprotection of PSl is linked to the downregulation of LET, which

is in turn controlled by PSII activity. For this reason, photoprotection of R8hisectedo that of PSII.
Mechanisms that control energy tramste and activity of PSIl, such as NPQ and state transitions,
indirectly protect PSIHo we v er |, the primary photoprotective r
c o n t(Rumbedg et al., 1968; West and Wiskich, 19&8)otosynthetic contras the regulation of
electron transfer through the thylakoid membrane to account for changing demands and capacity for
ATP productionwhile also protectind®SI by limiting the buileup of electrons on the acceptor side
(Suorsa et al., 2013)

When plants are exposed to high light irradiance, the incregsddslows the turnover of the dgf
complexvia protonation of the Hidigands of the2Fe-2S cluster of PETC which normally actas H

bond acceptor during PQlaxidation(Jahns et al., 2002; Malone et al.220Suorsa et al., 2013y
regulating the rate of electron delivery to plastocyaplimtosynthetic contrgbromotes the oxidation

of P700,the PSI special paiP700 is thenavailable for photoprotective charge recombination if the
downstream electroacceptors are saturated. The importance of photosynthetic control to plant fithess
is illustrated by the phenotype of the Arabidopsig5 mutant, which lacks the proton gradient
regulation protein PGR5. The absence of PGR5 leads to dimiragednd overeduction and photo
damage to PSI, particularly in fluctuating ligt8uorsa etl., 2012) As with NPQ, photosynthetic
control is critical in a fluctuating light environment and warrants significant consideration as a target

for engineering crops to improve yiel@Shaux et al., 2015; Tikkanen et al., 2014)

6tSate transitionsdé are a short or medium term
intensity or spectral quality of the light environment or to the metabolic state of the leaf. The spectrum

of light reaching a particular chloroplast may ffe@ed by the diurnal cycle or filtration through other

leaves, creating unbalanced excitation of PSI and PSII, which absorb slightly different wavelengths of

light. In addition, the variable demand for ATP compared to NADPH may require fine adjustment of

the CET/LET ratio and thus relative activities of PSI compared to PSII. In both cases, state transitions
serve to optimise the excitation balance between PSI and PSII through control of their relative antenna
sizes(Ruban and Johnson, 2008) state transitions, a subset of LHCII trimers are thought to be fulfil

this role as {(Gakaetamdata)l ed ant enna
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Dissociation of LHCII from PSl is triggered by phosphorylation by the kinase STN7, which is essential
for state transitionéBellafiore et al., 2005)STN7 acts as a redox senaad is activated upon binding

of plastoquinol to cyif. Far red light, Wich preferentially excites PSir darkness causes the PQ pool

to become more oxidised. The oxidised PQ pool does not activate STN7, so LHCII is maintained in a
dephosphorylated ate by the constitutively active phosphatase TAP38 and associates with PSII; this
is O6state 16. Low | ight i rradiance or red | ight
become more reduced and activates STN7. Phosphorylated LHCIl &ssosia wi t h P SI1 ; t hi s
While both LHCB1 and LHCB2 are phosphorylation targets of STN7, LHCB2 is phosphorylated faster

and is essential for state transitiofiseoni et al., 2013; Pietrzykowska et al., 201&equence
differences around the phosphorylation sites of LHCB1 and LHCB2, located at the N terminus, regulate

the rate of phosphorylatiofLiu et al., 2016) The third trimer component, LHCBS3, is not directly

involved in state transitions dislacks the necessary phosphorylation site but may function to slow

down or regulate the proced3amkjeer et al., 2009Phosphorylated LHCII associates with PSI via the

PSAH, PSAI, PSAL and PSAO subunits. However, in the grana margins additional LHCII trimers may
associate with PSI in an ingmtion mediated by LHCA protein®enson et al., 2015; Crepin and

Caffarri, 2015; Erik et a) 2007; Galka et al., 2012; Pan et al., 2018)

Recently it was discovered that, in addition to phosphorylation, lysine acetylation is critical for state
transitions (Koskela et al.,, 2018, 2020)Arabidopsis mutast lacking the chloroplast lysine
acetyltransferase NSI are unable to perform state transitions and cannot formAJCHmplexes,
despite LHCII phosphorylation remaining at wild type levels, suggesting an import role for lysine
acetylation in the regulian of light harvesting. It is proposed either that acetylated lysine residues on
LHCIl and PSAH are necessary for the interaction of phosphorylated LHCII with PSI, or that acetylated
lysine residues on PSBP and LHCII are necessary for dissociation oheérdrfrom PSII. Lysine
acetylation has been found as a gostslational modification of Arabidopsis proteins in a wide range

of different biological processes, including many in photosyntltfégiset al., 2011)

Earlier studies of mtants lacking STNhdicated that state transitions are of limited importance in a
natural light environment, since tiparticularfluctuating light regimes used produced plants #rat

only veryslightly developmentally and photosynthetically impai(Bdllafiore et al., 2005; Frenkel et

al., 2007) Later work, however, showed that a broad spectrustndfphenotypes could be produced
dependingon growth conditions and that LHCII phosphorylation was indeed crucial under fluctuating
light (Grieco et al., 2012; Tikkanen et al., 201Putant Arabidopsislacking STN7 shows slower
growth only under fluctuating light, whereas under constant iingénsity,it is able to counter the loss

of LHCII phosphorylation anthence the association of LHCII with PSI by increasing the number of
PSI reaction centres. gin7grown in fluctuating light, the lack of antenna for PSI causes a sstatly

imbalance in photosystem activityat led to damage to PSI
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In Arabidopsisplants grown at a moderate light intensigyana size&hanges rapidly in response
changes itight intensityand spectral qualitin an STN7/TAP3&lependent way via control of LHCII
phosphorylation(Hepworth et al., 2021; Kyle et al., 1983; Pietrzykowska et al., 2014; Wood et al.,
2018, 2019)Under low light onditionswhen LHCII phosphorylation by STN7 is at a maximum, grana
have fewer membrane layers and narrower diametdrereaghere are more membrane layers per
granum and wider diametewshen LHCII is dephosphorylateby TAP38in both high light and
darknessupon inactivation of STN7These changes occur on a timescale of around 1@Wuood et

al., 2019) The mechanism of short term granal unstacking may ievi@pulsion between layers and
fission of connecting regions between layers, followed by rotation and further separation, resulting in
the generation of multiple smaller grana from one large graf@imiartzman et al., 2008pince
dynamic thylakoid stacking is governed by LHCII phosphorylation level, it was originally proposed to
facilitate the exchange of LHCII between PSII in the grana and PSI in the stromal lamellae (Kyle et al.,
1983).However, dynamic thylakoid stacking has been shown to occur in the absence of glie§bho
binding to PS{Wood et al., 2019Recent work has showed thtdte transitions and dynamic thylakoid
stacking work synergistically to optimise the LET/CET balance under variable light conditions
(Hepworth et al., 2021; Wood et al., 2018nder low light, LHCII phosphorylation promotes the
interaction of LHCII with PSI and thus enhances CET, while simultaneously the smaller grana that
ensue enhance the oxidation of PQiy shortening the diffusion distance between PSIl and stromal
cythbef, thereby promoting LETIn contrastuponhigh lightexposurevhen LHCII is dephosphorylated

and returns to PSIlI, the resulting larger grana increase the diffusion distances fan@@kastocyanin

to travel to reach stromal &yf and PSIThis is suggestetb simultaneously promote redoxipimg of

the CET pathway in high light by preventing rapid reduction of the stromal PQ pool by PSIl and help
to maintain PSI in an oxidised state for photoprotectiomdigreasingts equilibrium constant with
plastocyam (Hepworth et al., 202MWood et al., 2018)

PSII phosphorylation, governed by STN8 kinase and PBCP phosphatase, has also been shown to
modulate grana size in response to light intensigrbstova et al., 2012; Puthiyaveetil et al., 2014)
Under photoinhibitory conditions PSIl phosphorylation increases, initiating repair of PSIl while
simultaneously provoking a reduction in grana size that increas¢act between the grana and stroma
lamellae to facilitate faster diffusion of damaged PSIl comgdeout of the grana for repdigoral et

al., 2010) In the absence of the PSII kinase STN8, constitutively larger grana are oliseistedt et

al., 2009a)

A recently discovered factor in thylakoid stacking is the CURT1 family of proteins, located at the grana
margins, which oligomerise to induce membranevature. Chloroplasts lacking these proteins form
very large, elongated grana with no margins, while overexpressors feature enhanced stacking

(Armbruster et al., 2@; Wood et al., 2019)Dynamic thylakoid stacking in fluctuating light may be
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regulated by phosphorylation and acetylation of CURT1 prot@instta et al., 2019)Two other
contributors to thylakoid stacking are the reduced induction ofphatochemical quenching (@)

proteins, RIQ1 and RIQ2, the absence of which enhances grana stacking. In chloroplasts lacking both
CURTI1A and either RIQ1 or RIQ2, grana were elongated as ioutthéa mutant but contained more

membrane layerérokoyama et al., 2006

While less extensively studied as a contributor to thylakoid architecture, the plastoglobules also appear
to play a significant role in remodelling of the thylakoid membrane under high light. A complex formed
by the plastoglobule kinases PGR6 and ABBXHKnctions in lipid metabolism, stress responses and
thylakoid remodelling in response to high light intensity. The chloroplasts of mutants lacking these
proteins produced hyperstacked grana under high light irradiance, accompanied by dramatic losses in
PSIl, NDH and the calcium sensor pbbsprotein, CAS(Lundquist et al., 2013)The antioxidant
compound}tocopherol, synthesised in the plastoglobules by VTE1, is also induced iighig@lller

et al., 2014) The plastoglobulassociated fibrillis are required for proper acclimation to high light

and cold stress. Under stress, the absence of these proteins causes growth retardation, deficiencies in
anthocyanin accumulation and altered thylakoid architecture with fewer plastoglobules and swollen
thylakoids. Jasmonic acid plays a role in laagm acclimation and its biosynthesis is associated with

accumulation of plastoglobules and fibrillin proteins the(&ioussef et al., 2010)

1.4.3 The link between short and long term responses

Arabidopsis mutants lacking STN7 are deficient in both state transitions and long term acclimation
(Bonardi et al., 2005)While the two processes are linked, state transitions themselves are not essential
for long term acclimation. Instead, STN7 appears to activate a signalling pathway leading to
acclimationrelated changes ih¢ thylakoid proteomgesaresi et al., 20098TN7 kinase activity is
triggered by the redox state of the PQ pool. It then phosgtesyboth LHCII, inducing short term
responses including state transitions, and another unknown protein, which leads to long term
acclimation responses. One candidate for this unknown substrate of STN7 is TSP9. TSP9 is an
intrinsically disordered periphdréhylakoid membrane protein on the stromal side with no known
homologues outside of plant species. Light irradiance induces phosphorylation in a stepwise fashion at
three threonine residues and subsequent release of TSP9 from the thylakoid membrture, thdea
implies a role in signalling and regulation of gene expression during acclimation to light intensity
(Carlberg et al.,, 2003)Transcriptomic data of mutarrabidopsislacking TSP9 supports the
suggestion of a role for TSP9 in the high light acclimation response, and the migait® alefective

in state transition@-ristedt et al., 2009bPesaresi et a{2009 sought to further investigate the role of
TSP9 in acclimation and séatransitions. In their study, acclimation was to either PSI light or PSII light
rather than high or low irradiance and the extent of acclimation was recorded as chlamfptoyll
indicate the proportion of Cldin LHCII. The mutant lacking TSP9 behaw&dilarly to wild type in

terms of chlorophylb/b ratios, suggesting that the signalling pathway for long term acclimation does
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not involve TSP9. However, if there are separate mechanisms for acclimation to high light and low light
(Bailey et &, 2001) or different pathways exist for responding to light with different spectral qualities
rather than intensity, a regulatory role for TSP9 cannot be completely ruled out. Another candidate for
STNT7-induced signalling in acclimation is the chloragi sensor kinase (CSKPuthiyaveetil et al.,

2008) howevelits specific role is as yet unclear.

1.4.4 Long term acclimation to light intensity

Longterm acclimation can be categorised as eitlyaamic or developmentdbynamic acclimation is
the process by whickully mature leaves undergde novosynthesis and degratitan of specific
proteins, leading to changes in the organisation of the chloroplast thylakoid membranes, their protein
compositionand that of the surrounding strom@ntainingthe enzymes of th€BB cycle (Athanasiou

et al., 2010; Suorsa et al., 2012; Walters and dtpri994; Yin and Johnson, 2000evelopmental
acclimdion, which is the focus of the work in this thesisthe alteration ofeaf development and
morphology in addition to treechanges in chloroplast compositidnderson, 1986; Anderson et al.,
1988; Bailey et al., 2001, 2004; Boardman, 1977; Schéttler and To6th, 2014 -Ghiglbtand et al.,
2017; Walters, 2005)The ability to acclimate to light intensityaries not only between species
(Murchie and Horton, 1997put also between different accessions within single spé&ibanasiou

et al., 2010) The signalling pathways that trigger acclimatiare not yet fully understooHowever
significant rolehavebeen described for the redox state of the electron c®@érHuner et al 1996;
Pfannschmidt et al., 1999; Rosso et al., 2008 activity of the LHCII kinase STN({Pesaresi et al.,
2009a) and the glucse6-phosphate/phosphate translocator GPAthanasiou et al., 2010Recent
findings demonstrate that acclin@tiis vital to plant fitness in terms of seed production in fluctuating

light environmentgAthanasiou et al., 2010; Townsend et al., 2018)

When plants are exposed high or low light in the long term, they alter their proteome through
transcriptional, translational and pasinslational regulation of gene expression on a timescale of
minutes to hours. Changes may be observed on the level of growth and develgpeeentleaf
morphology, pigment content, number of chloroplasts per cell, and thylakoid superstructure. Long term
acclimation to different growth light intensities has been studied at the level of chlomgkstation

and compaosition in a wide range different plant specie@Bailey et al., 2001; Ballottari et al., 2007,
Chow and Anderson, 1987; Chow arddpe, 1987; Chow et al., 1988; Miller et al., 2017; Petersen et
al., 2011; Schumann et al., 201The process of acclimation is controlled by multiple regulatory
mechanisms, as demonstrated by the separate responses seen in chloroplast compositiando hig
lowlight( Bai |l ey et al ., 2Two key feakures @b ihé acotinbatioa desponse @ 1 3 )
adjustment of photosystem antenna size and atieraf the PSI to PSII ratio. In low light, plants
increase the amount of thylakoid membrane stacking and the ratio of light harvesting LHCII and PSI to
PSII. Low light acclimated plants may run their metabolism at a lower overall energ{Bo@stiman,

1977) growing slower and taking longer to reach maturity, to balance levels of respiration with limited
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carbon fixationHigh light, on the other handkadds to decreased stacking, reduction in the LHCII/PSII
and PSI/PSII ratios and increased levels of ATP synthasbsf @nd Rubsico relative to total
chlorophyll (Bailey et al., 2001; Ballottari et al., 2007; Chow and Anderson, 1987; Chouepel

1987; Chow et al., 1988; Miller et al., 2017; Petersen et al., 2011; Schumann et alCaas&yjuently,

while high light grown plants have a higher overall capacity for LET anga€&milation coupled with

an increased resistance to photoinkobif adaptations to low light iensity allow the plant to utiles

low irradiance more effectivelfAnderson et al., 1988; Boardman, 1977; Gray et al., 1996)
Acclimation to light intensity is thought to be primarily triggered by changes in the redox state of the
PQ pool(Huner et al., 1996; Pesaresi et al., 2009a; Pfannschmidt et al., 1999; Rosso et allh2009)
redoxtriggered signalling pathway leading to long term acclimation branches into separate pathways
for regulation of chloroplast and nuale gene expression, where chloroplast gene regulation is
controlled on the transcript level while nuclear gene regulation control happens on multiple levels
(Pesaresi et al., 2009a)

It has been widely demonstrated that the abundance of PSI increases relative to PSII under low light
(Anderson et al., 1988; Fan et al., 2007; Melis, 1989hder low light conditions, when thegton

motive force is lower, basal leakage of protons across the membrane has a more significant effect on
net proton movemernBerry and Rumberg, 1996The increase in PSI may compensate for this by
increasing CET to maintain the correct ratio of ATP to NADPH producfidre NDH complex and its
associated route of CET is proposed to have an important role under low growth light, as rice mutants
lacking this complex in the thylakoid membrane have impairedityr under low light but not high

light (Yamori et al., 2015)Another possible reason for changes in PSI abundance may be that filtering
of light through canopy leaves may affect the spectral gualfilight reaching plants grown in the
shade, since the two photosystems have different absorption spectra. However, a recent acclimation
study of pea plants using quantitative proteomics showed no change in the PSII/R8Ibatiese et

al., 2018) although this experiment may not accurately reflect their behaviour in a natural environment

since artificial low and high lighting will be spectrally similar.

Prevous acclimation studies have highlighted how, in low light, plants generally expand their light
harvesting antenna system relative to the PSII reaction centre, but have a generally lower maximum
LET capacity(Adams et al., 2007; Bailey at, 2001, Ballottari et al., 2007; Chow and Anderson, 1987;
Chow and Hope, 1987; Chow et al., 1988; Miller et al., 2017; Petersen et al., 2011; Schumann et al.,
2017) The antenna size of PSI and PSII behave differently in response to light accliMétitst the
expression of some LHCII peptides increases under low light, the amounts of the LHCI antenna proteins
relative to the core PSI proteins appear to remain the same. PSI light harvesting efficiency may be
regulated only by the ratio of PSI to PSNhich increases under low light, and by association or

dissociation of mobile LHCII trimers during state transitigBallottari et al., 2007)
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Despite lower relative abundance of PSII under low light, there is generally a large increase in
expression of LHCII trimer subunits LHCB1 and LHCB2 as well as smaller increases in the core PSII
antenna peptides lEIB5 and LHCB6. The number of O6L6&6 and 06 ME
during low and high light acclimation, suggesting thagcific regulatory mechanisms must exist for
both 6boundbBHCR OO ¥ $iolb i &@hénges in exprésdidn 3n)response to high or
low light can be seen in specific components of the PSI and PSII core antenna, including isoforms which
may have important protective or réafory roles(Bailey et al., 2001)Previous work has determined

that PSII efficiency declines as its antenna cross section increases, since the additional peripheral L
type LHCII trimers are less efficiently coupled to the reaction céWege et al., 2015; Wientjes et al.,
2013a)However, the loss in efficiency is offset by the overall increase in absorptiorseissn such

that the number of pigment molecules per reaction centre times the quantum yield igWighges

et al., 2013a)The grana of low light acclimated plants may have large areas containing LHCII but no
PSI and generally, plant species adapted to low light environments have chloroplasts containing fewer
grana with more membrane layéfsiderson et al., 2012)

High light acclimation requires an increase in capacity for LET, so electron carriers and photosynthetic
machinery must be adjusted together to maintain effici€bygtpsf and FNR, complexes that both have

a substantial impact on LET flkajirezaei et al., 2002; Kirchhoff et al., 200aje likely upregulated

in plants adapted to high light intensity. Indeed, overexpression and increased abundgtigEiof

the thylakoid membrane increases electron transfer rate and results in a greater capacity for CO
assimilation, increased biomass and seed yetchakova et al., 2019; Simkin et al., 201@jaking

this complex a target for genetic manipulation of adtically-relevant plant species. Plastocyanin is
another component reported to undergo significant regulation in response to changing light intensity.
Expression of this electron carrier has been shown to increase under high light intensity, possibly to
prevent photosynthetic rate being limited by electron transfer to and frdmf ¢Burkey, 1993)
However,Arabidopsismutants with a 90% reduction in plastocyanin levels displayed nereEted
phenotype but were more susceptible to copper (Cu) stress, suggesting another role for plastocyanin in
Cu storagdPesaresi et al., 2009igh light intersity increases susceptibility to photoinhibition, so

high light acclimation requires readjustment of protein stoichiometries of thetshrarphotoprotective
mechanisms, including state transitions and NPQ. Another photoprotective strategy affectdd by hig
light acclimation is chlororespiration, which aims to protect reaction centres by minimising production
of ROS (Kanervo et al., 2005)it involvesNDH andthe PTOX, which can oxidise plastoquinol to
prevent overeductionof the PQ pool and has been found to increase in abundance under high light
irradiance(Carol et al., 1999; Kanervo et al., 2005; Miyake, 20Iyspite an enhanced electron
transfer and photoprotective capacity in high light acclimated plants, increased PSIl aaiBesytihe

risk of reaction centre damage resulting in a high rate of turnover for this complex. Therefore, high light

acclimation likely also involves upregulation of the extensive PSII repair machinery.
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Much work has been carried out to investigate pnogipression changes during acclimation in the
thylakoid membrane. However, many of the techniques commonly used for protein detection and
guantification are inaccurate, tirsensuming and require specific, wellaracterised target proteins,

or are limit@l to proteins containing ligktbsorbing cofactors, as is the case with absorbaased
spectrophotometric assays. Important regulatory proteins may be present at relatively low levels,
making changes in expression hard to detect. Immunoblotting is cdgnusaa to detect proteins and,
whilst being qualitatively informative, is subject to several limitati@isosh et al., 2014Firstly, it is
generally restricted to a single target protein for which a commeraadljableantibody has been
produced or requires the protein to be isolated and purified for production of specific sérousén
Additionally, immunoblotting is only accurate for relatigeantificationover a very narrow range
specific to a single target proteand antibody, and absolute quantification can only be carried out using
purified target protein at a known amount as a standard. -@ras8vity, low sensitivity, and poor
reproducibility also affect the reliability afuantification In recentyears,there have been significant
developments in highesolution mass spectrometry and processing of proteomic da(a&ets
Oudenhove and Devreese, 2Q18ass spectrometry can be used to analysdyhigimplex protein
mixtures and enables the identification apntificationof potentially thousands of proteins from a
single sample, making this technique an attractive alternative to-girajiin quantitative techniques.

We know that the thylakoid @mbrane undergoes significant remodelling in response to environmental
conditions with many interlinked regulatory processes. Therefore, mass spectroaseity

guantificationis a highly valuable tool for the study of photosynthetic acclimation.

Arabidopsis thalianas a small flowering plant, which became the first plant species to be used as a
model organismlt grows in a wide range of climates throughout the worldsegeralecotypes,
originatingin Europe, Africa and Asid.he species was first described in 1577 by Johannes Thal, after
whom it was eventually named, and was adopted as a model system in 4b@" mahtury with the

first International Arabidopsis Symposium taking place in 1@&merville and Koornneef, 2004

number of features dhrabidopsisphysiology make it ideal for its role as a model organism. One of
these is the small size of the plant and its ability to grow at high density in the restricted space of a
laboratory or growth chambeArabidopsisseeds, which may be harvested in the thods from a

single selpollinating plant, are simple to sow and take around 6 weeks to reach maturity and go to
seed. Leaves grow outwards in a rosette, from the centre of which the flowering stem emerges.
Arabidopsishas a relatively small and simple game compared to other plants, in that it is diploid and

has a length of around 140 Mb across five chromoso@esetic transformation drabidopsisis a
relatively simple procedure compared to other multicellular organiShes proces#nvolves dipping

the flowers into a suspensionAdrobacterium tumefacieand collection of resulting transgenic seeds.

Widespread use in plant research leagétabidopsisbeing the first plant species to have its genome
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fully sequenced, a project that was started in E3iDcompleted in 2000. A subsequgrdject, known

as 6The 2010 Projectdé ai med ArabidopsigendmeChoeyetfalu nct i on
2000) Now, Arabidopsisdata ofvarioustypes- including genetic, proteomic, transcriptomic data

compiled in The Arabidopsis Information Resource (TAIR) dasg(Swarbreck et al., 2008f%eed

stock centres such as thettingham Arabidopsis Stock Centre store supply a variety of strains in
addition to weHlcharacterised knockout mutants for most of the gendwgle not agriculturally or
economically important, the establishmenfoébidopsisas a model plant and itsgociated resources

has contributed greatly to plant biology.

Understanding of photosynthesis progressed dramatically throughout theeB@ury. In 1943,
photosynthetic yield measurements at different wavelengths of light revealed the first evidémoe for
distinct photosystems. The use of radioactive tracers allowed the discoveryCEBlwycle in 1957,
then in 1960 came the first pr o p(damakd ad Makinot he 6 Z
2009) However, research into photosynthesis and other areas of plant science have historically been
isolated from one another becatise links between photosynthesis and the other biological processes
of plants had not yet been established. While in the past photosynthesis research hascusesdyn
technologies measuring factors such as chlorophyll fluorescedamarexchange, mow utilisesthese
alongsidethe wide range of molecular biology and genetic strategies used in broader plant science.
Similarly, while the plants used for early photosynthesis research were generally chosen for practical
availability and the ease at wehi chloroplasts and thylakoid membranes could be isolattth as
spinach and pefaor to compare plant species found naturally in different climates and environmental
niches, the move tArabidopsisprovided many more opportunities. The existkrgbidgosisresearch
community made available a wealth of developmental and genetic information, in addition-to well
established protocols such that mutants could be generated to further our understanding of
photosynthetic processes. Aside fr@xnabidopsis,Setara viridis is now used as a model of C4
photosynthesi¢Brutnell et al., 2010yvhile othersimplermodels of oxygenic photosynthesis include
thegreen alg&hlamydomonas reinhardtiind cyanobacteria such&gnechocystig hese species may

be used for fundamental research into principles of photosynthesis or with the intention of growing
these organisms for biofuels, production of useful chemicals/matematsrbon fixation to combat

global warming. Research into plant photosynthesis on the other hand, Asabitfopsisis generally

for the longterm aim of improving the efficiency of photosynthesis and increasing crop yields. The
vast array of techniqgein modern photosynthesis research spanning physics, chemistry, molecular
biology and bioinformatics have made these goals realistic. Proteomic mass spectrometry, the main

technique used for the work in this thesis, is one of these relatively recemraitiitthe field.

Proteomics is the study of all of the proteins in a biological system. When studying global protein

abundance and regulation in chloroplasts, proteomics has advantages oviesratbemnethods such
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as genomics and transcriptomics. This is because the chloroplast proteome is transcribed from a mixture
of nuclear and chloroplasencoded gene@artin et al., 1998)Environmental changes, such as the
intensity or spectral quality of lightmay bedetectedn the chloroplast then this information must be

sent to the nucleus to regulate transcription of photosynthetic components, which are then transported
back to the chloroplast and imported. Thereforgntificationof photosynthetically relevant mRNA
trancripts could be misleading and may not accurately reflect stoichiometry changes in the thylakoid
membrane. Proteomic mass spectromgteyailed in Sectiod.7), on the other hand, informs about the
6end pr oductnral aodftranslatienal segulaiiop taiher than the process, and is more
appropriate when investigating photosynthetic function. However, one caveat is the regulation of the
proteome by posgranslational modification, either transient or permanent, suchqtreattity of a

protein will not directly reflect the amount of activity from that protein. While somevivo
modifications, such as protonation, will not be detectable by mass spectrometry, others such as
phosphorylation and acetylation have the potetidle quantified and provide more detail about the
regulatory state of a protein than just its quantity. While mass spectrelnaesiey proteomics was
applied to the analysis of the thylakoid membrane fairly extensively in the 2000s, more recent studies

of this type are relatively limited despite significant advances in instrumentation and data processing.

The aim of some of the first proteomic analyses of chloroplasts was simply to identify as many
chloroplastspecific proteins as possible, assign protéintheir specific sumrganellar location, and

infer functions and processes of those locations based on the types of proteins found within them. One
of these first studies was of th&rabidopsisthylakoid lumen, where protein separation o 2
electropheetic gels and MS identification of spots identified a novel plastocyanin and an ascorbate
peroxidasdKieselbach et al., 2000Ywo more analyses of the thylakoid lumen by a similar strategy
determined rare functions of lumenal proteins and assigned 81 proteins to the lumenal proteome
(Peltier et al., 2002; Schubert et al., 2002} identification of separated thylakoid priatehighlighted

the thylakoid membrane as a site of protein synthesis and assembly, with many new protein functions
identified in translation and protein folding as well as proteolysis. Many knowsalmmdance and

very hydrophobic proteins were also idéatl and the data were compiled to produce a resource named
the Plastid Proteome Database (PPDB) and annotbtesdb et al., 2004)A different strategy was
employed byPeltier et al.(2009 to analyse the thylakoid proteome, where the membranes were
thoroughly purified and proteins were either fragéited and digested with trypsin or separated by-SDS
PAGE and digested igel. Trypticpeptides were analysed by na@MS/MS, as is most commonly

done in more recent proteomic analyses, and proteins were identified using the PPDB. Of the 242
proteins idernified, at least 40% (around 97) were predicted to be integral membrane proteins and the
fractionation method allowed detection of additional lower abundance proteins, such as those involved
in tetrapyrrole synthesis and protein translocation. In anotingdy gtroteomics of the whole chloroplast

proteome with a similar MS method revealed more detail about the functions of stromal and envelope
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proteins(Kleffmann et al., 2004)Other early uses of thylakoid protein MS included the identification

of phosphosites on a number of key photosynthetic proteins including those from PSII, LHCII, and PSI
by trypsin tratment of thylakoid membranes to release surface pefftittessson and Vener, 2003;
Vener et al., 2001)

Progressing from initial descriptions of the thylakoid proteome, later analyses aimed to detect or
guantify global changes in proteibundance occurring in response to developmental or environmental
factors, or to reveal more structural detail about photosynthetic proteiasomelli et al.(2006)
compared the high light acclimation response ofttabidopsis thalianavild type thylakoid proteome

to that of an ascorbatieficient mutant. Tis study involved a time course experiment where the plants
were acclimated to 1000 umolas? for 5 days. Protein samples from the plants were separated by 2

D electrophoresis and the spots that changed in intensity were identified by MS. In this case,
guantification of changes in protein abundance was performed by analysis of gel spot intensity rather
than by MS. Only 45 proteins were shown to change in abundance due to either high light, genotype,
or both. The response of the thylakoid membrane todeditiency has been analysed by this gel spot
guantification and identification strate@ndaluz et al., 2006)but also by a combination of[2
electrophoresis with igel digestion and intact protein E@S from sucrose densityradient bands,

with relative quantification performed using extracted ion chromatogfaimperio et al., 2007)LC-

MS analysis of intact thylakoid proteins for quantification, witdidnal tryptic digestion to validate
protein identities, was used again to study iron defici€bhaganowsky et al., 200@)nd to investigate
specific features of LHCII isoform constituents, revealing oxidation aridridinal acetylatioras

common modifications of these prote{i@aletskiy et al., 2008)

With improvements in instrumentation, such as higéolution Fourier transforbased mass
analysers, came more attempts to quantify the thylakoid proteome and map proteins to more specific
structures and complexegbailov et al (2008)performed ingel digestion and label free quantification

of the chloroplast proteome in the form of spectral counting, resulting in the identification of 1325
chloroplastproteins with measured abundances spanning four orders of magnitude, and the abundance
data were deposited in the PPDB. Later, another chloroplast proteome database, AT_CHLORO, was
produced byFerro et al(2010 containing information about the properties of 1323 proteins and their
localisationwithin the chloroplast, determined by spectral counting. Further studies aimed to find
proteins localised within the plastoglobulgsindquist et al., 2012)and within the grana, the grana
margins and the stroma lameli@®mizioli et al., 2014; Yin et al., 2015MS has also been coimkd

with structural analysis to determine the contents of isolated complexes from pea thylakoids to assess
the compositional differences between the PSIl supercomplexggviand GS, (Pagliano et al.,

2014)
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Relative and absolute quantification of the thylakoid proteome in recent work has been performed
through a range of strategies and there idafimite consensus on the correct or optimum method. The
thylakoid membrane is a particularly challenging system to work with through mass spectimsetty
proteomics because of the physicochemical properties of integral membrane proteins as well as the
abundance distribution of its proteome; thylakoids are dominated by the light harvesting apparatus and
core photosynthetic machinery, obscuring many of the less abundant regulatory fveteiakegge,

2003) Earlier strategies, such adD2electrophoresis and relative quantification of gel spots between
conditions followed by irgd digestion and MS identification, are still used, as in an analysigdng

et al.,(2016b)of thylakoids at different developmental stages. Isobaric labelling is also used, as in a
relative quantification of chloroplast proteins from dédated Arabidopsis against a control by TMT
labelling (Warg et al., 2016a) However, labefree proteomics was recently used for absolute
guantification of proteins of the thylakoid membrane to determine stoichiometries of complexes and
subunits to one another ycKenzie et al., 2020Thylakoids were isolated from Arabidopsis plants
grown ata singlemoderate light intensity and the proteins sulgdtd in-solution digestion. Labdtee

protein quantificatin indicated that for every PSII core complex there were 0.58 PSI cores, @35 cyt
complexes, 0.7 ATP synthases, while NDH was much less abundant at 0.013 per PSII. Total LHCII
was not calculated, but the analysis determined LHCB1.5 to be the most ahtingemcomponent
compared to the other two identified, LHCB1.4 and LHCBBe labelfree absolute quantification
method used for this work accounts for differences in protein size. Hovited@es not account for the
tendency of hydrophobic membrane tgins such as those of thylakoids to resist tryptic digestion,
eitherrelative quantification between conditiomsthe use of known isobaric protein standandy be

regarded as more accurate and precise.

Albanese et al2018 carried out the first study using ladete relatively quantitative MS to quantify

the changes in the thylakoid membrane proteome that occingdong term acclimation. The plant
investigated was pea, a norodel organism for which there was no full genome sequence known and
therefore, no proteome database available. Protein sequences were determined from transcriptomic data,
increasing the maber of proteins that could be identified and quantified. Contrary to previous studies,
no difference in the PSII/PSI ratio was found between thylakoid membranes from plants acclimated to
low, moderate and high light intensity. Compared to plants growerumgh light, low light thylakoids
contained around half as much of each of LHCB1, 2 and 3, but the LHCI components identified were
constant between conditions. Proteins increasing in abundance with growth light intensity included
plastoglobular and ribasnal proteins and those of the lmftcomplex, NDH and ATP synthase. Many
proteins with roles in electron transfer increased with light intensity, such as FNR and PGR5, whereas
plastocyanin was constant in all conditions. While these abundance charigésiaative aboulong-

termacclimation of the thylakoid membrane of pea, a number of proteins were absent from the analysis
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and the data may not translate directly to Arabidopsis, which is more widely used for photosynthesis

research

In mass spectrometry, molecules are ionised then sorted according to their mass to charge ratio (m/z)
to give a mass spectrum. The technique can be used for biological applications such as analysis of
proteins and metaboliteB.r ot eomi ¢ mass spectrometry is the an:
proteins in a biological system, by detecting constituent peptides from a sample. Proteins are first
prepared from a biological sample thememicallymodified by reduction andlkylation of cysteine
residues to prevent the formation of unwanted covalent bonds between proteins. The modified proteins
are then digested by an enzyme, usually trypsin, to give a mixture of peptide frafbiidncs et al.,

2015) Trypsin is a serine proteatbatcleaves peptide bonds the Gterminal side ofysine or arginine
residues with high specificity to giveuitably sizedpeptide fragments for analysis by mass
spectrometry. During mass spectrometric analysis, peptide fragments are usually sepanatenl by
liquid chromatographynand.C) before being iorsied and deteatein a peptide ion (MS1) scan. The

most intense gptide ionsn the MS1 scaare selected and fragmented to produce a product ion (MS2)
spectrum. Information from the two spectambinedto determine the amino acid sequences of the
peptides which are then searchedg ai n st t hproteame gladabases tom determine which

proteins were present in the original sample.

Proteomic mass spectrometry can be used forda rangeof tasks. Primarily, thesesksinclude:
identification of new prieins and generation of proteomic databases; mapping the localisation of
proteins within a cell or organelle; investigation of pmanhslational modifications to study regulatory
mechanisms; calculation of changes in relative amounts of proteins in sespondifferent
environmental conditions or drugs, and; determination of absolute amounts of a protein or proteins in a

proteome as they are in a natural biological cor{teebersold and Mann, 2003)

Relative quantification of a peptide requires two or more conditions and can give information in terms

of 6foldd changes in amounts of pr oteevironmentdhi s ca
condition or treatment with a drug on protein expression and regulation. Relative quantification can be
simpler, does not require known targets or a specific hypothesis, and can be used to investigate more
proteins at once. This is known asb o tutpodm o r 6shotgund proteomi c:
guantification gives results without units and does not give information about the absolute amounts of

each protein, i.e. the number of protein molecules pef@adisi et al., 2013)

While relative quantification compares the abundance of one protein in differentesamipsolute
guantification compares the abundance of different proteins in the same sample. It can also be used to
calculate the absolutaolar amounbf a protein Differencesin detectability and ioniion efficiency

of distinct peptides mean that th@ieak intensity does not indicate how much of a given peptide is
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present. However, when the intensity of a peptide is compared to that of an identisatdpitally

labelled peptide with a known masift, the difference in intensity between the twaptides will
accurately reflect the difference in their amounts. Stable isotope labelling by amino acids in cell culture
(SILAC) exploits this for accurate relative quantificationinktolves the growth of two populations of
organisms in otherwise idengicconditions, where one is grown on stable isoclapelled substrate.

Peptide samples from the two populations are analysed together to determine their relative amounts for
proteomic analysi€Drissi et al., 2013)Alternatively, a known quantity of that peptideybe used to
determine the relationship between peak intgnand the amount of peptide. Therefore, absolute
guantification can be achieved using identical but isotopitaliglled peptides at known amounts. A
QconCAT (Swainston et al., 20113 a recombinanartificial protein made up ofoncatenatethrget

peptides for quantification. It is producedEncolior yeast grown in stable isotefabelled media and

purified, then a known amount is added to the protein mixture for digestion and use in mass
spectrometry analysis. The QconCAT method is ttmesuming and requires specific target proteins.
Other methods for quantification include peptide labelling methods susblzaric tag for relative and
absolute quantification (iTRAQ). In this strategy, protein samples are labelled with different reagents,
then the labelled samples are pooled together. All of these tags give peptides the same additional mass
and thereforehte peptides are indistinguishable in the MS1 scan. Upon fragmentation, the differentially
labelled product ions have distinguishable mass to charge ratios, so relative amounts of the peptides can
be calculatedWiese et al., 2007)

More recently, absolute quantification of proteins has eere frequentlyperformed in the absee

of mass labelling strategids. labelfree quantitative proteomics, absolute quantificatioprofeins is

based either oMS1 peptide intensitiesr on the number of MS2 spectra associated with a particular
peptide, termed spectral counting. Theristsxa number of methods for MS1 intendigsed absolute
quantification, which have been extensively compared for accuracy and préEsioa et al., 2014;

Vélikangas et al., 2018; Zhang et al., 2015; Zhao et al., 202@dlable in aangeof both commercial

and freelyavailable software. Some quantification strategies aim to relate total protein intensity (the

sum of all peptide intensities for that protein) to molar amounts by dividing protein intensity by a value
reprsenting that proteinds sidthesemsthodibintensitybaseds mol e
absolute quantification (iBAQ), whereby protein intensity is dividgdhe number of peptides that

would theoretically be released upon digestion of thatepr (Schwanh&usser et al., 201 Qther

strategies normalise peptide or protein intensities across multiple MS experiments to adjust protein
intensities such that they can act as proxies for molar quantities. One of these methods is (CaxLFQ

et al., 2014)implemented in the freelgvailable software MaxQuarfCox and Mann, 2008)which

normalises proteimtensity using peptide intensity ratios between experimardsr the assumption

of an unchanging 6backgroundé proteome.-freghi |l e t

absolute quantification, relative quantificatiorgenerallyconsidered moreobust and precise.
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There has yet been no quantitative or squantitative analysis of the proteome of th@bidopsis
thalianathylakoid membrane under high and low light conditions. Rather than investigating changes in
protein expression, moskiging proteomic studies on the plant thylakoid membrane have focused on
increasing the number of membrane protein identifications or determining the localisation of proteins
within the chloroplast or within the thylakoid membrgifiemizioli et al., 2014) Quantitative analysis

of plant proteomes through SILAC is challenging because of the need for itaitefied media, and

a QconCATbased approach requires specific target proteins. Advances in the sensitivity and accuracy
of modern nass spectrometefScheltema et al., 201#)ean that labelling methods such as iTRAQ are

no longer esential for relative quantification. A labfree global analysis of the thylakoid membrane
proteome under different liglehvironmentwill allow semiquantitative comparative analysis of light
acclimation. This approach has the potential to identify mapd low-abundance regulatory proteins
thatwere not previously known to have roles in acclimatifime work presented in this thesis aims,
firstly, to develop a reliable method for relative quantification of the proteins of the thylakoid membrane
using bBbelree qantitative mass spectrometsgsed proteomics. The method is then applied to
Arabidopsisplants grown in a controlled environment to investigate remodelling of the thylakoid
proteome in response to different light intensities and is combingdsivuctural and biochemical
analyses to relate these changes to biological processes. However, since plants grown in a natural light
and temperature environment are exposed to very different conditions to those in a controlled
environment, it is importdrto view any observations and conclusions about light acclimation in the
context of a natural environment. Therefore, a comparison of the thylakoid proteon#er ftmidopsis

grown in a natural environment to that from a controlled environment is perfarsiiegl the same
method Finally, to take the investigation further than a descriptive account of acclimative chhieges,
strategy is applied to photosynthetic mutants to investigate how the thylakoid proteome is remodelled
to account for missing proteir processes and to assess the relationship between phenotype and
proteome in these mutants. The final results chapter first descrilaegeacomparative proteomic
analysis to determine the roles of the proteins STN7 and TAP38 in long term light acelifiais is
followed by an analysis of thegr5 Arabidopsis mutant in order to speculate on what changes in the
thylakoid proteome may contribute to the lethality of this mutation in a natural or fluctuating light

environment.
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Table5: Arabidopsis thalianatrains

Strain Description

col-0 Columbia ecotype

stn7 T-DNA insertion in intron 8ALK 073259

tap38 T-DNA insertion in5' UTR(SALK 025713

gl-1 Spontaneous mutant defiee in trichome development

pgr5 Point mutation irgl-1 backgroundMunekage et al., 2002; Shikanai et al., 1999

2.1.1 Conditions for growth of Arabidopsis

Arabidopsis thalianaseeds were sown on M3 compost and stored @tGr 48 hbefore germination

by transferring to &€onviron plant growth roorwith day/night temperatures of @118¢ CSeedlings

were transplanted to individual pots containing a mixture of M3 compost, perlite, and vermiculite at a
ratio of 4:1:1, respaively. Between 10 and 15 plamqtsr condition were grown under fluorescent bulbs
(emission spectrum iRigure5) at 150 & st With pitheo a 1@ Iplsotopariod Chapters

3,4, and5) or an 8 Iphotoperiod Chapte6). Light intensity was measured as photosynthetically active
radiation (PAR) on a 190 light meterAfter 2 weeks, or until rosettes reachedanukter of around

3 cm, plants were transferredtteir respective environmental conditions to be compared, either in a
controlled environment growth chamber or to an outdoor growth facility (Arthur Willis Environment
Facility, University of Sheffieldwhere the pots were positioned above ground on tables and watered
regularly to avoid drought stregdlants weracclimatedor different lengths of timerior to harvesting

to account fowvariablematuratian rate depending on day length and light inten&ityo et al., 2017)

Local weather data for the acclimation period of outeromwwn plants was provided by the Weston

Park Weather Station, Sheffield, which recorded minimum and maximum temperatures of each day
along with sunshine hours. Sunshine hours were defined as the number of hours per day at which the
light intensity exceeeld 120 W/n*. The gproximate conversion of WAito € mo | p?klavasons m
performed as followst W/n¥ = 4.57emol photons nis? (Thimijan and Heins, 1983)
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Figure 5: Emission spectrum of fluorescent lighting useddi@bidopsisgrowth.

Unless otherwise stated, reagents and chemicals fisimerFScientific UK Ltd (Loughborough, UK)

or SigmaAldrich Company Ltd. (Dorset, UK). Solutions were made up in MNQii Integral

ultrapure water produced by a Millle Integral Water Purification System (Millipore (UK) Ltd.,
Watford, UK) witha purityoftl 8. 2 mq c¢cm at 25UC, unl e23 ot her wi

Table6: Buffers and solutions

Experiment Solution Reagent concentration
Thylakoid membrane Preparation medium 50 mM sodium phosphate
preparation, structured buffer pH 7.4
illumination microscey, low 5 mM MgCk
temperature fluorescence 300 mM sucrose
spectroscopy 10 mM NaF
Break medium 5 mM MgCk
10 mM Tricine pH 7.4
10 mM NaF
Double osmotic medium 5 mM MgCb

10 mM Tricine pH 7.4
400 nM sucrose
10 mM NaF

Thylakoid storage buffer 10 mM sodium phosphate
buffer pH 7.4

5 mM MgCk

5 mM NaCl
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200 mM sucrose
10 mM NaF

Immunoblotting Transfer buffer 10 mM NaCQ

3 mM NaCOs

10% (v/v) methanol
Tris buffered saline (TBS) 50 mM Tris HCI pH 7.6
150 mM NacCl

Blocking buffer 0.2% (w/v) TWEEN 20
50 mM Tris HCIl pH 7.6
150 mM NacCl

5% (w/v) milk powder
Antibody buffer 0.05% (w/v) TWEEN 20
50 mM Tris HCIl pH 7.6
150 mM NacCl

Mass spectrometry Loading solvent 0.5% (v/v) trifluoroacetic acid
3% (v/v) aetonitrile (ACN)

Arabidopsighylakoid membranes were prepared accordirgliertsson et al., 1994vith the addition

of 10 mM NaF to all buffersTiable6). Leaves were blended in cold preparation mediui waring
blender The leaf homogenate was filtered through two leypémuslin followed by another two layers

of muslin with absorbent cotton wool in betwe@tloroplasts were pelleted by centrifugation of the
cell lysate forl5 min at 3750 rpm on a Thermaié&ntific Sorvall ST 16R centifg e aTo lydee C.
chloroplast envelopethe pellet was resuspended in break medium and incubated on ice for 1 min. An
equal volume of double osmotic mediwmas added beforeentifugationfor 10 min at 3750 rpnat
4¢cC. Pel | et e dresospendiand wasthedh thydakodd storage buffer before a final 10

min centrifugation step The pelleted thylakoichembranesvere then resuspended in approately 1

mL of thylakoid buffer. Thylakoid membranes were stored in aliqueB0at Gfter flash freezingyith

the addition of ethylene glycol at 5% sample volume.

2.4.1 Chlorophyll analysis

Absorption spectra were taken on an Agilent Technologies Cary 6VI8\spectrophotometer. For
analysis of chlorophyll content, 4 L of thiaids were vortexed with 2 mL of 80% (v/v) acetone then
the miture was centrifuged at 13080g for 2 min. The absorption of the supernatant at 750, 663 and

645 nm was used to calculate the chlorophyll concentration and chlorapbliatios of the thlakoid

36



samples according orra et al(1989. The equations for calculation of concentrations and ratios are

shown below.

Chla = 0.01225(&%*A™9 i 0.00255(&*-A")
Chlb=0.02031(&*A"% 1 0.00491(&%-A™9
Chlsa+b=0.01776(&*-A™% + 0.00734(A%>A"9

2.4.2 Low temperature fluorescence spectroscopy

Thylakoids were diluted in thylakoid storage buffeA?t°= 0.1and transferred to hcm polymethyl
methacrylate cuvettd he fuorescence of samples plunged into liquid nitrogen was meassiregla
FluoroLog FL3 22 spectrofluorimeter (Jobin YvonEmission spectra from excitation at 435 nm were
normalised to the peak at 684 remission PSIl excitation spectra (emission at 695 nm)eve
normalised to the peak at 6F8n excitation. PSI excitation spectfamission at 35 nm) were

normalised either to 705 nm excitation or to the maximum value between 550 and 720 nm.

For calculation of protein concentration in thylakoid membranes, sodium laurate (SL) was added to a
concentration of 1% (w/v). The sample wabjgct to two ronds of sonication for 10 miiollowed by

shaking at 1500 rpmfor5mimt 20e C, then starch granul es were
x g for 2 min. The BieRad DC protein assay was used to determine protein concentration of the
solubilised thylakoids with absorbance read at 750 nm. Sample concentration was daimsiltegea

standard curve of bovine serum albumin (BSA) standards at 0.2, 0.5, 0.8, 1.2 and 1.5 mg/mL in 1%
(w/v) SL. Ratios of protein:Chl were produced by calculating the protein concentration of thylakoids
solubilised at a known Chl concentration (0.1/imig).

Stramal lamellae were solubiksl at0.5 mg/mL Chl in 2%w/v) digitonin, 50 mM Bis Tris pH 7.2, 10

mM NaF, 10%(v/v) glycerol, for 1 hon ice Grana membranes were solulgtisin 0.5%(w/v) n-

h e x a d ®-<engltosidé, 0.2%w/v) n-d o d e éymaltodide, 50 mM Bigris pH 7.2, 10 mM NaF,

10% (v/v) glycerol, for 1 hon ice.For comparison of lab and field grown plants, the granal fractions
were instead solubilised i?d (w/v) n-d o d e éymaltodde, 50 mM BisTris pH 7.2, 10 mM NaF,

10% (v/v) glycerol Complexes solubilised from the stromal lamellae were separated by centrifugation
at15000cgat 4eC, wi t lollectedkGrasal goreptexes weee sdiubilised from the pellet
and separatkby centrifugation at 15,000ga t  Zhe o supernatants were centrifuged.5,000
xgat 4eC for a second t i m$olubilised dompleies weseunpxedrwitha t a nt s
100 mM Bis Tris pH 2, 30% (w/v) sucrose, 50 mg/mLoGmassieBlue G250, 0.5 Maminocaproic
acidat a ratio of 9:1, respectively, and centrifuged for 2 mitBad00x g at room temperature anilet

supernatant was loaded on Invitrod&is-Tris NativePAGE 3 to 12% precast geSomplexes were
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separated by electrophoresis 16 0 V f o rin lhvtr6gennNativePAGE ruargn@ buffer,
with the addition of 2 mL of cathode buffer to the inner chamber. Gels were stained with Coomassie

Brilliant Blue G250 for protein visualisation.

Thylakoid menbranes were solubééd in NuPAGHiIthium dodecyl sulphateample buffer fol h at
ambient temperatutbencentrifuged at 10,008 g. The supernatant was thegparated b g DSPAGE

on Invitrogen 12% Bidris NuPageprecastgels (Thermo Fisher Scientifigh MES running buffer

(Life technologies) for 80 min at 150 V. Precision Plus unstained protein marker was used for molecular
weight indication and thylakoicample loading was norrised to equal amousiof chlorophyll. Gels

were stained with CoomassigilBant Blue G250 for protein visualisation. For SIPAGE gels
intended for use in immunoblotting, Precision Plusgiegned protein marker was used and the gel was
not Coomassialue stained.

Immunoblots were carried owfith primaryantibodies raisedgainst FSBD, PSBA, PETA, and ATPH
(Agrisera). A poly(vinylidene difluoride)membrane PVDF, Novex) was activated by soaking in
MeOH for 1 min. The membrane was washed in transfer buffer, along with the gel, two sheets of filter
paper and sponges, thenaséel ed in a transfer tank. Transfer
eithe overnight at 35 mM or for 1 &t 350 mM. At room temperature with mixing, the membrane was
subject to three 5 min washes in TBS then incubated with blocking buffer f@lddking buffer was
removed before addition of antibody buffer containing primary antibody serum at the dilution
recommended by the manufacturer. After 4 h, the primary antibody buffer was removed and the
membrane was subject to three 5 min washes itbahti buffer. Secondary antibody (horseradish
peroxidaseconjugated arntiabbit, SigmaAldrich) was diluted 1:10,000 in antibody buffer and
incubated with the membrane for 1 The secondary antibody buffer was discarded and the membrane
washed in antibodpuffer three times for 5 min. The membrane was allowed to dry slightly before
application of 1 mL of WESTAR SUN chemiluminescence substrate (Cyanagen) and imaging using an
Amersham Imager 600 (GE Healthcare).

2.8.1 Electron microscopy of leaf thin sections

Leaf discsof 1 cm diametewere taken at the point of harvest from positions in the centre of exposed
leaves Leaf thin sections were prepared and imaged by Dr Chris Hill (Electron Microscopy Facility,
University of Sheffield) as inWood et al.(2018) The leaf discs were first infiltratd with 3%
glutaraldehydf.1 M sodium cacodylate overnigten washed and fixed with 2% osmium tetroxide.
The samples were washed briefly with water then dehydrated with serial ethanol treatments.

Epoxypropane was used to clear the samples beforeahéittrwith a mixture of araldite resin and

w

epoxypropan@at a 1:1 ratio. This mixture was r-&pl aced
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h. A Leica UC 6 ultramicrotome was used to cut ultrathin sections to around 8&maoh were
mountedonto copgr gridsandstained with aqueous uranyl acetate for 30 followed byRe y no |l d 6 s
lead citrate for 5 minLeaf thin sections were imageatl an accelerating voltage of 80kuith a FEI

Tecnai Transmission Electron Microscopéth micrographs recordadinga Gatan Orius 1000 digital

camera and Digital Micrograph software

Samples were prepared, imaged and analysed accordWpdd et al., 2019Leaf discs of 1 cm
diameter were ground using a (fn@oled) pestle and mortar in 1 mL cold preparation medium.
Chloroplasts in leaf homogenate were imaged on a DeltaVision OMX V4 microscope (GEchiexlt

with aBlaze3D SIM moduleand a603 1.42 oil planapochromat lens. Chlorophyll was excited with a
642nmwavelength laser and emission collected through a bandpass filter of 683/40 nm. The structured
illumination pattern was projected onto the saargl 3 angles in a series of 5 phases (15 images per
axial slice). Image reconstruction was performed with-BaiRxOMX 6.0 software (GE Healthcare)

The SIMcheck ImageJ plugin was used to threshold asimit bonvert the reconstructed images before
granaFWHM measurements in the same software.

All solutions were made ihC grade water (Sigmaldrich).

The mass spectrometer (Q Exactive FiIRermo Scientifitwas regularly calibrated and quality control
assessments were carried out with Bleklltryptic digest standards before and after every experiment.
Blank injections of loading solvent were spaced at least every 5 sample injections with an identical
nanoLC gradient but full MS scan mode was set to centroid rather than profile. Wizeveadab be

used for protein quantification, runniongder of samples was randomised to reduce the impact of batch

effects.

Protein identifications were assigned as being associated with the thylakoid membrane, lumen or
plastoglobules using combination b SUBA4 (Hooper et al.,, 2017)GO annotationsand manual

annotation based on literature and online resources such as UniProtkKB

2.9.1 Protein digestion in 60% methanol

Thylakoid membranes containing 10 pg of Chl (approximately 50 pg protein) were diluted to 10 pL in
HPLC-grade water. Proteins were reduced by addition of 1.5 pL 100 rnigl(2-
carboxyethyl)phosphirelCl (TCEP) and 5 pL MeOH and incb at i on at 37eC for
alkylation was performed with the addition of 1.5 pL 200 mM iodoacetamide in 100 mM
triethylammonium bicarbonat(TEAB) pH 8.5 and incubation in the dark at ambient temperature for

30 min. Samples were adjusted to 50 yblume before addition of 2 ug trypsin (Promega) for
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proteolytic digestion overnight at 37¢C. Peptid
resuspended in loading solvemiple6) by sonication and desalteskg ®ction 2.9.5.

2.9.2 In-gel protein digestion

Thylakoid membranes containing 5 @hl were separated by SDBAGE as described earliesee
Section2.7) with the modification that thylakoids were heate®t6 e ith 10wuL SDS loading dye for

3 min After staining with Coomassielie, the gel lane was excised and divided into sections. Each
section was cut into 1 mm cubes and subject-geirreduction, Slkylation and tryptic digestion as
described byandey et al2000. The peptide extracts were dried by vacuum centrifugation and stored
at-2 0 e C.

2.9.3 In-solution protein digestion

Thylakoid membranes containing 10 pug Chl (appraatiely 50 g of protein) were diluted to 20 pL in
LC-MS grade water. The protein samples were precipitated and cleaned up using the GE Healthcare 2D
Cl eanup Kit according to the manufacturero6s inst
in 10 uyL 8 M urea, 100 mM TrisiCl pH 8.5. For the reduction reaction, 1 yL 50 mM
tris(carboxyethyl)phosphinelCl (TCEP)was addednd incubate at 37 °C for 30 minThe samples

were allowedo cool to room tempature then the proteins were alkylated byithola of 1 uL 100 mM
iodoacetanide in 100 mM TrisHCI pH 8.5 andricubaion at room temperature in the dark for 30 min.
Proteolytic digestion was started by additior2 @fg of premixed trypsin/endoproteinase L-@5(eLys

C, Promegajpnd incubatiorat 37°Cfor 2 h The sample was then diluted with pL 50 mM TrisHCI

pH 8.5, 10 mM CaGland incubaté at 37°Covernight. Finally, uL 10% trifluoroacetic acidwas

added to the samples then the peptides were dried by vacuum centrifugation and s2oéeg 4z .

2.9.4 Protein digestion in sodium laurate

Thylakoid membranes were solubdis in 1% (w/v) sodium laurate (SL) Iyo rounds ofsonication

for 10 min followed by 1 min shakings described previous(lin et al., 2013) Starch granules were

then removed by centrifugation at 10,00Q for 2 min Aliquots of the supernatant containing 50 pg
protein (BicRadDC assay) were adjusted to 15 wiith 1% (w/v) SL, 100 mM triethylammonium
bicarbonateTEAB) pH 8.5 theneduced by the addition of 1.5 100 MM TCEP and incubation at

37e C f or 30 mi nalkylaked lythe addit®n oivleSrod 206mM iodoacetamide in 100

mM TEAB pH 8.5 and incubation at ambient temperature in the dark for 30 min. Samples were adjusted
to 50 (L with 1% (w/v) SL, 100 mM TEAB pH 8.5 and proteatytligestion was carried out after the
addition of 2 pg premixed trypsin/eLysC ( Pr omega) and i ncubation for
was performed as previously descrilfeih et al., 213) by adding an equal volume of ethyl aatet

and acidification with 10 pul10% (v/v) trifluoroacetic acid (TFA). The samples were vortexed for 1
min then centrifuged at 15,700g for 5 min to accelerate phase separation. The peptid&ining

lower phase was isolated, dried by vacuum centrifugation and dissolved ib 8G% (v/v) TFA, 3%
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(v/v) ACN before desalting with C18 spin columns (Thermo Scienti#f&cilescribeth Section2.9.5
The peptides were aigedried by vacuum centrifugation and storeel2#x °C.

2.9.5 Peptide desalting

Vacuum dried digested peptides were dissolved in loading solvent by sonication then desalted using
reverseephase chromatography C18 spin columns (Thermo Scientific) with 30 pg ityapac
Centrifugation steps were carried out at 500 rpm in a microcentrifuge. The spin columns were first
activated by two 200 pL washes with 5q%v) MeOH before two equilibration washes with loading
solvent. The sample was applied to a spin column anftbthiehrough was collected for a second pass
through the column. Another two washes with loading solvent were performed before elution of the

peptides in 70%v/v) ACN followed by vacuum centrifugation.

2.9.6 Hypercarb fractionation of peptides

Desalted peptide were first dissolved in loading solvent by sonication. Centrifugation steps were
carried out at 1000 rpm in a microcentrifuge. Hypercarb spin columns (Th&cieatific were
activated by two 200 pL washes with 7@¥v) MeOH then equilibrated with twd0® uL washes with
loading solvent. The sample was applied to a spin column and thehilough was collected for a
second pass through the column. A further two washes were carried out with 200 uL loading solvent.
Peptides were eluted sequentially with800.1% (v/v) TFA containing 10, 20, 30, 40, 50 and 70%
(v/v) ACN and the fractions collected separately. The fractions eluted at 10% ar{@/VP2¢CN were

pooled then all fractions were dried by vacuum centrifugation.

2.9.7 Analysis of peptides by mass spectrometry

For analysis by nanffow liquid chromatography coupled to mass spectrometry (nafdBOMS), the

peptides were dissolved in loading solvent by 5 min sonication and 5 min mixing at 1500 rpm at room
temperature. Samples were centrifuged at 10xaffdr 5 minto remove any precipitate before 400 ng

peptides froneach of threeeplicate digestsvere amlysed in triplicate in randoresl order. Peptides

were resolved on an EASSpray PepMap RSLC«¢c ol umn ( Ther mo Scienti fi c,
2 &m, 40 AC) with the following gradient prof il
chromatography system (Thermo Scientific): 97% solvent A ({\% formic acid in water) to 10%

solvent B (0.08%v/v) formic acid in 80%(v/v) ACN) over 5 min, the 10% to 50% solvent B over 3

h. For prefractionated samples, solvent B was instead delivered from 10% to 50% over 75 min. The
mass spectrometer was a Q Exactive HF hybrid quadr@ligrap system (Therm&cientific)
programmed for data dependent acquisition with profile full MS scans at 120,000 resolution and a
maximum of 10 centroid product ion scans at 30,000 resolution per cycle. For analygjslafigests

the MS was programmed to exclude thgsn autoproteolyticpeptide sequencesATVSLPR and
LSSPATLNSR
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2.9.8 Identification of proteins from mass spectrometry data

MS data files were searched using either MaxQ(@mx and Mann, 200&)r MascoDaemon(Perkins

et al., 1999)against themost recentArabidopsis thalianaJniProtKB reference proteome database
(www.uniprot.org/proteomes/UP000006548). MS raw files were converted to mgf files using
MSConvert prior to processing in Mascot, the method for such was as fodlomsne= trypsin; nax
missed cleavages = 2; peptide charge = 2+ and 3+; peptide tolerance = 0.01; variable modifications =
M oxidation; fixed modifications = C carbimidomethyl. For labele quantification, MS raw files were
processed by MaxQuant with the intendigsed adolute quantification (iIBAQJCox and Mann, 2008;
Schwanhéusser et al., 20bpjion selected. MaxLFQCox et al., 2014yvas enabled with the minimum
peptide ratio set to 2. Search parameters were: carbamidorgthy(fixed modification), Met
oxidation, protein Nlerminal acetylation, Lys acetylation and GIn to p@&iu conversion (vdable

modifications) with a maximum of two missed cleavages. The enzyme was set to Trypsin/P.

Table7: Software and database versions

Database/software Date downloaded/version
uniprotproteome_UP000006548sta 24/102016
10/122018
17/122019
11/032020
MaxQuant v1.6.3.4
v1.6.10.43
v1.6.11.0
Perseus v1.6.0.7
v1.6.2.3
v1.6.10.50

Mascot Daemon v2.5.1.0

Quantification results in the form of iBAQCox and Mann, 2008; Schwanh&usser et al., 2011)
intensities, as generated by MaxQu@&tax and Mann, 2008pr the identified proteins, were processed
and statistically analysedsing Persus(Tyanova et al., 2016)To compenate for variation due to
sample loading and MS spectral acquisition timing, iBAQ intensitiesHertarget proteins were
normalised to the intraanalysis sum of iBAQ intensities of key photosynthetic complexes PSIl (PSBA,
PSBB, PSBC, PSBD, PSBE, PSBF, PEBRSBO1, PSBO2, PSBP1, PSBP2, PSBQ1, PSBQ2, PSBR),
PSI (PSAA, PSAB, PSAC, PSAD, PSAE1, PSAE2, PSAF, PSAG, PSAH, PSAK, PSAL, PSAN,
PSAO), Cybsf (PETA, PETB, PETC, PETD), and ATP synthase (ATPA, ATPB, ATPC, ATPD, ATPE,
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ATPF, ATPH, ATPI) In Perseus, filténg was performed to remove identifications arising from the
contaminants database, reverse sequences, and proteins only identified by a modification site. MS data
from repeat injections was averaged (Mmewaith missing values excludedtdfistical analyseto
identify significant changes in protein abundabhgeANOVA (analysis of variancegnd/or ttest were
performed in Perse{$yanova et al., 201&yith additional truncatiobby permutatiorbased FDR (false
discovery ratepf 5% based on a null distribution generated by 250 randomisatigtissignificance
reported ag value g < 0.05. Where more than two conditions were compared, significant proteins
were determined bgneway ANOVA prior to identification of significant pairs of condition§he
significance of changes in protein expresdietween plangrowth conditions was determined using

We | c heét$rotein intensities were displayed graphically as a percentage of the mean value of the
control condition Ratios of protein abundance between conditions were calculated using tla® medi
value from triplicate analyses and assigned colours for summary diagrams using Microsoft Excel.
Calculation of protein stoichiometries was performed using MaxhBnalised datasets by dividing
protein LFQ intensity of one protein with that of anotteatio calculations involving mulgubunit
complexes were performed using a stoichiomattjusted mean of the LFQ intensities of all subunits

guantified in 3 replicates
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Until recently, there was no published relative quantification of the plant thylakoid proteome by mass
spectrometry. Much of the early proteomic analysis of thylakoid membranes was performed using 1D
or 2D gel electrophoresis followed by-gel digestion of specific spots or bands for the purpose of
identification or mapping to a particular subcellular location rather than quantifi¢étiizo et al.,

2004; Kieselbach et al., 2000; Peltier et al., 2002, 2006; Schubert et al., 2002; Timperio et al., 2004)
More recently, thylakoid subompartments were isolated Bymizioli et al., 2014and the protein
concentrated in an SDSAGE gel between the stacking and separating region of the gele befor
excision of the band and -l digestion.Gomez et al.(2002 used an alternative method for
identification of thylakoid proteins, where they performed-MS to separate and analyse the intact
mass of PStenriched thylakoid membrane proteins with g of assigning proteins to the grana.
Relative quantification of proteins in acclimation or other conditions has also been performed by first
measuring intensity of spots on 2D gels then identifying spots with differential regulation-BsLC
(Andaluz et al., 2006; Giacaatii et al., 2006; Timperio et al., 200Many laboratory methods used

for proteomic analysis of thylakoid membrane proteins in the past focused on fractionation to increase
coveragdPeltier et al., 2004)ut have been superseded by improvements in high resolution MS. These
advances were accompanied by developments in and increased availability of bioinformatics tools for
processing of MS data. Quantitative proteomics without the need for metabolic aloelisobaric

mass tags is now commonplace in biomedical fields such as cancer biomarker discovery. However,
studies involving relative quantification of proteomes within a-atganellar fraction such as the
thylakoid membrane are lacking. For this reasbwas not possible to rely on existing protocols and
some consideration was required for the choice of method for sample preparation, data processing,

normalisation and quantification.

A recentMS study provided the first relative quantificatiasf the thylakoid proteome inpeagrown
under low, moderate and high light intensiy 30, 150 and 80@mol photons nt s, respectively
(Albanese et al., 20187 his studyused an irsolution digestion methoemployingboth eLysC and
trypsin in ur@. The MS data used for quantification of proteins was acquired using afiflight
(TOF) MS in a data independent acquisition (DIA) mode, rather than the Orbitrapidegsndent
acquisition (DDA) mode used in this worknother caveat of their work was the absence of a pre
existing proteome database feisum sativumAlthough this issue was overcome by the use of protein
sequences deduced from transcriptomic datae tlvas poorer coverage of the proteome with only 194

proteins quantifieghot all ofwhich werethylakoid-associated.
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Overall, very little work has been carried out with the aim of usingt&d proteomics to quantify
abundance changes in the thylakoistpome and much of the existing literature came prior to
significant technological enhancements. This gap presented the opportunity for development and
optimisation of each stage of the analysis rather than repetition of previous methods and hasresulted i
a straightforward and reliable procedumehich is readily applicable to other photosynthetic

membranes.

Arabidopsis thalianavas chosen for proteomic analysis oftiinyakoid membane because, as a model
organism, it is of wide interest to the plant biology community with a vast array of mutants available
for follow-up studies. Most importantlrabidopsishas a fullysequence genome and accompanying
proteome databas#dsatare wel-annotated and updated with functional data. While proteomic analysis

of Arabidopsiss well establishedh areas of plant biology other than photosynthesis, there are limited
numbers of studies specifically investigating the thylakoid membrane. Ratimepribceeding with a
whole-cell approach, preparation of protein samples for MS analysis was carried out on isolated
thylakoid membranes in order to maximisedigpth coverage of the thylakoid proteoreparticular
emphasis of this study was to identifydgprovide relative quantification of thos®re lowabundance,
hydrophobic or low molecular weiglgrotein components of the thylakoid that were absent from
previous studiesThylakoid membranes were isolated frofnabidopsisleaf tissue by mechanical tel

lysis followed by a series of centrifugation steps. Following homogenisation of leaf tissue, insoluble,
structural leaf material was filtered out and the cell lysate was centrifuged to pellet chloroplasts. The
chloroplasts were then lysed by osmotic &haed the thylakoid membranes, along with starch granules
that pellet alongside them, were centrifuged and washed in a gentle purification procedure. A known
inhibitor of thylakoid membrane phosphatases, sodium fluoride (NaF), was used throughout to freeze
the phosphorylation state and hence maintain phosphoryldioendent interactions within
photosynthetic supercomplexes. Additionally, magnesium chloride (Mg@ks used throughout the
procedure to maintain stacking interactions between membrane layéhe grana. Whilst the
maintenance of native interactions is not relevant to protein digestion for MS, this meant that the isolated

thylakoid membranes were suitable for various spectroscopic analyses in addition to proteomics.

The hydrophobic nature ohembranes means that analysistlir proteomes can be challenging
(Alfonso-garrido et al., 20150 anumberof preparation strategies were trialled and assessed for their
efficacy when applied to thylakasd The thylakoigroteinsneeded to be extracted from the membrane
and unfolded sufficiently to allowproteolytic cleavage without simultaneously demay or
inactivating the proteas@®ne strategy tested utilises the ability of trypsin to digest proteins in the
presence of up to 65% methanol (MeQi8)mon et al., 2001)Digestion of protein samples in 60%
MeOH has been found to increa® number of membrane proteins identified in MS experiments

compared to when solubilised in 1% sodium dodecyl sulphate (&D&hg et al., 2007naking this
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a popular strategy for increasing coverage of membrane prot¢binere et al., 2016 However, when

this method was applied tArabidopsisthylakoid membranes, a total of only 185 proteimsre
identified Figure6A). To determine whether this very low number of protein identifications was a
result of incomplete protein digestioa time course analysis was carried out with fractions taken at 1
h, 3 h and 20 following addition of trypsin and analysed by SIPBGE (Figure6A). At each time

point, even after 20 h incubation, bands were visible at B@0dknd 25 kDa with additional Gomassie

Blue staining in the higher molecular weight region of the gel. This confirms that solubilisation of
thylakoid membranes in 60% MeOH does not allow complete tryptic digestion of thylakoid membrane

protein.
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Figure 6. Assessment of digestion methods by-BBSE.A, Thylakoid membranes before (T=0) and after solubilisation in
60% methanol and incubation with trypsin ag3®efore quenching at 1 h (T=1), 3 h (T=3) and 20 h (T=1))Gel slices
excisel and subject to separate-grel digestion with postigestion pooling group indicated {#). C, Thylakoid membranes
solubilised in 1% SL before (1) and after (2) removal of starch granules by centrifudgatiimylakoid membranes solubilised
in 1% SL badre (T=0) and after incubation with trypsin at@@efore quenching at 1 h (T=1), 2 h (T=2) and 16 h (T=16).
E, Overnightdigested peptides before (1) and after (2) extraction of SL in ethyl acetate.
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An important aspect oMS-based proteomics is sample fractionation to increase sensitivity and
proteomecoverageln addition tothe chromatographic separation of peptides coupled to the mass
spectrometeradditional,prefractionation can be carried out at various stages of sample preparation,
before or after protein digestion. A welstablished and widelysed mehod of préractionation is SDS

PAGE followed by ingel digestion(Aebersold and Mann, 2003yhe SDSPAGE gel, either one or
two-dimensional, containing the denatured protein of interest is cut into 1 mm cubes and subject to
reduction, alkylation and digestion. Following digestion, peptides can diffuse out of the gel pieces ready
for desalting and MS analysis.-¢iel digestion was afipd to Arabidopsisthylakoid membranes
separated in one dimensional SBAGE and divided into sections as showkigure6B. Each of the

30 gel strips was subject to-gel digestion independently then the eluted peptides were piotded
fractions (AF) to be analysed independentlyrand . C-MS/MS. This resulted in the identification of

681 proteins, much higher than by digestion in MeOH. However, despite the apparent increase in
identifications, coverage of specifically thylakeadsociated proteins was poor, with several proteins

of interest missing from the dataset. One issue witpeindigestion is contamination by exogenous
proteins as a result of the considerable amount sample handling involved with processing the gel.
Indeed when looking at the MS data for this experiment, common contamihamitsh as keratiif

contributed 29% of the total protein intensity.

A third digestion method trialled was-golution digestion witkeLys-C and trypsin in 8 M urea. For

the protein sarmip to be solubilised in 8 M urea, it must first be precipitated in acetone and cleaned up
to remove other membrane componesush as lipids and pigment§he cleaned and precipitated
protein pellet was resuspended in 8 M urea and subject to reductiatkglation before the addition

of the tweenzyme mixture. The enzyme eLysC is active in 8 M urea and cleaves after lysine residues
so it can cleave the unfolded protein into large but more accessible peptides. The mixture was then
diluted to bring the ureaoncentration down to 2 M urea and allow trypsin to refold and complete the
digestion. However, one issue arising from this method was poor solubility of the precipitated protein
pelletin 8 M urea following the cleanp step. Despite this difficulty, thiritial in-solution digestion

experiment resulted in the identification of 422 protekigre6A).

Strategies to increase detection of los@bundance proteins and improve proteome coverage focus on
simplifying the mixture of petides to beanalysed. Pfeactionation of the digested peptide mixture
before analysis by LIS can facilitate detection and identification of peptipe=viously obscurely

more intense peptide ioetuting at the same timEractionation of tryptic pejges generated from-n

solution digestion, as described above, was performed aelogins containing a porous graphitic
carbon stationary phagelypercard, where the peptides were bound then eluted sequentially with
increasing concentrations iCN. Theretention mechanisms of this material differ to those of the
reversed phase chromatography system used to separate peptides prior to elution onto the MS. To

determine whether these mechanistic differences were reflected in the separation of peptidas, frac
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eluted from the Mpercarb columns were analysed separately byMSCand a selection of peptides

was used to generate an orthogonality pkigire 7A). When retation time was plotted against
Hypercarb elution fraction, it véaobserved that there was only weak correlation, and particularly
peptides from the 40% and 508N fraction were retained on the LC for variable ldérsgof time.

This suggests that Wercarb fractionation may be an effective way to increase identifisation
However, prefractionation in this way did not translate into increased numbers of protein identifications
(Figure7B).
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& : : . EDTA wash 0.50 712 301
Percoll gradient 099 706 285
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Figure 7: Analysis of strategies to increase thylakoid proteome covefagerthogonality pbt of peptide ion (n = 50) nah&
retention time against acetonitrile (ACN) concetitva required for elution from ercarb spin column®, Table to show

the number of proteins identified (Identifications), the number of thylakoid protearified (Thylakoid protein
identifications), and the percentage of total MS intensity arising from known contaminant proteins (Contaminant %) for
thylakoid membranes digesteddalution. Samples compared were thylakoid membranes without extra cleagpapst
prefractionation (Control), with an additional wash in thylakoid storage buffer (Control wash), an additional wash with
thylakoid storage buffer supplemented with 2 mM EDTA (EDTA wash), further purified on a Percoll gradient, and digested

peptidesractionaed by sequential elution fromyHercarb spin columns at increasing concentrations of ACN.

When prefractionation proved ineffective at increasing identifications, the focus was turned instead to
the purity of the thylakoid membrane sample priodigestion. If the sample could be simplified by
reducing contamination of the thylaksitly other cellular components then, in theory, more-low
abundance proteins would be raised above the detection threshold. To increase purity, thylakoid
membranes wereitBer given an additional wash with storage buffer (control wash) or washed with
storage buffer supplemented with EDTA to disrupt metalnmuiatednteractions. Thylakoisl were

also further purified on a Percoll gradient to separate the membranes frenceliular components
pelletingalongside them during preparation. The furfperified thylakoid membranes were digested
in-solution as described earlier and analysed by MS to assess whether additional steps affected the
number of proteins identified dnmore importantly, coverage of the thylakoid proteome. Surprisingly,
there was no increase in the number of identifications resulting from additional purification steps
(Figure7B). In fact, they resulted in fewer thylakoid priotédentifications, possibly due to the loss of
loosely associated peripheral membrane proteins and more transient interactions. Notably, many

lumenal proteins such as plastocyanin were absent from the &i2§Aed dataset. This could suggest
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that washing vth EDTA damages the thylakoid membrane such that soluble proteins in the lumen are
able to leak out. More stringent purification strategies and prefractionation do not appear to compensate

for poor digestion efficiency or poor suitability of a digestiedhnique for this type of sample.

When commonly used protein digestion methods proved suboptimal for analysis of the thylakoid
membrane proteome, a less westablished method was tested. The detergent sodium laurate (SL) was
proposed bytin et al. (2013)as an effective reagent for extraction, solubilisation, and digestion of
membrane proteins by trypsin. This study demonstrated that digestion in Supear with respect

to the number of membrane proteins identifications obtained relative to Rapigest and sodium dodecyl
cholate, two detergents commonly used in tryptic digestion. These findings suggest that digestion in SL
may be an appropriate methéar thylakoid protein analysis, so a number of experiments were

performed to assess its efficacy.

Firstly, detergent solubilisation of thylakoids presented an opportunity to separate protein from starch
granules. To determine whether SL could be usecdhisrpurpose without losing thylakoid proteins,
solubilised protein was analysed by SBAGE before and after removal of starch by centrifugation
(Figure6C). The similar profile of bands from the stai@ntaining and starefiee amples indicated

that there was not a substantial loss of protein resulting from centrifugation. To test the method for
efficiency of digestion when applied to thylakoid proteins, a time course experiment was performed
with aliquots quenched at 1 h, 2 hdab6 h after the addition of trypsin/entlgsC mix and analysed

by SDSPAGE (igure6D). Aside from one band at ~60 kDa which resisted digestion even after 16 h,
digestion of thylakoid protein appeared complete after 2 h. At 16nfe saggregation of digested
peptides was observed in the higher molecular weight region of the gel. Another reported advantage is
the ease with which the detergent may be extracted from the peptide sample following digestion.
Briefly, an equal volume of Byl acetate is added following acidification by TFA, and the peptide
containing, detergetitee aqueous phase is collected. To determine whether there was a significant loss
of peptides into the organic phase following detergent extraction, thylakoidngretere digested in

1% SL overnight and another SIPAGE analysis was performed with digested peptides before and
after detergent removaFigure6E). The profile of ©@omassieBlue staining in the two lanes was very
similar, suggsting that the ethyl acetabased extraction of SL does not dramatically affect the
composition of the peptide sample. Interestingly, no band was visible at ~60 kDa indicating more

complete digestion.

Once each step of this method had been validatedstitiggn SL was used to prepare thylakoids for
proteomic analysis. Since longer incubation times caused peptide aggregation, thylakoid proteins were
digested for jst 3 h in 1% SL and the cleanad peptides were analysed byIMS. This resulted in

the identification of 900 proteinsKigure8A), including 370 thylakoieassociated proteins. Because of

the simplicity, speed, and high proteome coverage of this method, digestion in SL was selected as the
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protocol for thylakoid proteomanalysis andjuantificationfor the proteomics experiments described
in this thesisFigure8B).
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Figure 8: Method selection for preparation of thylakoid membranes for MS analysis by digést\denn digram showing
proteins identified from MS analysis following processing of thylakoid membrane proteinggély digestion (lrgel),
digestion in 60% methanol (MeOH), digestion in 1% sodium laurate (SL), and digestion in solution in w@&at{ém). MS
files were processed in Mascot DaemBn.Schematic diagram outlining the method for proteomic analysis of thylakoid

membranes in SL.
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Once chosen, thf8L-basedligestion method and MS analysisssapplied to thylakoid membrane from
Arabidopsisplants acclimated to low, moderate and high light intensity. The results of this experiment
are discussed i@hapterd. In order to use this MS data to quantify the differencélsyilakoid protein
abundance between samples, an appropriate normalisation and quantification strategy must be applied.

The processing of raw MS files to sequence peptides, searérahielopsisproteome database and

guantify identified proteins was perfoed in the software MaxQuant. This software features MaxLFQ,

a widelyused inbuilt algorithm which normalises between MS experiments accounting for differences

in the amount of sample injected and random variations in spectral acquisition patterns. Misd_FQ

functions to quantify proteins and may be used as a proxy for molar am@aoxset al, 2014;

McKenzie et al., 2020; Zhao et al., 2020&)axLFQ bases protein quantification on an unchanging
6backgrounddé proteome, aiming to minimise the d
peptide intensity values in different experingenihis algorithm, and indeed most proteomics
platforms, were generally designed for whotdl or wholetissue analysis where the aim is to identify

proteins which are significantly ur downregulated but where most proteimd be relatively

unchangig. For example, a disease biomarker may be detected from a sample at a level many orders

of magnitude above its normal abundance while thousands of other pavteimchangingn contrast

this studyof the thylakoid proteomivolves a very differentasmple typea subcellular fractigrand

the aim of theexperiments insteado quantifya large number of relatively small changes (likely within

the same order of magnitude) which together result in remodelling of the entire systeenthere is

noseof &édhousekeepingd proteins within the thylako
under the environment al conditions tested, t his
guantification by MaxLFQ andlistort the dataTherefore, fators such as the sample type, data
distribution and specific experimental aims must be considered when selecting an appropriate strategy

for normalisation and quantification of proteomic datasets.

Mass spectra were searched through the UniProf&bidopss thaliana proteome database in
MaxQuant(Cox and Mann, 2008p map @ptide sequences to proteins. Peptides with molecular mass
alterations arising from the posttranslational modification by Lysine acetylation were included in the
search because this modification is widespred@dabidopsigWu et al., 2011and is found as a feature

of light harvesting protein@vichel et al., 1991)n addition to Nterminal acetylion (Galetskiy et al.,
2008) The MaxLFQ algorithm was enabled, was intensitybased absolute quantification (iBAQ)
(Schwanhdausser et al., 201The iBAQ method compensates for either molecular mass or the number
of detectable peptides generated by proteolsisis unaffected by variable sample complexity. It does
not nomalise between MS experiments, but adjusts raw intensities by dividing by the number of

theoretical tryptic peptides released upon digestion of that protein. Therefore, iIBAQ data is suitable for
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and requires noralisationto either an internal standapdesent at constantlevelsa O housekeepir

protein or set of proteirisor to total protein.

To determine which relative quantification method is most appropriate, it is important to assess the
distribution of the raw MS intensity data within each expentand the differences between sample
types. The first noticeable difference between MS data from diffptanit growth light intensities was

the overall number of proteins identified. Indeed, there were significant differences in the number of
non-zero \alues between sample types, with the number of identifications increasing with light intensity
(Figure9A). To investigate these differences further, the median raw intensity of each protein was taken
from each light intensity angsed to plot histograms of LEigure9B), ML (Figure9C) and HL Figure

9D). The data does not show a normal distributivany light intensity, rather orthatis rightskewed

and possibly multimodal. Protein identificationthat were determined to be thylakeisociatedby
SUBA4, GO annotation and manual curatigee ®ction2.9) appeared to have a similar intensity
distribution in different lightmtensities. However, in LL compared to HL, there were more thylakoid
proteins in the lower and upper ranges of protein intensity-thglakoid proteins made up a substantial
portion of total protein identifications in each light conditi@ithoughtheir place in the overall
distribution of intensities differed according to light condition. In LEig(re 9B), nonthylakoid
proteins were shifted further towards the loweensity region than in HLRjgure9D), suggesting that

the LL thylakoids contained a lesser degree of contamination from other cellular components. A scatter
plot of protein raw intensities in HL vs LIF{gure9E) also showed differences in the distribution of
thylakoid and northylakoid proteins. To confirm whether these differences reflected inconsistencies in
the O6puritydé of the isolated thylakoids, the pr
intensity was calculated-{gure 9F). For LL data, thylakoid proteins contributed around 98% of the
total raw intensity whereas in HL this figure was about 10% lower. This discrepancy was also seen in
data processed by both MaxLFQ and iBAQ, although in the latter the differenoam@ased slightly.

The total intensity of each MS experiment with and without MaxLFQ normalisation is shéigune

9G. While MaxLFQ appears to normalise data well between MS experiments from the same light
condition, it puts theéotal intensity in HL to half that of LL.
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Figure9: Processing of MS data from ligatclimated thylakoid#\, The number of proteins identified in each MS experiment,
grouped by acclimation growth ligh, C, D, Histograms teshow the intensity distribution of protein identifications from
median values from lowBj, moderate €) and high D) light conditions. Distribution of thylakoid proteins within all
identifications is highlighted in greek, Median intensity values ofgeins in high light (HL) versus those in low light (LL).
Thylakoid proteins are green, while nthylakoid proteins are blue. The grey line indicates LL:(iogensity) = HL
logz(intensity).F, Intensity of all thylakoid proteins divided by total intepddr raw MS data (Raw), MaxLFQormalised
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data (LFQ), and iBAQ, grouped by plant growth light condition. Significance (P) was deteryioe@way ANOVA, n = 9.
G, Total intensity of MS experiments without normalisation (Raw) and with MaxLFQ normalidafi@).H, Raw data from
MS experiments, filtered to remove ribglakoid proteins, subjeab principlePCA as implemented in PerselusBAQ data
normalised to the intranalysis sum of key photosynthetic component PSII, PShsfGytd ATP synthase dm MS

experiments, filtered to remove nthrylakoid proteins, subject to PCA as implemented in Perseus.

Together, this data suggests that MaxLFQ is not a suitable method for normalisation and relative
guantification of MS data from thylakoid membranes frdiffierent light conditions. However, this
method may be appropriate for normalisation between data from a single light condition or between
datasets which do not differ substantially in purity. The differences in purity also preclude normalisation
to totd protein intensity as this would bias all thylakoid protein intensity values towards LL. The
differences in the distribution of thylakoid protein intensities also discourage normalisation to total
thylakoid protein, which could see changes in highly ahahgroteins such as the light harvesting
antenna having undue influence on the rest of the data. Instead, a strategy was chosen where
normalisation is based on the four main complexes of the linear electron transfer chain: B8]l, Cyt
PSI and ATP syntlee. The sum of the iBAQ values for the constituent proteins of these complexes
was summed and used for normalisation of the whole dataset. A principle component analysis (PCA)
of thylakoid protein intensities from raw dakdqure9H) and normalised iBAQ dat&igure9l) showed

an improvement in grouping of light intensities in two dimensions. This normalisation and
guantification method was chosen as the standard for relative quantification of thylakeilsarothis

thesis.

Efficient digestion of membrane proteomes is not as straightforward as that of soluble protein fractions
due to their hydsphobicity, poor solubilityand lower frequency of trypsin cleavage sitespared to
cytosolic progins There may also be too frequent cleavage sites for chymotrypsin, specific for aromatic
residueswithin transmembrane helices such that digestion yields peptides too small for identification
(Alfonso-garrido et al., 2015; Fischer and Poetsch, 2086} thesereasos, isolatedArabidopsis
thaliana thylakoids were subject to a range roéthods to select a strategy tlaahievel the most
efficient digestion and the best proteome cover@igspite the reported suitability for membrane
proteins, tryptic digestion in 60% MeOH proved ineffective for solubilisation and digestion of thylakoid
proteins and it was demonstrated that someepre remained intact, even after overnight digestion. In

gel digestion gave good coverage of the thylakoid proteome but the lengthy sample handling involved
introduced a substantial amount of keratin contamination and made the technique less favourable fo
multiple samples and replicate digestionssdtution digestion in urea gave reasonably good proteome
coveragealthoughsome difficulty wasencountered prior to digestiovhen the precipitated thylakoid
protein solubilised poorly in 8 M urea. This paswslubilisation following precipitation is likely to

reduce the digestion efficiency and MS detection of hydrophobic proteins, which are more prone to
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aggregation when removed from a lipid bilayer. Despite this isstamlition digested peptides were
subject to prefractionation in an attempt to increase detection chlmwmdance proteins. Thylakoids
were also subject to more stringent purification prior to digestion. When neither of these strategies
proved effective for increasing sensitivity, an altémgand less weléstablished digestion method

was exploredDigestion of thylakoid membranes in SL deterggiim et al., 2013)proved superior to

other methods in both simplicity and irethumber of proteins identified.

Once MS data was obtained from digestion of kattlimated thylakoids in SL, database searching

and protein quantification was carried out in MaxQu&udx and Mann, 2008Jor quantitative MS,
particularly in labefree methods, protein intensity values are not inherently quantitativeegoiter
strategies to account for random variations in digestion efficiency and spectral acquisition. Raw
intensity values are often highly variable, sometimes across more than one order of magnitude, for
subunits which are highly likely based on structuletiermination to be present at or near equimolar
amounts within the same compléhe explanation for this lies in the tendency for larger proteins to
produce more peptides upon digestion, so a very abundant but low molecular weight protein could give
rise to the same MS intensity as a very large butdbwndance protein. Similarly, very hydrophobic
proteins of high abundance can be underrepresented due to their failure to release the number of MS
compatible peptides which would be expected for its Jihe. MaxLFQ algorithm aims to normatis
between MS experiments and operates under the assumption that the samples are of a similar complexity
and feature an unchanging background proteome, from which dramaticalty giownregulated
proteins can be idefiigd (Cox et al., 2014). An assessment of the data distribution in thylakoids isolated
from different light environments was performed to determine whether-thgltriMaxLFQ algorithm

was appropriate for normalisation and quantification of the proteitiés sample type. The differences

in the protein profiles of the samples such as complexity, distribution and purity of the isolated thylakoid
membranes suggested that MaxLFQ would skew the data and would not be useful for relative
guantification betweelight environments. However, MaxLFQ may be appropriate when appliad to
singlelight intensity for estimation of absolute stoichiometries. This approach was usécKeynzie

et al.(2020)for the calculation of relative abundance of the photosynthetic machin@ralodopsis
thaliana grown at a single moderate light condition. However, because of the poor accessibility of
trypsin cleavage sites in morane proteins, intensity values of membrane proteins may not be truly
representative of molar amounts. Therefore, el proteomics is more reliable when used for
relative quantification between biological conditions and absolute stoichiometriatatadcthis way

should be treated with caution.

Relative quantification between light conditions was carried out using protein iBAQ values. Because
iBAQ accounts for how differences in the molecular weight of proteins affect the number of peptides
release@nd, therefore, the MS intensity, iBAQ values for proteins of the same complex can be summed

to give a value for the abundance of that complex. Therefore, iBAQ enabled normalisation to-the intra
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analysis sum of key photosynthetic com@exPSlIl, PSI, ATRynthase andytbsf, which together

contributed around 50% of the total iBAQ intensity. This method of normalisation is not affected by

di fferences in sample complexity and avoids rel
guantification of thydkoid proteins by this SL digestiomass /MSand iBAQ normalisation shows

thylakoid proteome remodelling in an unprecedented level of detail and can be combined with other
biochemical techniques to gain a more complete understanding of how these oblatgy&sbiological

functions.
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The work described in this chapter contributed to the following research publication:

Flannery, S.E., Hepworth, C., Wood, W.H.J., PastorelliNEil Hunter, C., Dickman, M.J., Jacks
P.J., and Johnson, M.P. (202Developmental acclimation of the thylakoid proteome to light intensity
in ArabidopsisPlantJ. 105 223 244.

As sessile organismplants are subject to differenceslight intensity in the long term depending on

their growth environment. The intensity of sunlight reaching the leaves will differ depending on the
season, climate, and shading by other plants or structures, and has a profound effect on photosynthesis.
To grow successfully, plants must tailor the compaosition of the thylakoid membrane in a process known
as acclimation to optimally utilise available light energy, maintain photosynthetic efficiency, and
minimise damage tohmtosynthetic reaction centrdsong-term acclimation may be categorised as
either O6dynamicd or O6édevel opmental 6. Dynamic ac
involvesde novasynthesis and degradation of specific proteins, leading to changes in the organisation
of the chloroplat thylakoid membranes, their protein composition and that of the surrounding stroma
that contains the enzymes of t8&,-fixing CBB cycle (Athanasiou et al., 2010; Suorsa et al., 2012;
Walters and Horton, 1994; Yin and Johnson, 20D@velopmental acclimatiomhich is the focus of

this work is the alteration of leaf development and morphology in addition to the changes in chloroplast
composition(Anderson, 1986; Anderson at., 1988; Bailey et al., 2001, 2004; Boardman, 1977,
Schéttler and Téth, 2014; Viat€habrand et al., 2017; Walters, 200%jtal to plant fitnessijt is

unclear whetheacclimation isfully optimised in many specigpresentingan opportunity for futce

manipulation in agriculturally relevant species.

Longtermacclimation to the light environment has been studied extensively in the past but much of
this work was done prior to the discovery of the vast array of regulatory proteins that support the ligh
reactions. There is little information on how the relative abundance of these regulatory proteins is
affected by lighintensity. Whilst valuable,rpvious studies tended to use techniques that quantify just

a single protein at once, such as immunobigttor focus on parts of the photosynthetic apparatus that
contain light harvesting pigments and can be quantified spectroscopMabg. spectrometry (MS)

based proteomics, on the other hand, allows relative quantification of the entire proteome aotl does
rely on the subset of thylakoid proteittet absorb visible light. By determining how the thylakoid
proteome is remodelled in response to a long term change in light intensity, a more complete
understanding can be gained of how the photosynthetihineay operates and how different

regulatory and photoprotective mechanisms are integrated. Unlike in many other techniques, small
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differences in the amino acid sequences of minor isoforms of very similar proteins, such as antenna
proteins, can be distingglhed in a MS analysis, allowing these isoforms to be independently quantified
and providing clues to their different functions. The data can be combined with other spectroscopic,
structural and functional analyses to determine how changes in abundatetorehanges in function.

Mass spectrometry also has the potential to identify proteins previously not known to have roles in long
term acclimation without generation of mutants and reveal possible targets for genetic manipulation.
Because photosynthetcclimation is an area of research with implications for agricultural crop yields,

a better understanding could eventually facilitate the design of strains more suited to particular climates.

Here a novel protein extraction and digestion method (disdugss€hapter3) was used to prepare
thylakoid membranes for lab&kee proteomic analysis by nano liquid chromatography mass
spectrometry (LEMS). A total of402thylakoid-associategroteinswere relatively quantified between
low (LL), moderate (ML) and high growth light intensity (HL) to investigate the effect on the key
photosynthetic complexes, ligharvesting antenna proteins, electron transfer routes, structural
components and many regulatory proteins not previously djeantiThe proteomic analysis was
combined with various other techniques such as-baie polyacrylamide gel electrophoresis (BN

PAGE), electron microscopy (EM) and structured illumination microscopy (SIM).

Arabidopsisplantswere grown for 2 weeks at eoderatdight intensity (150emol photons i s?,

ML), typical of that used by a large number of research grdops rosette diameter of around 3.cm
Following this 2week period, plants were either maintained for a further 3 weeks at ML or alternatively
transferred to low light (28mol photons ms?, LL) or high light (800 emol photons nis?, HL)
(Figure 10). All mature leaf mateal was formedunder acclimation light, producing developmental
rather than dynamic acclimation, artamount of time the plants were exposed to acclimation light
conditions was adjusted to account for faster maturation under higher light intendityplarits
exposed to LL for 5 weeks, plants exposed to HL for just 2 wédkplantswereharvested prior to
flowering to minimise the effects of senescence on thylakoid compositioa different growth light
intensities had a profound effect on leaf ptaslogy with LL plants displaying elongated petioles, while
HL plants showed truncated petioles and wrinkled leaves compared to ML plants, as observed
previously(Schumann et al., 2@). Outwardly, the HL plants displayed no obvious signs of light stress
such as accumulation of anthocyani@srresponding gas exchange and chlorophyll fluorescence data
reported elsewhergFlannery et al., 2021)demonstrated acclimatienrelated differences in
photosynthetic function between plants grown at kined light intensities, with higher growth light

being associated with greater maximum capacity for &Q3imilation and PSII electron transfer rates.
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For experiments requiring isolated thylakoids, leaf material from 15 plants was combined and used to

produce a pooled sample from which technical replicates could be generated.

Figure 10: Growth of lightacclimatedArabidopsiglants. Seedlings were grown at ML (23) until they reached a diameter
of around 3 cm (Step 1) then tsdarred to LL (2% E), ML (150¢E) or HL (800¢E) and harvested on the day of photographing
(Step 2). HeregsE = emol photons ms.

Ratios of chlorophyla to chlorophyllbin the thylakoids were calculated as an indicator of acclimation

to the light emironment(Dale and Causton, 199&@nce PSII, PSI and LHCII differ in theshlorophyll
composition. The chlorophy#/b ratio of the thylakoids increased slightly with growth light intensity,

as did the protein to chlorophyll ratioBigure 11A). Relative to PSII and its core antenna, LHCII
contains a fgher ratio of chlorophylb whereas PSI contaimsorechlorophylla, so it is still possible

for the stoichiometryf the three complexds change without a net change in #feratio. However,

the relative increase in chlorophglobservedwvould imply a decrease in antenna simeder higher

light. Protein to chlorophyll ratios in isolated thylakaid® the other handyere used to indicate how

much of the thylakoid proteome is dedicated to light harvesting and photochemistry and suggest that in

LL a greater proportion of total protein is for the purpose of light absorption.

To confirm that changes in thylakoid protein abundance have arisen from growing the plantsainder
chosenacclimation conditions, immunoblotting was performed for components of sfrthe key
complexesin Figure11B, immundlots against the D2 (PSII), PSAA (PSI), PE{cytbsf) and ATHH
(ATP synthase) proteins from an SIPAGE of total thylakoid proteins loaded on an equal chlorophyll

basis are shown. Cosgent with previous reports, the PSI level was somewhat constant, while PSII,
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cytbsf and ATP synthase levels increased with growth light intensity relative to total chlorophyll
(Anderson et al., 1988 he expected acclimatieelated changes were also clearly observed in the
blue native polyacrylamide gel electraphsis (BNPAGE) analysis at the whole complex level in
Figure1l1C. Here, thylakoid membranes were solubilised at equal chlorophyll concentration from LL,
ML and HL plants stepwise, first with digitonin to remove the unstackeé&®&lhed stromal lamellae
domain of the thylakoids, then the stacked RSliched grana were solubilised with a mixturenof

h e x a d demaltosidé anch-d o d e eDymaltodide(Wood et al., 2018)Native gels can show
gualitative changes in supercomplex formation as well as changes in thentanof particular
comgexes. The ATP synthase complex, recovered in the stromal lamellae fraction, increased with
growth light intensity as did that of dyf. Changes in the amounts of LHCII were also clearly seen in
the BN-PAGE with fewer free ttype timers observed with increasing growth light intensity in both
grana and stromal lamellae. Changes in the amounts of th& IRSII supercomplexes and their sizes
were also observed with growth light intensity consistent with previous réalbnese et al., 2016;
Ballottari et al ..Withh€he dgtana fidatian $eré aredargeBBl, type PRH0 1 3 )
LHCII supercomplexes, composed of a dimeric PSIl RC linked to two copies each of the minor
monomeric antennaomplexes CP29 (LHCB4), CP26 (LHCB5) and CP24 (LHCB6), and to four
LHCI | tri mer s, t wo of wthiniers homposed of a miktwenHCBA aralt t a c h
LHCB2 (Caffarri et al., 2009)The level of these supercomplexes decreased with increasing growth
irradiance Levels of the smaller S,;M-type supercomplex (lacking one CP24 and ontriMer) and
C.Se-type supercomplex (lacking both CP24 and bottriliers) were more constant. Additionally, the
fraction of GS:M, and GS:M supercomplexes recovered from the stblamellae actually increased

in ML and HL compared to LL, suggesting that some redistribution of components between domains
occurs with acclimation, or that they are more easily liberated from thelgyraigitonin solubilisation.

In the stromal lamelky, the amount of PSIHCII supercomplexes declined with increasing growth
light intensity. While qualitatively informative, this BRAGE analysis may not be truly representative

of the absolute amounts of these complexes since normalisation is donelamphsf, not protein,

basis and properties of the membranes such as protein interactions, density and lipid prafifeathay

the solubility of complexes.

Native thylakoid membranes were usedlfor temperature{7K) fluorescence experiments to further

assess antenna size amthtive abundance of complexes. At room temperature, emission from PSI is

very weak and is not comparable with that of PSII, whereas a distinct and strong PSI emission band can

be detected at 77K. Light absorption from both phattesns peaks with excitation at a wavelength of

435 nm, which is used to compare their (and th
measuring their emission spectra. Taeger ratio of the PSI to PSIl emission bands observed in the

77K emisson spectrun{Figure 11D) is consistent withite increased antenna craesction of PSI in

LL seen in BNPAGE To measure excitation spectra from PSIl and PSI, emission is recorded from 695

60



nm and 735 nm, respectively, and normaligethe Soret region so that the relative spectral contribution
of chlorophyllb may be used to infer changes in antenna $ize.77K PSIl and PSI excitation spectra
(Figure 11E, P also showed that the antenna cresstion of ach photosystem decreased with
increasing growth irradiance.
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Figure 11: Characterisation of acclimated thylakoid membramgsRatio of chlorophyll a to chlorophyll b and of protein to
chlorophyll in isolated thylakoid membrantsm low (L), moderate (M) and high (H) light intensB;.Immunoblots of LL,

ML and HL thylakoids, with loading normalised to chlorophyll, to qualitatively assess the abundance of PSll (D2), PSI (PsaA),
Cythef (PetA) and ATP synthase (Atpld). BNNPAGE d solubilised stromal lamellae (SL) and granal (G) thylakoid fractions.

D, 77 K fluorescence emission spectra of LL (green), ML (blue) and HL (orange) thylakoids using 435 nm ekgivatisn.
fluorescence excitation spectra of PSIl (695 nm) from LLefgreML (blue) and HL (orange) thylakoids.77 K fluorescence
excitation spectra of PSI (735 nm) from LL (green), ML (blue) and HL (orange) thylakoids.

Three sets of thylakoid proteifrtom the LL, ML and HL plants were prepared for proteomic analysis
by solubilisationin 1% SL and proteolytic digestion with a combination of eLysC and trypsin. The
resulting peptide fragments were desalted and analysed by na8IMS with data dependent
acquisitionin triplicate Mass spectravere searched against the UniProtidBabidopsisproteome
databaseatidentify and quantify a total of 1,082 proteins present across all light conditions, of which
402 were positively identified as being thylakais®ciated The stoichiometry of the major
photosynthetic complexe3gble 8) was compared between each light condition using the MaxLFQ
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label free protein quantification optigCox et al., 2014yithin MaxQuant(Cox and Mann, 2008p
generate normaded intensity values for the individual subunifhe stoichiometradjusted mean
MaxLFQ intensity value of the component subunits of each photosynthetic complex was used as the
abundance score for that complex, the same approach as described by McKenzie et ar.a2e20).
shows that the PSII:PSI ratio chandexin 2.2 under LL to 2.4 under ML and 3.2 under HL. Similarly,

and consistent with the BRAGE and immunoblots discussed above, the stoichiometry laf eytd

ATP synthase also increased relative to PSI. Thafdy6l ratio increased from 0.34 in LL @066 in

HL, while ATP synthase:PSI increased from 0.47 in LL to 0.71 in HL. These valueslgranddATP
synthase were broadly consistent with those previously reportéddbidopsis(e.g. McKenzie et al.,

2020; Pribil et al., 2014). PSII:PSI ratias Arabidopsisvere more variable depending on the method
used, with electron paramagnetic resonance (EPR) based quantification giving a PSII:PSI of ~0.89 for
ML (Suorsa et al., 2015while absorption spectroscopy gave a ratio of ~1.5 (Chow et al., 2012;
Wientjes et al., 2013; McKenzie et al., 2020). The stoitlgtries reported here and by McKenzie et

al. (2020), ranging from 2.2 to 3.2, are considerably higher. One explanation for this difference is that
MS detects not only functional PSII as in absorption spectroscopy and EPR but afsoatiamal

PSIl beingassembled/disassembled during the PSII repair cycle. The stoichiometries calculated here
for LHCII were 1.9 trimers per PSIl in LL, 1.66 in ML and 1.44 in HL, unexpectedly low given the
high abundance of PSIIHCII supercomplexes and free LHCII trimersseved by BNPAGE (Figure

11C). Indeed a previous study using SBPAGE showed that in LL iArabidopsighe number of LHCII

trimers per PSllwas 3.1inLL, 2.4 in ML and 1.7 in fiilientjes et al., 2013a)Vhen the same method

is applied to the data published recently by McKenzie et al (2020), the calculated stoichiometry in their
study is just 1.15 LHCII trimers per PSIlI core. The potential limitations of absoluteftabel
guantification of protein stoichiometries when appliednembrane protein samples are discussed in
Chapter3.
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Table8: Stoichiometry of key photosynthetic complexes and antenna

LL PSII PSl Cytbef ATPase NDH LHCII trimers LHCI

Psll 1 2.22+0.02 6.51+0.26 4.86+0.20 324.4%+13.2 0.53+0.02 0.6510.0.03
Psl 0.45+0.03 1 2.93+0.17 2.18+0.13 145.9+8.7 0.24+0.01 0.29+0.02
Cytbsf 0.154+0.003 0.34+0.01 1 0.75+0.02 49.9+1.2 0.081+0.002 0.100+0.002
ATPase 0.206x0.001 0.458x0.001 1.340%0.003 1 66.8+0.2 0.1082+0.0003 0.1341£0.0003
NDH 0.003110.0001 0.0065+0.0001 0.0201+0.0003 0.0150+0.0002 1 0.00162+0.00002 0.00201+0.00003
LHCII trimers 1.50+0.13 4.23+0.29 12.4+0.85 9.24+0.63 617.6142.3 1 1.24%0.05
LHCI 1.54+0.06 3.42+0.13 10.0+0.4 7.46+0.28 498.4+13.6 0.81+0.03 1
ML PSlI PSl Cytbef ATPase NDH LHCII trimers LHCI

PSII 1 2.49+0.07 5.8610.18 7.6510.31 161.5%4.5 0.6010.02 0.76%0.02
PSl 0.40+0.02 1 2.35%0.15 1.06£0.07 64.9+4.0 0.24+0.01 0.31+0.02
Cytbsf 0.17+0.01 0.43+0.02 1 1.2040.03 27.611.4 0.10+0.01 0.13+0.01
ATPase 0.131+0.003 0.94+0.02 0.83+0.02 1 41.5+0.8 0.205+0.004 0.232+0.004
NDH 0.0062+0.0001 0.0154+0.0004 0.0363%0.0008 0.0241+0.0004 1 0.0037+0.0001 0.0047+0.0001
LHCII trimers 1.66+0.16 4.15+0.39 9.75+0.92 16.0+1.1 268.9+25.4 1 1.27%0.12
LHCI 1.31+0.01 3.27+0.03 7.6510.08 4.32+0.04 212.142.2 0.79+0.01 1
HL PSlI PSl Cytbef ATPase NDH LHCII trimers LHCI

PSII 1 3.20+0.06 4.89+0.09 4.5310.09 141.442.7 0.6510.01 0.79%0.02
PSl 0.312+0.007 1 1.53+0.03 1.41+0.03 44.2+1.0 0.217+0.005 0.25%0.01
Cytbsf 0.205%0.006 0.66%0.02 1 0.93+0.03 28.9+0.8 0.142+0.004 0.162+0.004
ATPase 0.221+0.004 0.71+0.01 1.08+0.02 1 31.2+0.6 0.153+0.002 0.174+0.003
NDH 0.0071+0.0001 0.0226%0.0004 0.0350.001 0.032%0.001 1 0.0049+0.0001 0.0056+0.0001
LHCII trimers 1.44+0.10 4.61+0.32 7.04+0.48 6.5210.45 203.7+14.0 1 1.14+0.08
LHCI 1.27+0.04 4.06+0.13 6.19+0.20 5.7310.18 175.245.7 0.88+0.03 1

In order to utili® peptide ion intensities as a proxy for protein molar ansppnbcessing methods that
compensate for either molecular mass or the number of detectable peptides generated by proteolysis
g uSchwanhdussestalt, ROA1) ére required BAQ (

(Fabre et al., 2034Using this approach, each dataset wastimsinalised to the intraanalysis sum of

such as-baisretde mshistoyl ut e
the total subuniiBAQ valuesfrom PSI, PSIl, ATP synthase and Iyt Using Perseus software
(Tyanova et al., 2016)normalised iBAQ values for the thréechnical repeatwere averaged and
protein abundancesffected by light intensityat q < 0.05 were identified by a modified onevay
ANOVA (Section2.9.9. Significant proteins were subjected to a modifi#e | c kHe3tsSection
2.9.9 < 0.05)to identify pairs of significant differences for relative quantification of proteins between
light conditions.For relative quantification of muksubunit protein complexes, the sum of iBAQ
intensitiesfrom all identifiedsubunitsof that complex was used@he normakediBAQ valuesof the

major photosynthetic complexes are presentdeigare12 and displayed relative to ML at 100% for
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clarity. When normaked to protein iBAQ the level of PSII anly very slightly differenbetweerLL,

ML and HL in contrast to the datakigure11B and C which arenormalised on a chidrophyll basis.
Similarly, while on a chlorophyll basis PSl is largely unchanging, miBAQ basis it increases by
~30% in LL and decreases by ~15%h. LHCII increases in LL by ~10% and decreases by ~15% in
HL, cythef decreases by 15% in LL and incready 20% in HL and ATP synthase decreases by 45%
in LL and increases by ~20% in HUsing he MS data in the form ohormalsed iBAQ valuesis
arguably more relevant to determining how takative proteircomposition of the thylakoid changes
between lighconditions since the chlorophyll/protein ratio clearly declines with light inte(fSigyre
11A), thuschlorophyltbased normadation is skewed by this.
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Figure 12: Acclimation involves changes in thedative abundance of key photosynthetic complé#8sanalysis showing the

relative abundance in low (L), moderate (M), and high (H) Hattlimated thylakoids of key photosynthetic complexes PSlI,

PSI, LHCII, cytb6f and ATP synthase, expressed as @p&ge of the mean at ML. The bars represent the average of three
independent peptide preparations (n = 3), derived from a pooled thylakoid sample from 15 plants, which were subject to MS
analysis in triplicate in a randomésd order and the values averaged Er r or bars indicate mean. N SI
bet ween | ight conditions weteseSedien2.29*gq<d0O08)d by a modi fi ed Wel

The change in the relative abundance of the major trimer LHCII subudi@BL, 2, 3 and minor
monomeric antenna subunits 4, 5, and 6 is present&iime 13A. Of the five LHCBL1 isoforms
(LHCB1.1-1.5) in theArabidopsisgenomgPietrzykowska et al., 2014)HCB1.1, 1.2 and 1.3 did not
produce unique trypticgptides to allow them to be individually distinguished so the relative abundance
in Figure 13A is representative of their collective level, which decreased ~25% in HL but was
unchanged in LL compared to ML. LHCB1.4 did release umigeptides and so could be separately
guantified, increasing by ~10% in LL relative to ML and HL, whereas LHCB1.5 was not identified in
the MS analysis. The sequence similarities of the LHCB2.1, 2.2 and 2.4 isoforms prevent differentiation
but collectivey they increased by 10% in LL and decreased by 20% in HL. LHCB3, the less abundant
LHCII trimer constituent found solely in the-ipe trimer, remained constant in each light condition.

Similarly, the levels of the minor monomeric antenna complex LHCBGshaost closely associated
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with the Mtrimer were also relatively constant across the three light intenditiese results contrast

with studies orArabidopsis( Bal | ot t ar i et a |l .whichxlto@ed LHCRDandS6 | et
both decrease under high growth ligBailey et al., 2001; Ballottari et al., 200Tut consistent with

another study which showetlvias relatively unchangg@ailey et al., 2001)The levels of LHCB5
increased markedly in LL, a result previously seefArabidopsig(Bailey et al., 2001)The content of

LHCB4.1 and 4.2 showed a 15% and 5% decrease in HL resglgctind both a 15% increase in LL.

In contrast, the minor LHCB4.3 isoform increased dramatically (+255%) in HL consistent with
observations oMiller et al. (2017 and Albanese et al. (2018) and decreased by 95% in LL.
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Figure 13: Acclimation inwlves changes in the relative abundance of antenna pro#gimdS analysis showing the relative
abundance of LHCII subunitB, MS analysis showing the abundance of LHCI. Sampling details are as st&igdrial12.

The change ithe relative abundance of the LHCI subunits LHCAL, 2, 3 and 4 is preseriaglia

13B. The high resolution PSI complexes from mdRan et al., 2018nd pedMazor et al., 2015; Qin

et al., 20155how a stoichiometry of 1:1:1:1 for PSl relative to LHCAL, 2, 3 and 4. Unlike PSII, where
changes in antenna size have been consistebtigrved, the LHCI antenna size of PSI has been
reported to be unaffected by changes in light intensity in some stAdtiesese et al., 2018; Ballottari

et al., 2007) but altered in anothdBailey et al., 2001)Indeed, a recent study showed that PSI in
Arabidopsiscan bind additional copies of LHCAL1 and@repin et al., 20203uggesting the antenna

size can undergo acclimation. When normalised to protein iBAQ, there is a 40% and 10% increase in
LHCA1 and 3, respectively, in LL compared to ML but no significant change in HL. However, since
PSI itself increasein LL by around 30% these changes in LHCA proteins may not actually reflect
changes in antenna size for each PSI core. Since LHCA4 remains constant despite these changes in PSI
abundance this may suggest that there are more LHCA proteins associate&mitiHL relative to

LL. The stoichiometries calculated for LHCI/PSI varied between 3.27 and 4.06, which are broadly

consistent with those expected from the high resolution strugtdeesor et al., 2015)Table8). In this
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MS analysis the minor LHCAS and 6 proteins, which are involved in bindm§lDH complex to PSI
(Peng et al., 2009; Yadav et al., 20wgre not detected

Using thin section electron microscopy (EM) increagetha thylakoid stacking (membrane layers per
granum)was observeth plants grown in LL compared to ML, while HL plants showed a significant
decreas¢Figurel4A, B), consistent with observations in a number of different plartisp@@ailey et

al., 2001; Ballottari et al., 2007; Chow and Anderson, 1987; Chovwlapd, 1987; Chow et al., 1988;
Miller et al., 2017; Petersen et al., 2011; Schumann et al., 20fe recently, changes in grana
stacking have been found to be accompanied by changes in grana d{®meé&teykowska et al., 2014;
Wood et al., 2018, 2019 Consistent with these changes, analysis of chloroplast ultrastructure by
structured illumination microscopy (SIM) revealed tivatreased grana stacking in LL leaves was
paralleled by an increase in the grana diameter (measured as the full width half maximum of the
chlorophyll fluorescence signal from each granufmigure 14C, D). Similarly, decreased gran
stacking in HL leaves was accompanied by a reduction in grana diameter. Previously, changes in the
degree of grana stacking have largely been attributed to alterations in the content of LHCII proteins,
since cationic interactions between their strome¢$aare known to mediate this phenomefizay et

al., 1984) However, more recently thieylakoid curvature protein family (CURT1) was shown to exert

a major influence on thylakoid structure with thetlabcdmutant showing grossly enlarged pseudo
grana up to 1.2m in diameter, compared to 6045 em for the wildtype, despite similar levels of
LHCII (Armbruster et al., 2013)in contrast,Arabidopsisplants overexpressing CURT1A showed
smaller grana than the witype with a diameter of just 08m (Armbruster et al] 2013) This MS
analysis allowedor the first time quantification ofhow the levels of these key proteins changed upon
light acclimation Figure14E). The relative abundance of CURT1A and B increased by 30% and 40%
respectivey in HL compared to ML, while in LL both decreased by ~10%. There were small increases
of ~10% in the level of CURTLC in both LL and HL relative to ML and CURT1D was not detected.
The reduced induction of quenching (RIQ) proteins RIQ1 and 2 have been shoggatively regulate
grana siz€Yokoyama et al., 2016 onsistent with this earlier finding, the relative abundance of RIQ1
and 2 increased by 75% and 50% respectively in HL compared to ML, whiledgp@ased by ~20%

in LL. Thereis evidence that phosphorylation of PSIl and LHCII also strongly influences grana
stacking, with mutants lacking the PSII (STN8) and LHCII (STN7) kinases showing larger grana, while
those lacking the LHCII (TAP38) phosphatase show smaller ghangbruster et al., 2013; Fristedt et

al., 2009a) The iBAQ analysis ao revealed that the relative abundances of STN7 and STN8 were
similar in ML and LL but both increased slightly in HL acclimated plants. In contrast, the relative
abundance of TAP38 decreased to a similar extent in both LL and HL plants compared to ML. The
stoichiometry data indicated that the ratio of STN7 to TAP38 increased with light intensity, ranging
from half as much TAP38 as STN7 in LL to only one TAP38 to every 6 STN7 ifTHhle10). The
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calcium sensor kinase protein, CA&hich also plays a role in regulating phateclimation in high
light by promoting dephosphorylation of LHQICutolo et al., 2019)also increased in abundance in
HL by ~70% and decreased in bl ~30%
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Figure 14: Thylakoid membrane stacking changes associated with acclimatéparalleled by changes in the relative
abundance of CURT1A, B and RIQ1, 2 proteisThinsection electron micrographs of chloroplasts in plants acclimated to
LL (top row, L), ML (middle row, M), and HL (bottom row, H) (scale bar: 0.5 [BnNumbemf membrane layers per grana

stack calculated from electron microscopy images of chloroplasts in LL (n = 379 grana stacks), ML (n = 354), and HL (n =
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507) leaves Onvay ANOVA with Tukeyds multiple compariSOeCnp. ****p
SIM images (shown as Max Projections on taeis with tricubic sharp interpolation) of chloroplasts in plants acclimated to

LL (top row, L), ML (middle row, M), and HL (bottom row, B).Full width at halfmaximum (FWHM) fluorescence intensity

of the fluorescent spots (grana) in thr@inensional SIM images of chloroplasts in LL (n = 97), ML (n = 100), and HL (n =

100) leaves Onvay ANOVA with Tukeyds multiple compari sd&nMsS ***=*Pp
analysis showinghe relative abundance of proteins involved in modulation of thylakoid membrane architecture, expressed as

a percentage of the mean at ML. Sampling details are as stakeguire 12.

The MS analysis showed that increasing light intensity was associated with significant increases in the
abundancefamany proteins involved in LE®r its regulation. One of these proteins wasgytFigure

12), whichhas been shown in previous studies to have a LET flux control coefficient @fiBhoff

et al., 2000under high light conditions, meaning that it has a large effect on electron transfer rates
through the whole chain. Another protein which may affect LET flux is PGR6, a protein kinase
associated with the plastoglobalwhich functions to regulate the nunmb&f PQ molecules in the
photoactive pool of the thylakoid membrane ratihen stored in the plastoglobulédutants lacking

PGRG6 are unable to adapt to high light irradiafiRralon et al., 2019)ndeed, the MS analysis shows

a dramatic increase in PGR6 with light intensityuldlang from LL to ML and ML to HL. Another

limiting stepfor LET under high irradiance is the step involving transfer of electronsFobim NADP*

via FNR at the PSI acceptor sidedeed, antisense inhibition of FNR in tobacco strongly reduced LET
(Hajirezaei et al., 2002T his provides the rationale for the-60% increases in the abundance of FNR1

and 2 with high growth light intesity (Figure15A); the stoichiometry relative to PSI rises from 0.15 in

LL to 0.34 in HL for FNR1 and 0.18 in LL to 0.6 in HL for FNRRaple9), values slightly lower than

those reported by McKenzie et €020). FNR can exist in two states, either soluble in the stroma or
bound to the thylakoid membrane via the TIQ&nz et al., 2009pr TROL( Jur i | et al .,
tethering proteins. Thieol mutant showed strong perturbation in LET under HL conditi{@enz et

al., 2009) whereas théc62 mutantshowecho obvious electron transfer relaggtenotypd J ur i | et al
2009) Nevertheless, it was TIC62 that showed the largest change in relative abundance; a ~50%
increase was observed in HL, wher#zere waso significant effect of light intensity on levels of the
TROL protein Figure15A). The effect of these changes on the TROL and TIC62/FNR stoichiometries
can be seen imable9; while TROL/FNR declines the TIC62/FNR ratio is steady. Interestingly, the
relative abundance of the PSI electron domastpcyanin (PC) was significantly higher (+160%) in LL

than in ML and HL plantsHigure 15A) but there was still a 40% increase in HL relative to The
explanation for increaseglastocyaninin LL plants may relate to their ineased grana sizé
disadvantage of larger grana diameter is the slowing of LET, resulting from increased diffusion distance
for the mobile electron carriers PQ gpldstocyanir{Kirchhoff, 2014; Wood et al., 2018)he increase

in plastocyanirin LL may be necessary to mitigate this effect.

68



300 300
& 250 S 250
[+F] [«}]
S £
= 200 = 200
G ks
& 150 32 150
¢ e
e >4
o 100 Q 100
c [y
) g
S 50 O 50
O o
0- o
LMH LMH LMH LMH LMH LMH LMH LMH LMH LMH
O © N 1% ) v O "2} Na 2

Figure 15: Acclimation to high light causes upregulation of proteins involved in LET and £BWS analysis showing the
relative abundance of LET related proteins, expressed as a percentage of the meaR,a¢!Blanalysis showing the relative
abundance of CET related proteins, expressed as a percentage of the mearSaniylingdetails are as stated iRigure
12.
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Table9: Stoichiometry electron transfer proteins

LL PSsl Cythsf FNR1 FNR2 TIC62 TROL PGRS PGRL1

Psl 1 2.93+0.17 6.86+0.41 5.42+0.32 11.7+0.7 10.4#0.6 43.2%2.6 12.610.8
Cytbef 0.34+0.01 1 2.34+0.06 1.85+0.05 3.95%0.10 3.55%0.05 14.840.36 4.31+0.11
FNR1 0.15+0.01 0.43+0.04 1 0.79+0.08 1.70%£0.17 1.51%x0.15 6.3010.64 1.84+0.159
FNR2 0.18+0.01 0.54+0.03 1.27+0.07 1 2.15%0.11 1.92%0.10 38.00+0.42 2.33%0.12
TIC62 0.08610.006 0.251+0.0139 0.59+0.04 0.46+0.03 1 0.85%0.07 3.70%0.27 1.08+0.08
TROL 0.056+0.011 0.28+0.03 0.66+0.07 0.52+0.06 1.12+0.13 1 4.16+0.46 1.21+0.14
PGRS 0.02310.001 0.06810.004 0.16+0.01 0.153+0.01 0.27+0.02 0.24%0.02 1 0.29+0.02
PGRL1 0.079%0.006 0.23+0.02 0.54+0.04 0.43+0.03 0.9240.06 0.82%0.06 3.42+0.24 1
ML Psl Cythsf FNR1 FNR2 TIC62 TROL PGR5 PGRL1

Psl 1 2.35%0.15 6.55+0.41 3.59+0.22 10.7+0.67 9.8510.61 63.413.9 10.6+0.7
Cythsf 0.42310.02 1 2.7810.14 1.5240.08 4.5740.24 4.211+0.22 27.0:1.4 4.5240.23
FNR1 0.153+0.004 0.3610.01 1 0.55+0.02 1.6440.05 1.51%0.05 95.65+0.30 1.62+0.05
FNR2 0.2840.02 0.66+0.06 1.8310.15 1 3.00+£0.25 2.76%0.23 17.7£1.5 2.9610.25
TIC62 0.05+0.01 0.22+0.02 0.61+0.06 0.33+0.03 1 0.52+0.10 5.90x0.62 0.59+0.10
TROL 0.101+0.004 0.24+0.01 0.66+0.02 0.36+¢0.01 1.05+0.04 1 6.41+0.23 1.07+0.04
PGR5 0.016+0.001 0.037+0.002 0.10+0.01 0.057%0.004 0.17%0.01 0.16%0.01 1 0.17+0.01
PGRL1 0.054%0.004 0.2240.01 0.62+0.02 0.3440.01 1.01+D.04 0.93%0.04 5.9640.23 1
HL PSsl Cythsf FNR1 FNR2 TIC62 TROL PGRS PGRL1

PSsl 1 1.48+0.03 2.73+0.06 1.7240.04 4.27+0.05 8.021+0.18 28.710.6 7.68%0.17
Cytbsf 0.67+0.02 1 1.79+0.05 1.13+0.03 2.80+0.08 5.25%0.14 18.840.5 5.03+0.14
FNR1 0.34+0.03 0.50+0.04 1 0.58+0.05 1.43%#0D.13 2.69%0.24 5.62+0.85 2.57%0.23
FNR2 0.60+0.01 0.87+0.02 1.60+0.04 1 2.51+0.06 4.71+0.10 16.9+0.4 4.51+0.10
TIC62 0.22+0.01 0.33+0.02 0.60+0.04 0.38+0.02 1 1.77#0.11 6.3320.38 1.69+0.10
TROL 0.15+0.02 0.21+0.02 0.39+0.04 0.25%0.03 0.61%0.07 1 4.11+0.45 1.10+0.12
PGRS 0.032+0.003 0.047+0.004 0.087+0.007 0.055%0.00> 0.14+0.01 0.26x0.02 1 0.24+0.02
PGRL1 0.12+0.01 0.18+0.01 0.353+0.02 0.21+0.01 0.52+0.02 0.98x0.06 3.50+0.21 1

While LET produces ATP and NADPH, which is mostly consumed b{ZBI8 cycle in the stroma for
CO: fixation, CET produces only ATP and as such may play a keyirobalancing the ATP/NADPH
budget in the chloroplast under different light conditigksamer and Evans, 2011pince CET
increases proton flux into the lumen it may also be important for the-deyutation of PSIl and PSI
activity by NPQ and photosynthetic control, respectiv@wban, 2016; Theis and Schroda, 2016;
Yamori and Shikanai, 2016Jwo pathways of CET, which involve the recycling of electrons from Fd
at the PSI acceptor side to the PQ pool, are thought to edhst.filst involves the NADPH
dehydrogenaskke complex (NDH) a multsubunit protorpumping FAPQ oxidoreductasé-QR),
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while the second involves proton gradient regulation complex proteins PGR5 and R@GRitimay

act directly as an FQR or regulate putative CETvagtiof a FAFNR-cytbsf complex (Joliot and
Johnson, 2011; Yamori and Shikanai, 20I6)e MS analysis showed contrasting light acclimation
responses for these CET proteiRigy(ire15B). The relative abundance of NDH complex decreased by
~50% in LL and increased by ~#0in HL relative to ML Figure15B). The NDH complex is a much

less abundant component of the thylakoid membrane and it is not obvious in-te@Rgel Figure

11C). Indeed, the stoichiometry data shotis present at jug.2%of the level of PSI in HL and only

0.6% in LL (Table8). In contrast, the relative abundance of the PGR5 protein of the second CET
pathway was similar in LL and ML but increased by ~50% IFigre 15B). Despite their high
sequence similarity, PGRL1A and PGRL1B showed contrasting behaviour. The relative abundance of
PGRL1B increased by 150% in HL whereas PGRL1A showed no significant increase, suggesting their
expression may be diffentially regulated. Neither protein decreased in LL relative to ML, suggesting
that upregulation is triggered by high light irradiance. Unfortunately, in the MaxLFQ analysis used for
calculation of stoichiometries, the sequence similarity of PGRL1A andeBepted individual
guantification. The stoichiometries confirmed earlier reports that PGRL1 (A + B) is significantly more
abundant relative to PSI than the NDH complex with ratios of 0.079 in LL increasing to 0.12 in HL
similar to the values reported bydkenzie et al. (2020) for ML plants, which is consistent with the
notion that the PGRBGRL1 dependent CET pathway is dominariiabidopsigStrand et al., 2017)
(Table8). As found previasly PGR5 was substoichiometric relative to PGRL1, with a ratio of 0.02 per
PSlin LL and 0.032 in HLTable9).
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Figure 16: The relative abundance of proteins involved in light harvesting regulation ekangacclimation. MS analysis
showing the relative abundance of NPQ related proteins, expressed as a percentage of the me8araphigdetails are

as stated irFigure 12

As light intensity rises, the increased electron fierectivity results in an increased transfer of protons

from the stroma to the lumen. The influx of protons via coupled LET and CET activity is balanced by
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proton efflux via the ATP synthase and K" antiporter KEA3(Armbruster et al., 2014Where proton

influx exceeals efflux, the increasingpH triggers the activation of photoprotective energy dissipation

in the PSII antenna system to reduce the excitation pressure on PSII reaction centres. The dissipation
of excess excitation energy as heat can be measured by NPQ of chlorophyll fluorasdesiteggered

by the protonation of both violaxanthin-dpoxidase (VDE), which converts LHCII bound violaxanthin

to zeaxanthin, and the PSBS protgiRuban, 2016) Together PSBS and zeaxanthin induce
conformational changes in LHCII that result in the formation of dissipative chloreqdmgtenoid or
chlorophylichlorophyll interactions, protecting PSII from photooxidatdamage(Li et al., 2009;
Ruban, 2016)Using stoichiometry datdt, was calculated that in ML there is one PSBS protein for
every 5 LHCII trimers and this ratio is doubled in HLaple10). The MS analysis also showed that
abundance of PSBS increased markedly with light intenBigu(e 16), whereas VDE was constant
between ML and HL but decreased in LL. The abundance of zeaxanthin epoxidase (ZEP), which
catdyses the reconversion of zeaxanthin to violaxanthin, increased in both LL anBidgdire(16).
Together these results suggest an increased capacity for NPQ in HL Iplanatstrast with ZEP he

K*/H* antiporter protein KEA3, whit modulates the relaxation ofpH upon high to low light
transitions by releasing protons into the strgq@embruster et al., 2014)was downregulated in LL
(Figure16) but remained constant in ML and HL. The LCNP protein, which is involvedomgting

the sustained slowdselaxing component of NPQ termed @Malnoé et al., 2018showed the highest
abundance in LL while SOQ1 and ROQH1, which suppress gH, were most abundant in HL. Therefore,
the HL grown plants appear to reduce their capacity for the-staxing qH form of NPQ, while

increasing their capacity for the fastaxing gE form compared to LL.
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Table10: Stoichiometry of regulatory and photoprotective proteins

LL LHCII 5TN7 STNE TAP38 PS5BS 50Q1 CAS

LHCHI 1 403.7+27.6 265.8418.2 750.9+51.4 7.164876317 150.2208744  25.21801261
STN7 0.0025+0.0001 1 0.66+0.03 1.86+0.05 0.018+0.001 0.37+0.02  0.062+0.003
STN8 0.0038+0.0002 1.52+0.05 1 2.82+0.16 0.027+0.002 0.57+0.03  0.095x0.005
TAP38 0.0013+0.0001 0.54+0.05 0.35%0.04 1 0.0095%0.0010 0.20+0.02  0.034+0.003
PSB5 0.14+0.01 56.3+4.2 37.1+2.8 104.817.8 1 21.0%1.6 3.52+0.26
s50Q1 0.0067+0.0007 2.69+0.28 1.77%0.15 5.00+0.53 0.04810.005 1 0.17+0.02
CAS 0.040%0.002 16.0+0.7 10.5+0.4 29.8+1.25 0.28+0.01 3.96%0.25 1
ML LHCII S5TN7 STNE TAP38 PS5BS 50Q1 CAS

LHCHI 1 249.8%23.6 585.7i56.4 908.2185.9 4.5810.43 164.6115.6 15.5%1.5
STN7 0.0040+0.0003 1 2.35+0.17 3.64+0.26 0.018+0.001 0.66x0.05  0.062+0.004
STN8 0.0017+0.0002 0.4210.04 1 1.52+0.15 0.0077+10.0007 0.28x0.03  0.026x0.003
TAP38* 0.0011 0.28 0.66 1 0.005 0.18 0.017
PSB5 0.22+0.02 24.5£3.3 130.14£3.0 198.3£13.7 1 35.9%2.5 3.3910.23
50Q1 0.0061+0.0005 1.52+0.12 3.62+0.28 5.52+0.42 0.02820.002 1 0.0%4+0.007
CAS 0.06420.000 16.1+1.4 38.413.3 38.515.1 0.2910.03 10.620.9 1
HL LHCII STN7 STNE TAP28 PSBS 5001 CAS

LHCHI 1 173.6%11.5 3597.7+27.4 1035.3171.2 2.5510.18 91.3%#6.3 8.34+0.57
STN7 0.0055+0.0003 1 2.15%0.34 5.59+0.34 0.0140.001 0.45+0.03  0.045x0.003
STNS8 0.0025+0.0001 0.43+0.02 1 2.54+0.12  0.0063+0.0003 0.22+0.01  0.020+0.001
TAP38* 0.00059 0.17 0.38 1 0.0025 0.083 0.0081
PSBS 0.400%+0.003 67.620.4 155.041.02 403.4+2.7 1 35.6%0.2 3.2510.02
50Q1 0.0112+0.0004 1.90+0.06 4.35%0.15 11.3#0.4 0.02810.001 1 0.091+0.003
CAS 0.13+0.01 21.2+1.2 48.612.8 126.617.4 0.31+0.02 11.2%#0.7 1

In high light PSllis prone to photoxidative damage, particularly to the reaction centre D1 subunit
(reviewed inTheis and Schroda, 20i1&hotodamaged PSII is repaired via a compleriregpycle
involving the migration of PSII from the grana to stromal lamellae, partial disassembly of the PSII core
and associated OEC, proteolytic excision of @4 novosynthesis of D1, its reinsertion into the PSII
complex, and the subsequent reasserabtre dimeric PSII before it is returned to the gréhio et

al., 1993) This MS analysis was used to determine the effect of growth light intensity on the relative
abundance of proteins involved in the repaitleyfFigure17A, B). Phosphorylation of the PSII core
proteins D1, D2, PSBH and CP43 by STN8 is thought to promote the migration of photodamaged PSl|
to the stromal lamellae for repdiFikkanen et al., 2008nd its relative laundance was increased in

HL plants Figurel4). However, prior to repair PSII must be dephosphorylated by PBCP and possibly

TL18.3; the former was not detectedtiis study but relative abundance of the latter underwent small
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changes in abundance, increasing by 25% in LL and 10% in HL relative toRigure 17A). This

process may be instead enhanced via decreases in the level of the immunophilin CYP38, which
negatively regulates PSIlI core phosphatase igctiWener et al., 1999)and indeed its relative
abundance significantly decreased in HL compared toHigufe 17B). The abundance of HHLand

LQY1, which mediate the release of CP43 from photodamaged PSII prior to D1 protébtysisal.,

2014) behaved differently; the former was significantly increased in ML and HL compared to LL,
while the relative abundance of the latter was increased in both LL and HL compared Faghtie

17A). Consistent with a greater role for the repair cycle, the relative abundance of the DEGP1 protease
was markedly increased in ML and HLFigure 17A). The behaviour of the FTSH zinc
metalloproteinase subunits svanore complex; FTSH2 and FTSH5 increased as expected in ML and
HL, but there was no observed change in FTSHJufe17A). FTSH8 showed the same behaviour as
LQY1 increasing under both LL and HL compared to ML. The content ehémebrane insertase ALB3
(Schneider et al., 2014)gnificantly decreaed in ML and HL compared to LL, while VIPP1 which is
involved in the formation of lipidic microdomains to assist insertase activity increased with growth light
intensity(Liu et al., 2005)Figure 17B). The MPH1 protein has been implicated in the protection of
PSIl from photodamage rather than in PSlI refieis and Schroda, 201&)d accordingly its relative
abundance increased ML and HL. The LPAL1 and MET1 proteins, which function as chaperones in
PSIl assemblyTheis and Schroda, 201@&Iso showed significant increases with growth light intensity.
The umenal protein PPL1, which ian asyet undefined role in the PSII repair cycle decreased in HL
and ML relative to LL(Figure17B), despite the fact thdtrabidopsiamutants lacking this protein show
slower PSII recovery following excess illuminati¢ishihara et al., 2007)Proteins involved in the
reassembly of the Mn cluster, such as PSB27, were lowest in ML, while there was no significant change
in FKBP202, which is involved in reassdaty of PSIl supercomplexd3 heis and Schroda, 2018)he
collective changes of the PSII repair cycle machinery proteins in HL relative to LL are illustrated by
the schematic diagram Figure17C.
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Figure17: Acclimation to high light leads increased abundance of the PSII repair cycle macinBrMS analysis showing

the relative abundance of proteins involved in PSII repair, expressed as a percertegmefn at ML. Sampling details are

as stated irfFigure 12. C, Diagram indicating the abundance of PSII repair proteins in HL versus LL. Blue proteins are more
abundant in LL, whereas red/pink proteins are more abundant in HLq&antified proteins where no significant difference
was detected, they are displayed in white.
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In this study, quantitative mass spectrometas combinedvith biochemicaland structural analyses

to provide novel insigistinto the mechanisms @ight acclimation in the model organisAmabidopsis

The MS analysis reveals how the relative abundance of over 400 thykdsmdiated proteins,
including a range of recently discovered regulatory and structural proteins, change in response to altered
growth irradiance. These findings, summarisedrigure 18, show familiar patterns long associated
with photosynthetic acclimation, such as the decrease of LHCII and the increadefinraytATPase
levels(Anderson, 1986; Anderson et al., 1988; Schottler and Ta6th, 2014; Walters, wat0gyowth
irradiance, as well as previously unreported changes in key regulatory proteins such as ARER6, PG
PGRL1, CURT1, RIQ and STN7/8. A relatively quantitative approach was used, normaksing
dataseto the intraanalysis sum of iBAQ intensitider the combination of PSI, PSII, dyf and ATP
synthase, which represent-60% of total protein iBAQ The data presented here thus offer an
interesting counterpoint to previous acclimation studies where, generally, protein abundance is
normalised on a chlorophyll basis. Arguably, since the protein/chlorophyll ratio changes considerably,
normalisation to thee core photosynthetic complexes provides a more straightforward and meaningful

view of differences in the thylakoid proteome.
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Figure 18: A comparison of high light versus low light acclimation in the thylakoid membrane protS8ohematic diagram
indicating the relative abundance of thylakoid proteins in HL versus LL. Blue proteins are more abundant in LL, whereas
red/pink proteins are more abundant in HL. Where no significant difference was detected for a quantified [z ofisjiatyied

in white. Proteins not identified by MS analysis are shown in grey.

A key issue with mass spectrometry data is that of nasateln to compensate for random variations

in sample loading and spectral acquisition pattebme widelyused normasation strategy, MaxLFQ,

was recently applied in the MS study of McKenzie et al. (2020) to calculate the stoichiometries of the
major photosynthetic complexes in ML grovrabidopsisplants.For comparison, that same approach
was applied to this data tesess stoichiometries of thylakoid proteins in light acclimation. Some of the
stoichiometriegproducedare very similar to those in McKenzie et @020), such as BSII/PSI ratio

of ~2 in ML anda cythef/PSI ratio of 0.5 in ML. Howevetthe stoichiometrésgenerated for LHCII

trimers/PSliwere significantly lower than expectetd7 LHCII trimers per PSIl in M, compared to
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values between 3 arfiin the literaturd Ko u Si | et al . b 2018348 ThBsuppbisthert | e s
notion that MaxLF@generated stoichiometries should be treated with cawimhthat the method is
unsuited toabsolute proteimuantificationwhen applied to a membrane proteome such as this one.
RelativequantificationusingiBAQ, on the other hand, is appropriate and reliable for the investigation

of changes in the thylakoid proteome and will be applied throughout the rest of this thesis.

Previous acclimation studies have highlighted how, in low light, plants generallycexpsin light
harvesting antenna system relative to the PSII reaction centre, but have a generally lower maximum
LET capacity(Adams et al., 2007; Bailey aL, 2001; Ballottari et al., 2007; Chow and Anderson, 1987;
Chow and Hope, 1987; Chow et al., 1988; Miller et al., 2017; Petersen et al., 2011; Schumann et al.,
2017) Consistent with these findings, this MS analysis of the light harvesting protéimahidopsis
showed an increased relative abundance of the major trimeric LHCII complex components LHCB1 and
2 in LL compared to HLKRigure 13A), consistent with the Chd/b ratios and biochemical analysis
(Figurell). The increased LHCII content in LL plants is also associated with wider diameter thylakoid
grana with an increased number of membrane layers per $iackg14). The relative decrease in
CURTI1A, B and RIQ2 proteins inLLalso likely contributes to this increase given their known effect

on grana siz€ Armbruster et al., 2013Another change observed in LL plants is an increase in the
PSI/PSII ratio in LL Figure12), in contrast to that seen ingp@lbanese et al., 201&ut in line with
previous work irArabidopsigBailey et al., 2001)A reason for light limitation in a natural environment

may be filtering by the leaves of other plants, altering the spectbifygof the light environment such

that it contains a greater proportion of-fad wavelengthsSince PSIl is more efficient at absorbing

red and blue light, the increased PSI content, as well as an increased PSI antenna size by augmentation
with LHCII (Figure 11), could reflect an attempt to balance the relative excitation lefvéhe
photosystems to optiméd_ET when light is limiting. Previously it has been suggested that in LL, when
ATP when proton deposition by LET into thenen is low or when there is an ATP shortfall arising
from lower respiratory activity, LL acclimated plants increase their PSI levels in order to enhance CET
and maintaingpH at a level sufficient for generation of ATBailey et al., 2001)However, the
abundance of NDH decreases significantly in LL, contrary to the suggestion that this complex plays a
crucial role in LL(Yamori et al., 2015)and there is no change in the abundance ebther CET
proteins PGR5, PGRL1A or PGRL1B.

In HL, the preference for the PGR5/PGRL1B pathway, which shows a laiMérceupling ratio of 2
compared to 4 for the NDH pathwg$trand et al., 2017)may reflect a pority of CET in HL to
alleviate inhibition of electron acceptance in P$ather thanto augmentthe ATP/NADPH ratio
However, in each case it is noteworthy that the stoichiometries calculated for these proteins relative to
PSI are very low with NDH onlpresent aR.2%the level of PSI, even in HL, and PGRL1 at 10%
(Table8). In HL, the excitation levels of the reaction centres can exceed the capacity of downstream

electron sinks, potentially leading to the generation of ROSitmatige the photosynthetic machinery.
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One of the primary photoprotective mechanisms is NPQ, which functions to protect PSIlI from
photooxidative damage. The increased relative abundance of VDE, which accelerates zeaxanthin
synthesis, and PSBS, both of whithve been shown to adjust thpH sensitivity of NPQRuban,

2016) indicate a greater capacity for NPQ in HL plants. Finally, HL plants appear to greatly increase
their capacity for PSII repair, with sevepabteins know to be involved in the repair cycle found to be
upregulated in these plantSigure 17). The replacement of LHCB4.1 and LHCB4.2 with the third

isoform, LHCB4.3, which lacks a stromali de & anc hor & rrpsrneay fadilitate faster t h e
PSII supercomplex disassembly before PSII repair.

To bring the current understanding of photosynthetic acclimation closer to agricultural applications,
work must be done to assess how its mechanisms differaiaral environmentsvhere light,
temperature and water availability can be much more variable than the growth room conditions used
here(Schumann et al., 201 ®revious studies have indicated thanpeadopt some of the features of

both low and high light plants in such environmef@shumann et al., 2017; Vial&habrand et al.,

2017) so an analysis of the thylakoid proteome of Arabidopsis grown in natural light would help to

contextualise these acclimatioglated changes.
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Most of the current understanding of photosynthesis and acclimation is based on studies of the model
organismArabidopsis thalianaunder controlled laboratorgonditions. HoweverArabidopsisplants

grown in their natural environment show a very different phenotype to plants grown under controlled
conditions, differing substantially ithylakoid membrane protein composition and pigment content as
well as leaf mrphology (Mishra et al., 2012)Various fitnesgelated traits, such as seed size and
germination rate, vary greatly in the figllalmberg et al., 2005Wwhile many mutant phenotypes in
Arabidopsis cannot be observed under-kivess controlled environmental conditidfsenkel et al.,

2008) The use of a constant light intensity, temperature and humidity in the laboratory growth chamber

i mproves reproducibility of results but hinders
environment. Stress ngsnses in the thylakoid membrane have been studied extensively but
independently, limiting understanding of how different protective mechanisms are integrated together.
Plants grown in the field such as crops are continually exposed to multiple stresem day/night

cycles, moving cloud cover, shading by leaves, and weather. All of these factors can affect the rate of
damage to photosynthetic machinery, the rate of electron transport, and demand for water, leading to
decreased photosynthetic efficigrand lower crop yield&Poorter et al., 2016)

Despite thaliscrepancies between photosynthesis in a controlled environment and in the field, only a
few studies have dirdg compared plants from the two environments. Using Arabidopsis mutants,
Kilheim et al.(2002) found that NPQ is beneficial for plant fithess in a rat@environment with
fluctuating light intensityather tharhigh lightper sejt does not give a significant advantage to plants
grown in a controlled environmemorén et al(2003)identifiedthat the ELIP proteins are specifically
upregulated in pea plants grown outdoors. When grown in the field, mutants deficient in enzymes of
tocopherol synthesis werfound bySemchuk et al2009)to experience increased oxidative stress and
have reduced chlorophyll accumulation. Similarly to the work described in this thisiga et al.

(2012) compared phenotypes of ligatclimated wild type lalgrown Arabidopsis to that of those
grown in the field. Plants were grown under controlled moderate light, then either transferred to low,
moderate or high light intensity, or moved outdoors. Leaf measuremgigiment analysis,
immunoblot and spectroscoplyased protein quantification, and photosynthetic parameter
measurements showed that the field plants were generally more distinct than any of the controlled
environment plants were from one anothdfi. t u s z y (EQB13) als® germankted Arabidopsis
seeds in a controlled environment then transferred half of the seedlings to the field. This study measured
various photosynthetic parameters such as NPQ and€&Ximilation, and combed this information

with pigment analysis and transcriptomidsstudy bySchumann et a(2017)analysed photosynthesis
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in low, moderatehigh and natural lighgrown Arabidopsis by measuring €&ssimilation, grana size,

and relative abundance of some key proteins, among other parameters. They revealed, in the outdoor
plants, dynamic and flexible adaptations to fluctuating light andrada@gacity for energy dissipation.
Arabidopsis mutants grown in both controlled and field conditions have been used further to study
photoprotection in natural light, such as those lacking the PSII repair protein MUIRHand Last,

2017) Kono et al(2017)used NDHdeficient mutants gwn in the lab and the field to study the effect

of far-red lighti as present in sunligihton PSI photoinhibition in fluctuating light. Whil®i t us zy Es k a
et al.(2013)had propoed that the higher and more variable light irradiances were the main cause of
differences observed between indoor and outdoor plants,-geandield study of Arabidopsis plants

from seeds sown in the field found that temperature was as influentighistensity on plant fitness

and pigment conterfPescheck and Bilge2019) Recently, mass spectromebgised proteomics was

used to analyse acclimation to fluctuating controlled light in Arabidopsis I¢bitedermaier et al.,

2020) However, no proteomianalysishas yet been performed study the thylakoid membrane of

plants grown under field coitibns.

Here, mass spectrometry was used to perform a quantitative proteomic comparison of the thylakoid
membranes of outdoor and laboratgrpwn Arabidopsis thalianglants to furtheour understanding

of acclimation and photoprotéen in the thylakoidmembrane. Such an analysis highlights those
proteins and regulatory mechanisms that are particularly important in developmental adaptation of
Arabidopsis to natural light conditions, providingntext for the work on constant light acclimation
described irChapter.

Arabidopsisseedlingsveregrown for 2 weeks in a controlled environment ataleratdight intensity
(150emol photons ms?) under fluorescent artificial lightind={gure 19A). Plants were subject to 12

h of light per day with a daytime temperature o& 2Zand a night time temperature ofel&Figure

19B, C). Following this 2week period, plants were either maintained for a further 3 weeks in the growth
chamber (1 ab, or 6LO6 plants) or moved outdoors
Sheffield). The outdoor, or field (F) plants, were positiosadh that there was minimal shading of
sunlight from buildings or other structures so that the intensity of sunlight reaching the plants would be
more representative of the weather conditions and of the gradual increases and decreases in light
intensity ofthe day/night cycle. The emission spectra of the fluorescent lights in the growth chamber
and of sunlight are shown Figure 19A. The spectrum of sunlight was broader and more consistent
across a wide range of wavelengths thaat ¢ the fluorescent lamps. In particular, sunlight showed a
much greater relative emission at the longer wavelengths, around thed faegion, which

preferentially excites PRIohnson and Wientjes, 202@oth lab and field grown plants were watered
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regularly to avoid drought stress, and precautions were taken to reducéoprefitlte field plants,

without the use of pesticides.
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Figure 19: Arabidopsisplants grown outdoors are exposed to highly variable light and temperature conditiorxsibd

very different morphologies to controlled environtgants.A, Graph to compare the spectral composition of light from the

sun and from fluorescent lamp, Weather data (provided by Western Park weather station, Sheffield, UK) in the form of
daily maximum temperature, minimum temperature and hoursishie for the 25lay period from 2%May to the 1# June

2018. Sunshine hours were defined as the number of hours during that day in which the light intensity exceeded 120 W/m
The pale red and blue lines indicated the daytime and nighttime temperataspectively, of the growth chamber for
comparison.C, Minimum and maximum daily temperatures experienced by Field\r@b)idopsiscompared to Lab (L)
Arabidopsig(pale blue and red lines). Asterisks indicate significance froradiled onesample tests comparing minimum

Field temperature to minimum Lab temperature (*®% 0.0001) and maximum Field temperature to maximum Lab

temperature (P < 0.05).D, Representative images of LAtabidopsisplants and FieldE) plants.

The field plants were growrutdoors for a 2&lay period from the 2IMay to the 14 June 2018 before
harvesting. Weather data for this period, provided by the Weston Park Weather Station, Museums
Sheffield, is shown ifrigure19B. The data recorded by theeather station consists of daily minimum
temperature, maximum temperature, and sunshine hours, defined as the number of hours per day in
which the light intensity exceeded 120 WW/iwith the conversion of 1 W/ 4.57emol photons m

st (Thimijanand Heins,1983) t hi s means t h ahose that exocekdegproximately ur s 6

548gmol photons mist. While this comparison is only a rough estimate because of the differences in
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the spectra of the | ight sources, the intensity
chamberlf so, the field plants were exposed to a light intensity exceetthiaigof the growth chamber

on all but 4 of the days, and on one day were exposed to 14.8 h of sunshine. This means that, overall,
the field plants experienced a great deal more light thae trosvn in the lab. The outdoor temperature

was also extremely variable compared to the controlled environrkanir¢ 198, C). While the
temperature of the growth chamber only varied ByGodn the hottest day outdoors there was a
difference of 13.8 ®Getween the minimum and maximum temperature. On average, both the maximum
and the minimum temperatures outdoors were significantly lower than those of the growth chamber
(Figure 19C). High light intensity combined with low temperature is particularly stressful for
photosynthetic processes, more so than one or the other. High light intensity causesup bfiild
excitation energy, while low temperature reduces theafa&dectron transfer reactions, reducing the
capacity of the photosynthetic machinery to utilise this enargyrecreasing the risk of phaiwidative

damage to the reaction centrésw temperature also slows down the reactions of the CBB cycle,
reducingthe electron sink capacity of the system such that NABRegenerate less efficientlyn a

oneyear study ofArabidopsisgrown in the fieldPescheck and Bilgg€R2019 found that temperature

had a comparable effect on various developmental parameters to light intensity.

Arabidopsis plants showed dramatic morphological differences when grown in a controlled
environment Figure 19D) compared to those grown in the fieigure 19E) as previously reported
(Mishra et al., 2012; Schumann et al., 20THe leaves of the field plants were smaller, fewer, and less
curled compared to the lab plants. Previoualgbidopsisgrown under natural light were shown to
have significantly thicker leaves tih@ahose grown under moderate constant light, but very similar
morphology to those grown under high intensity constant (i§bihunann et al., 2017)0ne caveat of
these observations is the difference in day length, which has a greater impact on leaf sizgtbatithe
light intensity(Mishra et al., 2012)The growth chamber was set to a 12 h day, whereas daylight can
last 1617 h in the location and time of aein which the Field plants were growrhe field plants
showed little indication of anthocyanin accumulation in the form of purple pigmentation, suggesting
they had acclimated to their environment and were not significantly str@ésedich et al., 2014)

The bBb-grown plants had a much larger rosette diameter with much more vegetative growth and, like

the field plants, did not show signs of anthocyanin accumulation or stress.

Thylakoid membranes were isolated from Lab and Felbidopsisfrom leaf tissue pooled from at
least 15 plants per condition. Despite clear phenotypic differences, calculated ratios of chlaraphyll
b (Figure 20A) were very similar between plants from the different environmetdsvever, this

similarity not necessarily indicate a similar antenna size, sinceaBhtatios are affected by both
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antenna size and by the ratio of PSI/PSther analyses hafeund an increase in the relative amount

of chlorophylla in natural light compared to a controlled environment with a moderate light intensity
(Mishra et al., 2012; Schumann et al., 20)hough the Lab plants wergrown under very similar
conditions to those used for the moderate light (ML) acclimated pla@bkapter4, the Chla/b ratio

of isolated thylakoids was lower in this analysis (3.13) than for the ML thylakoids (3.37).tithefra
protein to chlorophyll of the Field dn_ab thylakoids was determineehd was found to be higher in

the Field plants. Analysis of the thylakoid membranes byFBYGE revealed greater differences
(Figure20B). Digitonin solubiisation of the stromal lamellae fractidemonstrated that the RISHCI-

LHCII supercomplexvas absent in the field thylakoids, a result that contrasts thétHindings of
Wientjes et al(2013b) whele the amount of the supercomplex was comparable to that of tgeolah
plants.The abundance of the @yt complex appeared to increase in abundance in the Field plants.
Unlike in the comparison of controlled environment thylakoids describeghapter4, the granal
fraction from Field thylakoids was very poorly solubilised in the mixturelofe x a d -®-engltbsidé
andn-d o d e eDynialtodile(Wood et al., 2018and very few complexes were visible. Because of
this, the granal fraction was instead solubilised in a higher concentration (1%, rather than 0ri9s) of

n-d o d e @ymaltoditle, which was more successful in liberation of complexes from the membranes.
Different detergents produce different micelle siagbich affects migration of complexes in native
PAGE. The observedifferencesin solubility of complexesfrom Lab and Field thylakoidsould
indicate altered lipisbrotein and lipidipid interactionsA r educti on i n t Hywe number
LHCII trimers was observed in the Field plants, in addition to all observable-LRSII
supercomplexes. Howevesince the apparent abundance of th& Gupercomplex decreases to a
similar extent as the larger PSIl supercomplexes, this may reflect differences in membrane solubility or
redistribution of complexes between domains rather than absolute abundancediffbes®es in
membrane solubility may reflect changes in the lipid profile in addition to those of the proteome. Both
glycolipid and phospholipid content has been shown to differ depending on the light environment, at
different constant light regimes aimdnatural light(Schumann et al., 201 old stress has also been

shown to reduce the amounts of some galactolifhidset al., 2018)
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Figure 20: Lab and field thylakoid membranes have differspectroscopic properties and reduced formation of
supercomplexed\, Ratio of chlorophyll a to chlorophyll b and of proteirctdorophyll in isolated thylakoid membranes from
Lab and FieldArabidopsis B, BN-PAGE of solubilised stromal lamellae (SL) and granal (G) thylakoid fractions from Lab
(L) and Field (F) plantsC, 77 K fluorescence emission spectra of Lab (blue) and Felcple) thylakoids using 435 nm
excitation.D, 77 K fluorescence excitation spectra of PSIl (695 nm) from Lab (blue) and Field (purple) thyl&aidK

fluorescence excitation spectra of PSI (735 nm) from Lab (blue) and Field (purple) thylakoids.

Clea differences between the Lab and Field plants were observed when their native thylakoid
membranes were analysed by 77K fluorescence. Upon excitation at 43bigure Q0C), Field
thylakoids showed a dramatic reduction in the nedaémission from PSI, consistent with its reduced
antenna size seen in the BM\GE (Figure20B). While there was slightly more emission from the PSI
band in the Lab thylakoids, this band was substantially lower than that ohRB# Field thylakoids.

The antenna size of PSlI also was also reduced in the Field thylakoids, as observed in the PSII excitation
spectrum [Figure 20D), but perhaps to a lesser extent to that of F&jufe 20E). The PSI (735 nm)
excitation spectrum of the Field thylakoids shows reduced relative fluorescence at 710 nm and 650 nm,
suggesting fewer LHCI and LHCII proteins, respectiv@lggether, hese results shown Figure20
demorstrate that, similarly to high light acclimation in a controlled environnm@h&pted), the higher

light intensity experienced by the Field plarfsgUre 19C) caused them to reduce their capacity for
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light absorption by both photosystems. The difference in the spectral quality of light from the sun, rather
than fluorescent bulbd-{gure 19A), also had profound effects on the relative emission from the two
photosystems. The ineased amount of faed light in sunlight, which preferentially excites PSI

(Johnson and Wientjes, 2020gsulted in a significant reduction of the PSI antenna.

Thylakoid membranes from Lab andeld Arabidopsiswere prepared for proteomic analysis in
triplicate by solubilisation in 1% SL and digestion by trypsin/eLysC. Desalted peptides were analysed
by nanoLGMS/MS in triplicate with data dependent acquisition. MS data were searched against the
UniProtKB proteome database to identify and quantify a total of 2,926 proteins across both conditions,
of which 460 were identified as being thylaka@igsociated. As discussed @hapter4, relative
guantification based on noriisation to equal amounts of chlorophyll may not give a realistic picture

of changes in protein abundance when the ratio of protein to chlorophyll changes significantly. Indeed,
as in plants acclimated to high light intensity in a controlled environméit fylakoids have an
increased amount of protein relative to chlorophyll. Relative quantification of proteins from MS data
was performed using iBAQ valu¢€ox and Mann, 2008; Schwanhausser et al., 20afhalised to

the intraanalysis sum of proteins from the key photosynthetic complexes PSII, P&f,ayd ATP
synthase. Usingd®seus softwar@yanova et al., 2016hormalised iBAQ values for the thresshnical

repeas were averaged and proteabundances with significant differences between Lab and Field
conditionsat g < 0.05 wereidentified bya modi f i e -dest(®ectioc20®sFortrelative
guantification of multisubunit protein complexes, the sum of iBAQensitiesfrom all identified
subunitof that complex was use@ihe normalised iIBAQ values of the major photosynthetic complexes
are presented iRigure21 and displayed with the mean Lab value set to 100% for cl&dwpsistent

with data from plants acclimated to constant light intensity describ€tiapter4 and with a previous

study of natural lighArabidopsisby Schumann et al., 201PSIl remained at a constant level relative

to the other key photosynthetic complexes. Field plants had 25% lessrR&ired to those grown in

the lab, similarly to results reported previougBchumann et al., 201 7Biven the massive reduction

in 77K relative emission of PSFigure20C), this would seem quite a small change. However, with the
absence of the P&HCI-LHCII supercomplex seen in the BRAGE igure20B), the accompanying

loss of energetically connected LHCII trimers may contribut¢heo magnitude of this difference.
Previously, downregulation of antenna proteins has been observed in Arabidopsis grown outdoors
( Wi t us zy Es k. &onsistent avith this, arid Qvith 3neduction in antenna size observed in the
77K excitation spectra, MS analysis revealed andt&c decrease in the number of LHCII trimers in
Field thylakoids Figure21). This 30% decrease was significantly larger than that observed in the HL
thylakoids inChapterd, which was only around 15%his dramatic reduction in antenna sizieField

thylakoidsappears to be contradicted the ratio of Chla to b, which did not change substantially
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(Figure20). However, the reduction in the relative amount of I€inl the antena may be mitigated by
the decrease in PSI, enriched in @hlThe MS data shows thaytbsf increases by 50% in Field
thylakoidsi a much more dramatic increase than the 20% increaseénseénplants Figure12) and
contrary to tle 16% reduction described previously ®ghumann et a{2017. Since the amount of
cytbsf has a significant effect on photosynthetic rage,it is a ratdimiting step(Kirchhoff et al., 2000)
this enhanced response may be a result of hwaigler temperatures in the fiel&igure 19C). The
change in the amount of ATP synthase (+40%) is also greater than that of constant HL plants.

200+

Protein iBAQ (% of Lab mean)

Figure 21: Adaptation to a natural environment involvdsaages in the relative abundance of key photosynthetic complexes.

MS analysis showing the relative abundance in Lab (L) and Field (F) thylakoids of key photosynthetic complexes PSiII, PSlI,
LHCII, Cythsf and ATP synthase, expressed as a percentage of theimttge Lab. The bars represent the average of three
independent peptide preparations (n = 3), derived from a pooled thylakoid sample, which were subject to MS analysis in
triplicate inarandomse d or der and the val ues a#SDrSiggifcaht difféfencesbetwdemar s i nd
conditions were det er testPectibri29.9*qa006pdi fi ed Wel chébés t

The MS analysis indicated varying behaviours of different LHCII constituent isoforms, sh&iguiia

22A, in both trimeric and monomeric antenna proteins in the field. In this analysis, additional peptides
were identified which allowed more isoforms of LHCBL to be differentiated and quantified individually
than in the experiment degloed inChapter4. Of the five LHCB1 isoforms in th&rabidopsisgenome
(Pietrzykowska et al., 20140HCB1.1 and 1.2 could not be distinguished from one another because
they have identical amino acid sequences but LHCB1.3, LHCB1.4A.H@B1.5 were quantified
separately. While the total number of LHCII trimers decreased by 30% and there were substantial
reductions in the amounts of LHCB1.1,1.2 (40%), LHCB1.4 (80%) and LHCB2 (25%), the LHCB1.3
isoform actually increased by 20%. This abirhply a role for this lesabundant isoform in adaptation

to fluctuating light or temperature. LHCB1.3 differs from LHCB1.1 and 1.2 by one residue near the N
terminus, where an asparagine is replaced by a lysine, creating an additional trypsin cleaeage s
producing one peptide unique to LHCB1.3. This lysine may have a biological function and may be
subject to posttranslational modification by acetylation, a common means of regulation of thylakoid
membrane protein@Vu et al., 2011)Lysine acetylatiorby the acetyltransferase NSI is essential for

state transitions, and mutants lacking this protein had reduced acetylaitbenmsoforms of LHCB1
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(Koskela et al., 2018Howeve, the position of another lysine, 3 residues eairli&HCB1.3 prevents

the detection of the tryptic peptide containing this residue so the acetylation state cannot be determined.
Similarly to results reported previously comparing field and lab platitshra et al., 2012and to its
behaviour under constant light acclimation describechiapted, LHCB3, which is only present in M
trimers(Caffarri et al., 2009)remained at a fairly constant level. This could suggest that the reduction
in the amount of LHCII arises mibg from fewer L trimers. However, LHCB6 (CP24), which links M
trimers to the PSII core via LHCB3, showed a small decrease of around 10% in Field plants, while
LHCB5 (CP26) remained constant. Isoforms of another monomeric antenna protein associated with
P3I, LHCB4 (CP29), also underwent some stoichiometric changes as a result of outdoor acclimation.
For this protein, a 20% reduction in the LHCB4.2 isoform was countered by increases in LHCB4.1
(10%), and LHCB4.3 (400%). The latter is missinggtiemalC-terminal domainwhich interacts with

both Mtrimers and LHCBgPagliano et al., 2014nd mediatethe interaction of PSII supercomplexes
between granal membrane layé8sl et al., 207). The 5fold increase seen in the amount of LHCB4.3

in Field thylakoids may play a photoprotective rdig decreasinghe affinity of PSII supercomplexes

for M-trimers or by disrupting interactions of PSIlI supercomplexes between membrane layers
(Albanese et al., 2019possibly to ease the disassembly of PSII during rephg 10% increase in
LHCBA4.1 in the field compares to the response of this isoform to low lightvatatin described in
Chapterd.
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Figure 22: Thylakoids from fieldArabidopsishave altered levels of minor antenna subumitsMS analysis showing the
relative abundance of LHCII subunif8, Diagram reresenting relative number of LHCII trimers as dots in Lab and Field
thylakoids and the distribution of trimer types. The number of trimers in Lab thylakoids is set to 100, and the trimers are
categorised into trimers containing LHCB3 (blue dots), contajriiHCB2 (red dots), or only LHCB1 (green). MS data for

all LHCB1 isoforms (LHCB1.1, 1.2, 1.3, 1.4, 1.5) was sum@eWS analysis showing the abundance of LHCI. MS data

sampling details are as statedkigure 21.

A simplified visualisation of differences in the composition of the LHCII trimers calculated from the
MS data is shown irrigure 22B. Each dot represents one trimer, with the total number of dots
representing the difference in the number of treri@etween Lab and Field thylakoids: for every 100
trimers in Lab thylakoids there are 70 trimers in Field thylakoids. An assumption was made that there
are three possible combinations of LHCB1/2/3, such that the trimers may be composed of 2(LHCB1) +
LHCB3 (blue dots, mostly Mrimers), 2(LHCB1) + LHCB2 (red dots, mostly trimers capable of
performing state transitions), and trimers containing only LHCB1 (green dots). This diagram shows that
the Field thylakoids have very similar numbers otrivhers and a wdest reduction in the number of
trimers containing LHCB2, but that the main difference between the two samples is the number of
trimers containing only LHCB1. The LHCB1 isoform contributes more significantly than the other
isoforms tolarge grana stack®ietrzylowska et al., 2014which may be less desirable for the Field
plants in their higHight low-temperature environmentompared to the LHCBanly trimers, those
containing LHCB2 may have a greater importance in variable light and temperature conddarsebe
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of their involvement in regulation of light harvesting and photoprotection in the form of the

enhancement of release of (Pietrxykowskdetdl.r20ler s upon p

The MS analysis identified and quantified all six LHCI proteins preisefirabidopsis(Figure22C).

Despite a reduction in the number of PSI core complexes, there was no significant change in LHCAL,
LHCA2 and LHCAA4. This result compares to that reported/ishra et al(2012, where mosbf the

LHCA proteins stay constant, but the relative abundance of PSI is not calculated. Only one LHCI
isoform, LHCA3, decreased in abundance in the field plants in line with PSI by 20%. LHCAS5, one of
the two LHCA proteins known to mediate interactiongwiite NDH complexPeng et al., 2009; Yadav

et al., 2017)showed a 40% increase in the field plants, implying a greater role for CET in the natural
environment. However, this contraditie data byMishra et al(2012 where LHCAS was depleted in

field plants.

Differences in thylakoid membrane stacking between Lab and Field plants were analysed using thin
section &ectron microscopyHigure 23A) to determine the number of membrane layers per granum
(Figure23B). Qualitatively, the chloroplasts of lab plants appeared more densely packed with thylakoid
membranes thamose of the Field plants, in which large expanses of stroma free of membranes were
observed. Granal stacking was significant® € 0.0001) reduced in the Field chloroplasts with
dramatically fewer membrane layers per granum. This difference was alswenbbgPribil et al.

(2018, where growth under natural light conditions caused a ZatdSeduction in grana heighand

may be a result of the reduction in the number of LHOBlY trimers figure 22B) since LHCB1
contributes more significantly to stacki(®jetrzykowska et al., 2014he number of membrane layers

in Field chloroplasts was also less variable than those grown in the Lab, with no visible grana having
more than 8 layers. Interestingly, when structured illumination microsdegyré23C) was used to
compare grana diameter between the two conditions (as a measurement diuljrasdth half
maximum of the chlorophyll fluorescem signal from each grannit was observed that the decrease

in membrane layers in the Field chloroplasts was accompanied by a slight inErea&€1) in grana
diameter Figure23D). Since the Field plants were exposed to epkgémperatured-{gure 19C), this

factor may have affected thylakoid ultrastructure in addition to the light environment. Cold stress has
been reported to increase chloroplast size, a measurement not taken in this experimentthnatt o
appears to apply qualitatively. However, cold stress also increases membrane layers petgratum

al., 2018) the gposite is observed initcase.

Changes in the extent of grana stacking can be attributed to LHCII interactions betwee{Diayets

al., 1984) phosphorylation/dephosphorylation by STN7 and TAfE3Btedt et al., 2009a; Wood et al.,
2019) and bending of the thylakoid membrane by CURT1 oligor(embruster et al., 2013)The
latter process, involving the CURTL1 family of proteins (CURT1A/B/C/D), likely plays an important
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role in dynamic thylakoid stacking in natural environments, as evidencBdHilet al.(2018. They

found that when grown outdoors, mutants lacking all four CURT1 proteins were significantly impaired
in a number of photosynthetic parameter measurements but those overexpressing CURT1A were
comparable to wild type. By suggest that the amount of CURT1 does not change in response to short
term changes in light intensity; rather, its regulation occurs at the posttranslational level. This MS
analysis showed that Field plants had around 60% more CURT1A compared tathasenghe Lab.
Similarly, Pribil et al., 2018bserved a-2old increase in the abundance of CURT1A in figldwn

plants compared to those grown in a controlled environment. Theg fbahthe amount of CURT1B
increased 4old, contrary to this proteomic analysis, which saw a smaller response in this protein of
just 25%. No significant difference was found between Lab and Field thylakoids for the proteins
CURT1C and CURT1D. Mutantsdking CURT1A and RIQ1/2 show opposite phenotypes with respect
to the number of stacks per gran@dnmbruster et al., 2013; Yokoyama et al., 20¥§)cording to the

MS analysis, both RIQ1 and RIQ2, the absence of which results in an increadeer of membrane
layers per granurtyokoyama et al., 2016)ncreased by around 60% in Fi¢hylakoids in line with
CURT1A and with the changes observed during acclimation todthgterd).

Phosphorylatiorof LHCII and PSIlI by STN7 and STN8, respectively, decreases grana stacking by
through repulsion on the stromal side of the membrane while dephosphorylation by TAP38 increases
stacking(Fristedt et al., 2009a)nterestingly, the MS analysis shows contrasting behaviour of STN7
and STN8 Figure23E). STN8, which phosphorylates P8&ilinitiateits repair cyclgJarvi et al., 2015;

Nath et al., 2013was 60% more abundant in the Field thylakoids, whereas STN7 and its paired
phosphataseTAP38, both decreased by around 40%. The reduction in these enzymes involved in
phosphorylation of LHCII, as well as the decrease in the amount of LHEI§Zré€22A), supports the

loss of the PSLHCI-LHCII supercomplex observed the BN-PAGE gel Figure20B) and suggests a
reduced role for state transitions in the natural environment. However, Misiea et al(2012 also
reported reduced LHCB2, they found the field plants were capable ofmparf state transitions at a
similar level to indoor plants. Long term changes in stacking or capacity for dynamic remodelling may
relate to faster turnover of PSII. The lower levels of STN7 seen in the Field plants must not relate solely
to the higher Bht intensity experienced becaube opposite effect is seen under controlled light
acclimation to high light Kigure 14). CAS, a regulatory calciunmsensor which promotes
dephosphorylation of LHCIICutolo et al., 2019)s raised by 25% in Field thylakoids. This is a smaller
increase than that observed in controlled high light (7&%ure14) which may reflect a reduced need

for LHCII dephosphorylation since there is less STN7.
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Figure 23: Thylakoid architecture changes in Fielhylakoids are associated with increases in CURT1 and RIQ proteins but

not STN7 or TAP38, Thinsection electron micrographs of chloroplasts in plants from a controlled environment (Lab, top

row) and outdoors (Field, bottom row) (scale bar: 0.5 puBy)Number of membrane layers per grana stack calculated from

el ectron microscopy images of chloroplasts inttéseZt%*P(n = 354
< 0.0001) . Err or bQ BDsSIM imadés (slaowreas Maexdpectior’s on3t-axis with tricubic sharp

interpolation) of chloroplasts from Lab (top row) and Field (bottom row) plabtg-ull width at halfmaximum (FWHM)

fluorescence intensity of the fluorescent spots (grana) in-ireensional SIM images of lohoplasts from Labr{ = 100)

and Field (n = -883%tplahPs<(WeD&hoOs EtErMSranalysisrsisowingrihe relateed e me an
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abundance of proteins involved in modulation of thylakoid membrane architecture, expressed as a percentage of the mean in

Lab thylakoids. Sampling details are as state&igure 21.

The MS analysis showedfflirences in the relative amounts of proteins involved in LET arising from
growth in a natural light environment, which were not equivalent to the differences seen in constant
light acclimation. As shown iRigure21, Field thylakads had 50% more dydf than those from plants

in a controlled environment, a larger increase than that seen from constant high light, whereas FNR1
and FNR2 increased to a lesser extent (25% and 20%, respedtinaglyih controlled high light. This
couldsuggest that LET in the Field plants is constrained more by transfer of electrons through the chain
than by the sink capacityhe FNR tethering proteins TIC62 and TROL were both upregulated similarly

to one another by 4580% in the Field thylakoidsn contrast withthe results described Dhapter4,

where TROL was present at a constant level in every light condltios discrepancy indicates a role

for TROL in fluctuating light specificallyPGR6, the plastoglobukessociaté regulator of the
photoactivePQ pool (Pralon et al., 2019Wwhose relative abundance increases with growth light
intensity, increased dramatiba(+250%) in Field thylakoiddn constant HL plantsQhapted), PGR6
increases to a much lesser exterit0B8%).Acclimation to coldcan betriggered by redox sensing of

PSIl and the PQ pool and increaseseld apt ed pl antsdé resistance to
amount ofPQrelative to PSIGray et al., 1996; Huner et al., 1998herefore, thiglifference in the
magnitude of the response of PGR6 is likely a result of the lower temperatures experiences by the Field
plants.Interestingly, plastocyanin (PC), the electron ddiooPSI, was unchanging between Lab and
Field thylakoids. However, since PSI decreases in abundance in ththiziekids this constant level

of plastocyaniroverall may represent an increase relative to PSI. While the behaviour of these LET
proteins i Field thylakoids does not directly compare to high light acclimation, this MS data contradicts
the idea proposed previously that the electron transport machinery of natural light acclimated plants is

most similar to that of constant low light acclimafgants(Schumann et al., 2017)
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Figure 24: Acclimation to a natural environment causes upregulation of proteins involved in LET andACHE®. analysis
shawing the relative abundance of LET related proteins, expressed as a percentage of the mean Lab tBylkkd@isalysis
showing the relative abundance of CET related proteins, expressed as a percentage of the mean in Lab hgtagtius.

details areas stated irFigure 21.

The MS analysis shows an increase in the relative abundance of proteins involved in cyclic electron
transfer in Field thylakoiddgure24B). In particular, there is a significanpnegulation of NDH (60%)

and the LHCADS subunit of LHCIRigure22C), which links NDH to PS{Peng et al., 2009; Yadav et

al., 2017) NDH is necessary for rapid induction of P700dationi a mechanism for reducing ROS
formationi under light fluctuating at a high frequen¢($himakawa and Miyake, 2018)GR5 and
PGRL1B increase in abundance by 30% and 70%, respedtieetynaller difference thahat seen in

plants acclimated to constant high lightgure15B). This is surprising, given that thegr5 mutation

is lethal under fluctuating lighTikkanen et al., 2010suggesting a greater importance in fluctuating
light. The behaviour of PGRL1A, a phosphorylation target of STREland et al., 2011 differed to

that of PGRL1B, the former remaining constant in all light environments analysed. Despite previous
reports that the two proteins are functionally redum¢RalCorso et al., 2008)ut as seen in previous
work where PGRL1B changed differently to PGRL{I#n et al., 2017)the two proteins appear to be
differentially regulated, suggesting they may fulfil different roles in requlatid®ET. Shown to form

a stable complex with both PGRL1A and(Bndow and Inoue, 2013jhe chloroplast mcessing
peptidase PLSP1 increases in abundanridd?in the Field Figure27). Together, the MS data from
constant light acclimationQhapter4) and natural light adaptation suggest a greater rolé&l -
dependent cyclic electron transfer in the natural environment thdic ejectron transfer via PGR5
Indeed, under both artificial and natural fluctuating light, mutants deficient in-NB#lated CET are

more susceptible to PSI photoinhibition thaodh deficient in PGREediated CET(Kono et al.,

2017)

Since energylependent NPQ (qE) mrobablymore important for fluctuations in light intensity than
for high light spedically (Kulheim et al., 2002)MS analysis was used to determine the relative

amounts of proteins involved in the short term regulation of light harvestiAgabidopsisfrom the
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Lab and the Fid (Figure25). In a sudden transition to high light, where increased proton pumping by
PSIl and cyef exceeds the immediate capacity for ATP generation by ATP synthase, protons build up
and cause a pH decrease in the thylakoidelo. The pH change results in protonation of VDE and
consequent conversion of LHEdksociated violaxathin to zeaxanthin via the antheraxanthin
intermediate. Zeaxanthin promotes aggregation of LHCII trimers and dissipation of energy as heat
through chloropyll-chlorophyll and carotenoidhlorophyll interactiongLi et al., 2009; Ruban, 2016)

The MS analysis shows Field plants have a higher level of both VDE andtlz=Rtter ofwhich
converts zeaxanthin baoci violaxanthin in the transition to the light harvesting state. VDE increases
to a greater extent (60%) than ZEP (30%), with both proteins responding differently to fluctuating light
than to acclimation to constant light intensities as describe@hapter4. Constant high light
acclimation did not affect the abundance of VDE, whereas ZEP increased by arourfei¢ii#i ),
suggesting VDE is more important for fluctuating light than for constant high iligadiance where

long term acclimation has reduced the need for rapid initiation of quenching. High light induced low
lumenal pH also triggers protonation of lumenal glutamate residues of PSBS, triggering
monomerisation of this protein and reorganisatd the PSII antenna network into a dissipative state
(Bergantino et al., 2003; Corrézalvis et al., 2016; Sacharz et al., 20/&)cording to the MS analysis,
PSBS increasesfdld in the fieldi a greater increase than the 8l increase previously reported
(Schumann et al., 20177he difference in the relative abundances of the proteins VDE, ZEP and PSBS
agrees with the observationMfshra et al., 201,2hat fieldgrown plants have a much greater capacity

for NPQ. After quenching of excess light, the* antiporter KEA3 responds to sudden reductions in
light intensity by releasing protons into the stroma, speeding up the return of LHCII to its light
harvesting state in fluctuating lightArmbruster et al., 2014)Indeed, this proteinhewed an
approximate increase of 45% in Field plants. The change measured in the amount of KEA3 in a natural
light environment, but not upon acclimation to constant high ligigiufe 16), supports the importance

of its role in a atural environment.
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Figure 25: Arabidopsisin a natural environment have increases in the relative abundance of proteins involved in light
harvesting regulation. MS analysis showing the relative abundance of NPQ related petpiessed as a percentage of the

mean in the LatlSamplingdetails are as stated iRigure 21.

While much work has been done to study quenching involving PSBS and zeaxanthin, less is known
about the sustained slowly relaxing foohNPQ (gqH) which involves SOQ1, ROQH1 and LCNP.
SOQ1 and ROQH1 both function to suppress gH. The mutant lacking SOQ1 (suppressor of quenching
1) was found to suppress the NPQ phenotype of mutants lacking(B8RRs et al., 2013)ncreasing

this form of NPQ despite the sénce of gE. When this mutant was combined with the mutation to
inactivate ROQHI(Amstutz et al., 2020)rabidopsisgrowth under low light intensity was severely
limited due to constitutive high levels of gH. Thelaroplastic lipocalin LCNP, on the other hand,
promotes this sustained form of quenchiMalnoé et al., 2018)Therefore, it is interesting that Field
thylakoids contain elevated levels of all of these protdtigue25), a result which differs from that

seen in constd light acclimation described i@hapterd. Constant low light acclimated plants appear

to increase their capacity for qH, observed as the upregulation of LCNP, whereas high light acclimated
plants suppress it by increasing ithievels of SOQ1 and ROQHIFigure 16). In the natural
environment, the expression patterns of proteins involved in regulation of light harvesting and
guenching do not compare directly to those describathampter4 of either low light or high light.

Instead, these proteins show a mixture of behaviours from both.

The relative amounts of proteins of the PSII repair machinery in Field versus Lab thylekiowlated

from MS data is shown iRigure26. As would be expected for a natural environment with significant
stress from high, variable light irradiance and cold temperatures, the majority of the proteins involved
in PSIl repai are upregulated in the Field. However, there are some exceptions. One is MPH2
(maintenance of PSII under high light 2), a lumenal protein required for normal growth under natural
fluctuating light and temperature conditidihsu and Last, 2017)Ilt was observed to interact with PSI|

core subunits in a way that suggests a role in the disassembly of PSII upon initiation of repair. MPH1

was proposed bliu and Last(2017) to fill a regulatory role for PSII repair in long term acclimation to
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fluctuating light rather than just maintenance of PSII utditgr light. Therefore, it is surprising that in

the MS analysis no significant difference in the amount of MPH2 was observed between Lab and Field
thylakoids. Another protein present at constant levels was the immunophilin CYP38. Since this protein
negatiely regulates phosphatase activity on the PSII de@er et al., 1999)jncreased abundance of

this protein under stress might negatively impact PSII repaihidranalysis, the detection of multiple
isoforms of proteins with different behaviour is notable. One possible model of PSI| (\&jetse et

al., 2019)involves the storage of PSII subunits CP47, CP43, PSBH, several lower molecular weight
subunits and the assembly factor PSB27 in a stable complex lacking a reaction centre to avoid harmful
photochemical reactions during the repair cy€lee identification of two isoforms of PSB27, only one

of which is upregulated in Field thylakoids, implies varied roles or regulation of this factor. Additional
proteins behaving unexpectedly in Field thylakoids are thehetie proteins OHP1 and OHP2h&y

are thought to interact with HCF244, another factor involved in PSII biogenesis, and parts of the PSII
reaction centre to form a complex that aids in the cotranslational assembly of rjeleyCdind Grimm,

2018; Liet al., 2019) Therefore, it is surprising that one of these proteins, OHP2, is less abundant in
the Field thylakoids since OHP2 has previously been shown to increase its expression in response to
high light intensity(Andersson etl., 2003)and the FieldArabidopsiswere grown in a higher light
environment than the Lab plants. OHP2 has been shown to associate wahdSsson et al., 2003)

the decrease of which in Field thylakoids could explain theaedi need for OHP2. However, analysis

of mutantArabidopsidacking OHP1 also suggested roles for this protein in assembly of both PSII and

PSI(Myouga et al., 20180 this explanation seems inadequate.

>0 1 =3

Figure 26: Upregulation of the PSII repair machinery in a natural environment. Schematic diagram indicating the relative

abundance of PSII repair proteins in Field versus Lab thylakoids. Blue proteins are more abundant in the Lab, whereas
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red/pink proteins are more abundant in the Field. Where no significant difference was detected for a quantified psotein, it i

displayed in white.

Previously it has been showraththe early light induced proteins (ELIPS) are significantly upregulated

in or only detectable from plants grown in a natural light environrfidighra et al., 2012; Norén et

al., 2003) The expression of ELIPs is also upregulated as a response to low tempdlaténeet al.,

2003) The MS analysis confirmed this withe identification of both ELIP1 and ELIP2 in Field
thylakoids only Figure27). Constant high light and low temperature causes accumulation of ELIP1
and 2 in wild type but does not cause a dramatic phenotype in mutants lackengristemgRossini

et al, 2006) Although the precise biological function or mechanism of these proteins is not currently
known, ELIPamay function to prevent photooxidative damage in high light stress through sequestration
of free chlorophyll molecules or stabilisation of cdex@s during turnover of chlorophytbntaining
proteins(Hutin et al., 2003)

One notable protein that increasadabundance in Field thylakoids but in response to constant light
acclimation was TSP9, which showed #Rl increase in the natural environment. TSP9 is found
mostly in the grana and associates with LHCII but also with peripheral subunits of both dPB&lan
(Hansson et al., 2007}t is a phosphorylation target of STN7 and its absence affectsshaith
transitions and NPQ, and it has been suggested that TSP9 aids in the dissociation of antenna proteins
from the PSII core under fluctuating light irradianeistedt et al., 2008, 2009b}yherefore, more

TSP9 in Field plants may have contributed to reduced supererrfgorimation seen by BIRAGE
(Figure20B). Another protein significant for fluctuating light intensity is the FLAP1 (fluctuating light
acclimation protein 1) protein. FLAPL1 is located in both the thylakoid membrane and the esbropl
envelope and has a role in the regulation of NPQ. Mutants lacking this protein have higher levels of
NPQ and a pale green phenotype, resulting from lower leaf chlorophyll content, under fluctuating light
(Sato ¢ al., 2017) FLAP1 has been proposed to regulate NPQ through energy dependent quenching
(qE) involving FSBS and zeaxanthifTrinh et al., 2019)Consistent with other NR€2lated proteins,

MS analysis showed it increased by around 50% in Field plaiysré27).
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Figure27: A comparison of natural versus controlled environment adaptation in the thylakoid membrane proteome. Schematic
diagram indicating the relative abundance of thylakoid proteins in the Field vérsisb. Blue proteins are more abundant
in the Lab, whereas red/pink proteins are more abundant in the Field. Where no significant difference was detected for a
quantified protein, it is displayed in white. Proteins only detected in Field thylakoidekoeywhereas those not identified

by MS analysis are shown in grey.

In this study Arabidopsisplants were grown outdoors during summertime in the UK and the weather
for that period was recorded and compared to the environment of a growthechmmmonly used

for the growth and study of these plants. Mass spectrorbatigd relative quantification of thylakoid
membraneassociated proteins was performed to compare the thylakoid proteordgabidopsis

plants grown in a controlled environmentthose grown in the field. The data were combined with
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