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Abstract

Eukaryotic algae are responsible for approximately-timel of global carbon fixation. To maximise
photosynthetic efficiency, algae have evolved biophysical carbon concentrating mechanisms (CCMs),
concentrating inorganic carbon (Ci) to satur&éulosel,5-bisphosphate carboxylasexygenase
(Rubiscd with CQ. Central to the algal CCM is the pyrenoid, a dynarRiabiscecontaining
organelle located in the chloropladdiatoms, an algal group with CCMs, are found in freshwater and
oceanenvironments. They are important primary producers responsible for up to 20% of global
carbon fixatim. Current understanding of the diatom CCM is incompletgh key pyrenoid
componens unknown or uncharacterized. These components igeliinker proteinswhich bind
Rubisco todrive pyrenoid formation carbonic anhydrases (CAghich releaseCQ for fixation by
Rubiscoand Shell proteinshypothesized to prevenCQ loss from the pyrenoidThis study uses
bioinformatic techniques tonvestigatelinker proteins, @s and Shell proteingarticularlyfocusing

on the model diatonmThalassiosirgpseudonanaA novel combination of structural and phylogenetic
analysisgives insight into the complexities ofCCM component evolutiofetween ecologically
relevant algal lineages.
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|dentification and Characterisation of
Proteins within the Algal Pyrenoid

Chapter lintroduction

CarbonConcentrating Mechanisnasd theAlgal Pyrenoid

Photosynthetic algae, in conjunction with cyanobacteria, are responsiblegao 50% of global
carbon fixatia(1¢3). This conversion ofCQ into organic carbors catalysd by the enzymeRubisco
and supports nearly alllife on earti{4). Despite being highly abundant proteiRubiscdhas a slow
catalytic rate and poor selectivity for CQ over Q, resulting in energetically wasteful
photorespiration reaction®c7). To overcome these limitationmultiple strategieshawe evolved
includingthe biochemicalC4, and CAMpathways in higher plants anchostly biophysicatarbon
concentrating mechanisms (CCMs) in a{8aeStructural and temporal differences in leaf anatomy,
and vascular physiology and stomatglening allow C4 and CAM plants to reduce photorespiration
and increase the availability o£Q at Rubisco. Onhe other hand, biophysical CCMs operated by
prokaryotic cyanobacteriand eukaryotic microalgagctively concentraténorganic carbon (Cia a
series of Ci transportergonversion of the iGspecies (COn HCQ@) by carbonic anhydrases (CAS)
and aggreation of Rubiscoto a distinct micro compartmeii®c12). In cyanobacteriaRubiscoand
CAs areencapsulated by selfassembling proteinaceous shedih form a carboxysomg150-200
nm in diameter)(13¢16). HC@Q is actively transported into theytosol before diffusing into the
carboxyome where it isdehydratedto CQ by CA at the site dRubisc@l7).

Eukaryotic algalanda groupof nonvascular plantgalled hornworts also aggregatérRubiscobut
utilise larger microcompartments known as pyrenoids1-2 pumY)18). The pyrenoid is a dynamic
phase separatedrganelle penetrated by thylakoidtubules deriving from the wider thylakoid
network(11). Through a series of transportedldCQ is concentratedacross the [asma and plastid
membranesdelivered tothe acidic thylakoidumen,and converted to C@by CAsCQ defusesinto
the surroundingRubiscecontaining matrix ands prevented from dissipating out of theyrenoidby
an outer sheath.This pyrenod-based CCM is shardaetween eukaryoticalgae however CCM
components andpyrenoid morphologyvary greatly between specigseflecting the polyphyletic
nature of eukaryotic algaeand multiple evolutiors of the pyrenoi@). To date, he majority of
reseach into algal CCMs hdmen focused on themodel green algaChlamydomonaseinhardtii
however,algae are polyphyletiand recent years have seen growing interest in thedel diatoms
Phaeodactyluntricornutumand Thalassiosira pseudonana

Thebiogeochemical importance and evolution of diatoms

Diatoms areunicellularalgaefound in freshwater and marine environments. They play a key role
within contemporary oceansaccounting for up to 20% of global photosynthgdi8). As a primary
producer diatoms are principal contributors to biological carbon cyclifigrough photosynthesis,
inorganic atmospheric carbon (gQs transformed into organic carbon, generating organic matter.
This is either consumed or becomes dead organic matter, which is forden and stored in
sediment$20). Unlike other algal speciedjatoms possess a silicified cell wahh@wn as drustule)

and are a key component in thBogeochemical cycling of siliog@1,22) Frustule shape can be used
to morphologically classifgiatomsas eithercircularcentric (e.gT. pseudonaneor oblong shaped
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engulfs a single transfer to nuclear endosymbiosis of a partially replaced reduced
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endosymbionts endosymbioses. Each transfers endosymbiont
some genes to the nucleus reduction

Figurel Pyrenoid containing algae are found across the eukaryotic tree of lifeT e adapted fron
Mackinder et a(11). Names of pyrenoidontaining algae are coloured. Algae with plastid acquisi
by complex secondary endosymbiosis are found in the TSAR, Haptista, and Cryptista superfar
Complex red plastid origin is indied by an asterisk and includes diatorB$Schematic outlining the
Serial and Shopping bag endosymbiosis models. Schematic based on MoroZ@7 gGaicles
represent origin of genes in a given genome (grey: heterotrophic host, red and greenpooidax)
algae). Smaller circles repeat represent reduced organellar genomes
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pennate diatoms(e.g.P. Tricornutum)In recent yearsgenomic analysis has provided additional
understanding of diatombiodiversity and speciation Wang et al carried outcomparative
Phylogenetic analysis of 35 diatom mitochondrial DNA gen@@3gsThey identified threeclasses
within the Bacillariophta and Ochrophyta phyla to which diatoms belo@gntric diatoms are
generally found in theclassesCoscinodiscophyceae aridediophycaewhich diverged fromthe
pennatecontainingBacilarioplyceae around 131 MyaDetails of the diversification eveldgadingto
this morphological split are murky. It isdught that a combination of horizontaene transfer,
exchange of transposable elements and gene gain and loss led to the split around20). Ma

As stramenopiles, diatoms are situated within the TSAR superfafigy YA andwere derived by
seconday endosymbiosis of a photosynthetic plastidntaining organism. A nesynthetic
eukaryote actd as a heterotrophic hostengulfingan autotrophic photosynthetic eukaryotand
acquiring a chloroplast in the proc€24). A legacy of this is the folmyer chloroplast membrane we

see today in cryptophytes, haptophytes, dinoflagellates, and diatoms. It has long been hypothesised
that an endosymbiosis event involvireyred algal symbiont led to the evolution of diatoms.
However, in recent yearsggenomic studies have suggested plastid acquisition by secondary
endosymbiosis ifar more complex25,26)

A phylogenomic sidy by Morozov and Galachyaritaind approximately equal evidence for red and

green algal origingor diatom geneg27). Indeed, both P. tricornutumand T. pseudonanaontain

genes of red and green algal lineaggphenomenontermed redgreenmosaicisni28). Considering

these findings two model®f secondary endosymbiosis have been proposed. Fir§tli, S aW{ S NX&
SYyR2a@8Y0A2aAaQ Y2RSt ¢gKSNBoe LI I adidaled chypid I+ Ol dz
plastids, andsecondlyi KS W{ K2 LJJAy3 .I+3Q SyR2a&YoAzaia Y2RSH
events and subsequent losses lead to-ggden mosaicisnof the nuclear genomdFig1B )(29¢31).

How complex secondary endosymbiosis may have influenced the role of plastids in modern diatoms

is still uncertain. The subsequent impact on diatom pyrenoids and CCMs is angexedéimue of

research yet to be pursued.

Thylakoid lumen

- Matrix

Shell protein
Rubisco

s Putative linker
@ Carbonic anhydrase

Figure 2 T. pseudonanacontains a lenticular pyrenoidA) { 9a A Y I 3 S I (110)Bj EEM ¥riddge JSsd
Goodenough, P = pyrenoid, pyrenoid matrix highlighted in orange, surroundirekdiy$ and pyrenoighenetrating
thylakoid highlighted in green. C) Cartoon representation of the T. pseudonana lenticular pyrenoid. Zoom
localisation of Thylakoid luminal CA, Rubisco, putative linker and shell proteins
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Thalassiosira pseudonarsamodel diatom

Thegenome of thecentric model diatomT. pseudonangFig 2A wasfirst sequened in 2004, and
since multiple genetic engineeringnethoddhave been developd82,33) Despite this, little is
currently known about tle T. pseudonanaCCM, patrticularly the pyrenoid and its components.
pseudonangpossesses a lenticulayrenoid with a singular thylakoid tubuléraversing the matrix
(Fig.2B). As inC. reinhardtii T. pseudonanaRubiscolocalises to thepyrenoid matrix, however a
comprehensivestudy of T. pseudonana componentgs yet to be undertakenTo identify CCM
related target proteinsa colleague(Onyou Nanh carried out a series ofo-immunoprecipitation
experiments using. pseudnanaRubiscoProteins associated witRubiscos S NB  WLJdz f SR
separated from cellular debrigvith the aim of identifying true Rubisco interactors Mass
spectrometry identified protein targets potentially associated withbiscothe pyrenoidor widerT.
pseudonanaCCM.Severahovel proteins were identifiedncludinga family of7 proteinsthat were
later shownto localise to thepyrenoidouter layer(FiglC) Theser proteins previouslyidentified as
unknown proteins by Bowler et alere teNY SR W{ K S(84) TheJMHBdOVEWArgsdits) also
identified the novel CA Tpl766 CAsregulate the flux of CQ throughout algal CCM and
characterising Tp1766 may give insigtib the waysT. pseudonanaleliversCQ to Rubisco

CQ deliveryto Rubisco

The model alga®. tricornutumT. pseudonanandC. reinhardtishare similar CCM architecture and
mechanismsdespite containing evolutionary distinct componentBiatoms take-up both CQ in
HCQfrom the environmentUptake of Cis by passivaliffusion driven by the low cytoplasmic GO
concentration and permeability of lipid bilayers @Q (Fig. 3)(35). By contrastmembranes are
impermeableto HCQ@ and transmembrane transporters are requitdd P. Tricornutuma study by
Nakajima et ashowedSoluteLike Carrier 4SLCA4BELC4amily transporters directly uptake HgO
from seawater across the plasma merabe(36). Fluorescent tagging localis&l.C4ransportersto
sites on the plasma and chloroplast membransgpportingSLC4as a carbon pump within th@.
tricornutum CCM(Fig. 2{36). Transcriptional data suggests tl8 C4£ homologue functions as a
major uptake mechanism under 108Q (LC) (~0.04% G)@onditions.

Although SLC4homologues have been found if. pseudonanahe picture here is less clear.
Phylogenetic analysis of SLC4HCQ transporters in P. tricornutum T. pseudonana and
phytoplankton by Hopkinson et akhowed that the clade including SLE&4 does not include a
homologue fromT. pseudonan@7). There isalso little evidenceshowingSLC4s responsible for
HCQ uptake at the plasma membrana both P.tricornutumand T. pseudonanaleaving this area
still open for further research.

Thefreshwater green alg&. reinhardtiusesa different array of transporters facilitatg flux across
intracellular membranesUnder VLCconditions High Light Activated3 (HLA) and limiting CQ
inducible 1 (LCllpcaliseto the plasma membranéacilitating Citransport into the cytoplasn{Fig
3)(12,38,39) At the chloroplastenvelope L@ transportsHCQ into the stroma, beforadeliveryto
the thylakoid lumen byBestrophinlike proteins1-3 (BST-3) (40). CAs play a key role in thégarbon
concentration process LimitingCQ-inducible B and C (LCIB andoBinplex and localise to the
pyrenoid periphery under VLC conditions, and within the thylakoid lumen Cém&rtsHCQ two
CQfor fixation byRubisc¢38,41)
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The Role of CAs within the CCM

To reducedissipationof CQ from the pyrenoid, chloroplast and celefflux is CQ regulated by
interconversion is 0€Q and HC@ (figure 3) Specific localisation dtAscontrol the magnitude and

direction of Ci fluxes, and therefore carbon concentration towards the pyrerihé contrasting

membrane permeabilityof CQ and HC® is capitalised on by GAwhich catalyse CAHCQ
interconversions(37). This is aided by Hb changes across membraneashich shift CQ: HCGQ

equilibrium (Equation 1)in favour of eitherHCQfor concentration,or CQ release for fixatiorby

Rubisc@l1) CAsare classified into eight different subtypds ~ 1 = ! X ibasedvold amin@ ° oy
acid sequene, active site structure and meat cofactor(42). All eight CAfamilies are present in
photosynthetic microorganismshowever distribution and subcellular lodigation of CAsvary

between algal species.

HCO; + H* T= H,C0;, T— (€O, + H,0 [Equation 1]

In P. tricornutum15 putative CAsfrom five families { = (I 2dnd ‘) have been identifiedand
localised tothe cytosol,mitochondria, periplasmic compartment, stroma, apgrenoid-penetrating
thylakoid tubule (Fig. 4§43,44) Interestingly,P. tricornutumspecific localisation appears to reflect
CA subtype: gamma in the mitochondria, alpha in stroma and RR&jn thepyrenoidmatrix and
theta in the pyrenoidtubule(45). However recentlocalisation by Matsuda et al hggaced a theta
Chsin several compartment$46). Although CA activity only been confirmed the two beta CA
(Pt CAZ2) and theta CAPt CA), intact zinc binding sites in most of the other £uggess active
site functionality44,47) Pt CAland 2 are highly CQ responsive at the transcriptional level
potentially playing a key role within the pyrenoid mafd&;50).

By contrast in T. pseudonandl4 putative CA genes have been identifidgtbwever subcellular
localisationdoes not appearelated to CA subtypeCAsfrom sixCA subgroup@ > &t ¥ ¥ Rere’
distributed in the stroma, PPGCERmitochondria, cytoplasm, PPS, apdrenoid thylakoid lumen
(Fig. 3.1 CAL, YCA1 and CA3 appear tplay a role in acquiringlCQ andrecapturingleakedCQ, as
transcript levels increase under LC conditi®id The remainingT. pseudonanaCAs are CQ
responsive, including cytoplasmic and external ,@svever further research is required to confirm
their involved in the CCM.

Recently four T. pseudonanaheta CAs(Tp CAL-4) have been localised talistinct subcellular

compartment$46). Fluorescentlocalisationshowed Tp CA localises to the pyrenoidpenetrating

thylakoid lumen and is hypothesized to have an analogous functiorCtoreinhardtiiCAH3(Fig

3)(46). A fifth novel CATpl766)wasidentified by OnyoilNam howevermuch is sti unknown about
this protein includinghe CA subclass categorisati@ubcelluladocalisation and functionality within
the T. pseudonan&CM.

Rubiscassemblywithin the pyrenoid matrix

Within eukaryotic algagight packing oRubiscanto the pyrenoid matrixs required foran efficient

CCM (52,53) The pyrenoid matrix was initially thought tobe crystalline, possessing a lattice
arrangemen(54). Howeverit is now understood that th@yrenoidis a dynamic organelle formed by

a biophystal process known as Ligtiuid Phase SeparatighLPH(55). LLPS is a physical process

in which a homogeneous solution spontaneously demixes into two phases: one dense, the
biomolecular condensate, where macromolecuker® concentrated(e.g. Rubisc, and a second
depleted phase(56). This allows compartmentalisation of proteins within a solatiwithout the
formation of a membraneBananiet al identified LLP$0 be driven by the collective proteiprotein
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interactors ofscaffold proteinswhich act as linker proteins in the condens@&é). Scaffold proteins
are characteristically multivalan of low sequence complexity and intrinsically disordered proteins
(IDPs) Through intra and inter protein interactionscaffold proteins drive demixing and formation
of dense phasdiquid droplets.In C. reinhardtithis scaffold or linkeprotein has been identified as
Essential Pyrenoid Componeft(BPYC)L EPYCL1 is essential for nornpgrenoid size, number,
morphology,Rubiscacontent, and efficient carbon fixatiorunder LC conditior{§2). In vitro analysis
has shown bth EFY¥Cland Rubiscoare necessary and sufficiefar driving LLPSdroplet formation
and aggregationof the pyrenoid matrix(58). EPYC1 interacts witRubiscovia several repeated
Rubisco binding motifs (RBMahichdirectly bindalpha heliceon the Rubisco smadiubunit(SSU)
via salt bridges and hydrophobic interacti¢®®,59) Several further C. reinhardpyrenoidproteins,
including thestarch binding proteins SAGA1 and 2 and the transmembrane proteins RBMP1 and 2,
also share this RB(@0). Thissuggestgshat RBMs mediate binding between the thrgg/renoidsub-
compartments thylakoidtubule, matrix, and outer layegnd facilitate pyrenoid formation.

The organisational principdeof RBMs are hypothesised to apply to a broad range pfrernoid-
containing algae, although specific sequences and proteins may tiff€. reinhardtii(60). In
diatoms, unpublishedavork bythe Mueller-CajarLabhas identified a putativeP. tricornutumlinker
protein, namedpyrenoid component one (PYCOEgrlyin silicoandin vitro analysis suggests some
similarity toEPYClhowever further research is needed to fully understand PYECOLk in the CCM.
An analogousdlinker protein has yet to be identified . pseudonanaAs suchthis study initially
aimed toidentify aT. pseudonandinker proteinusing a bioinformatic approach to search for EPYC1
and PYCOl1l homologs. As discussedseaation 2.4 this was unsuccessful, and instead a
bioinformatics comparison of EPYC1 amMP1 was undertaken tdentify conserved linker protein
characteristics.

Adiffusion barrier surrounding thgyrenoid

To prevent leakage of£Q back into the stromathe third pyrenoid sub-compartment, the outer
layer, is proposed to act as a diffusion barrié8l). The structural components and spatial
organisation of thepyrenoid outer layer are best understood inC. reinhardtii In vivo imaging
techniqueshave identifiedat leastthree distinct compments to theouter layer surroundinghe
pyrenoid 1) a starch sheath, interspersed with 2) d9.Containing mesfike structure, and 3)
LCIB/C containing puncta around the periph@tg. 3(62). Thestarchsheath develops rapidly under
LCconditionsand comprises of severatarchplatesorganisedn a homogenous distribution around
the pyrenoid periphery54,62,63) Fluorescent localisation data suggests that BClhas
complimentary localisation forming a megke structure between the starch plategperhaps
performing a structural functior{62). As previouslymentioned, the LCIB/C complex prevents
dissipation ofCQ from the matrix under VLC bgcapturing and coverting CQto HCQ@ for uptake
into the thylakoid lume(64).

A different pyrenoid outer compartment is present giatoms Within the T. pseudonan&ubisco

pulldown a Onyou Namidentified a family of proteins y I YSR W{ KvhicH @henLINR (i S A"
fluorescently tagiedlocalised to theperiphery of theT. pseudonanayrenoid In parallel work was

presented at the CCM10 conference in August 2022 bykéudatsuda and & Engelegarding the

identification and characterisation of a proteinacegugenoid Shell within the pennate diator®.

tricornutum Current data indicates that diatoms lack the ability to make starch within the
chloroplastand this protein shell presents a pob# diffusion barrier surrouridg the pyrenoid

matrix. PackagindRubiscowithin a proteinaceousompartmentwould not be unique to diatoms as

the cyanobacterial carboxysomeailsoproteinaceoug§l5).
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Aims and Objectives

Many gquestions remain unanswered regarding the protein components of thseudonan&CM.
Through bioinformatic methods thstudy aims to address thregategories ofCCMprotein: linker
proteins,CAs and pyrenoidell proteins.

1. To identify pyrenoid linker protein targetsn T. pseudonanausing sequencehomology
searchef EPYC1 and PYCO briefly ompareEPYC1 and PYCthiough sequence and
structural analysis, identifying conservekdaracteristics

2. To categorise the CA family of the novEl pseudonan&A Tpl76@hrough phylogenetic
analysis, using this fgain insight into the evolution of alg&iCMs.

3. To characterisghe sevenT. pseudonan&hell proteins using phylogenetic, sequence, and
structural analysis The relationships between Shell protein structure, function, localisation
and evolutionary origin will bewvestigated by combining analysis techniques

Pursuing these avenues of research will contribute to understanding of tpeeudonan&CMwith
evolutionaryimplicationsfor a wide range of algal specie€ombiningphylogenetic and structural
biologyapproachess a novel technique within the field adlgal CCM research, anffers an exciting
avenue ofresearch.
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Chapter 2 Bioinformatic comparison @yrenoid linker proteins

2.1 Chapter Summary

Over the last 10 years, research in the model green &lgeeinhardtihas identified the pyrenoid as

a dynamic structure formed by LLEY). LLPS is a dynamic process during which a homogenous
liquid separates into distinct phases or compartmés8). The dense compartments are known as
biomolecular condensates, the assemlaf which can be driven by attaining critical thresholds of
specific, multivalent, intrinsically disordered scaffold protei(s8). In the C. reinhardtiipyrenoid
matrix, the disordered proteirEPYC1 uses multivalency of the five designd&&Msto drive
pyrenoid matrix formation(13,57) In the model diatonP. tricornutum,an alternate linker protein
Pyrenoid Component 1 (PYCQOBs beenproposedby our collaborators in Oliver Mueller | 2 1 NX2 &
group, Nanyang University, Singapofghis study aimedat identify a pyrenoid linker protein inT.
pseudonanay searching for PYCO1 and EPYC1 homologues. UnfortubatblBLAST searand

an unpublished bioinformatics pipeline in the lab that identifies linker proteins based on
physicochemical properties, failedto identify any EPYC1l or PYCOL pseudonana
homologues/analoguedn lieu of putative T.pseudonandinker candidatesthis study undertook a
brief bioinformatic comparison of EPYC1 and PY@Oihvestigateconserved properties of linker
proteins.

2.2Introduction

TheC. reinhardtiipyrenoid linker protein EPYCL1 is highly abundant, induced under LC conditions,
and essetial for a functional CCM35,41) In EPYC1 knockoumutants Rubiscodoes not phase
separate and as a result, pyrenoids do not fdB88). Duringin vitro demixing assays both EPYC1 and
C. reinhardtiRubiscdSSU are required for formation of a biomolecuwdandensate. Thenechanism
behind EPYQ® phase separating ability rests largely on its protein structure and physicochemical
properties. The EPYC1 sequence consists of five repeat regions each contairBM4Fig. 4)
(35,37,41) Disordered regionseparate RBMN and span the distance betweeRubisccholoenzyme
binding sitesforming the pyrenoid matrix(37). Using thebioinformatics pipelineFlippr, EPYC1
homologueshave been identified in the green algal Ulva and ChilorepeciesHowever,EPYC1
homologues do not seem present in diatoms.

The putative linker PYCOL1 phase separaté@ubiscoin in the model diatom P. tricornutum
Unpublished work byMueller-Cajaret al. hasidentified a chloroplast transit ifPYCOXkequence
suggestindocalisation to the chloroplasSubsequentlfiorescent imagindpcalisel PYCO1o the P.
tricornutum pyrenoid matrix and demixing assayand partitions diatomRubiscainto biomolecular
condensates. Demixed droplets show slightly different characteristics to those s€nmemhardtii
RNR LX SGa& | LILIasbldepasion lasdydatic. ThgsR characteristics suggest PYCOL1 is
acting a pyrenoidmatrix linker. Analysis of thePYCOlprimary sequence revealed mostly
disorderedprotin with repeaied regions Each repeat contains {WSEmotif predicted toact as a
RBMbinding the RubiscoSSUo stimulate matrix formation.These findings havied MuellerCajar

et al to propose PYCOL as a EPaAfalog In this study, bioinformatic analysis techniques were used
to comparephysiochemicatharacteristics of theetwo algal linkerproteins
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2.3 Methods

All  supplementary files (Fle) can be found within the online repositary
https://github.com/CGMcKenzie/Supplementary Files Thesis Caroline McKenzie

Bioinformatic searchfor EPYC1 and PYCO1 protein homologugsASTEearctes of PYCOL1 and
EPCYClwere conducted onthe publicly accessibleportal Genebank/National Centre for
Biotechnology Informatiof65). Supplenentary figures (Sf) 1 and 2 Transcript IDs EPYC1
Crel0.g436550.t1;PYCOIPhatr3_J49957.t1

Bioinformatic characterisation oEPYC1 and PYC@Rapid automatidetection and alignment of
repeat(RADAR)egionswere generated usinghe EuropearMolecular Biology Laboratofiguropean

Bioinformaticsinstitute (EMBL EBI)web service selecting defaul{®6). Protein Disorder Profiles
were created using the open acceBeedictor of Natural Disordered Regions (PONR&Y service

selectingthe VSL2, VL3, T, XLXTalgorithmg67).

Protein modelling of PYCOPYCOL1 peptide repeat region structural models generated by
SYGSNRyYy3a (i KRSQABAGHEGREKNISVVRWSPRGEOLDS selecting no reference
model, 5 structuresand all other dfault settinggFile1 20211026 _PYCO1_repeat region_mo€sl1
(68) using PyMOLR. (Molecular Graphics System, Version 2.0 Schrodinger, Mb@3ls 2 and 3
were aligned to model usingthe following alignment protocol(Sf. 3 File 220211026_PYCO1_5
model9

PyMOLAlign protocol: Choose selectionAtignfunction>to moleculdselection

Protein modelling ofRubiscoSS The C. reinhardtiRubiscdSStholoenzyme crystal structure (PDB
ID 7JFOvas refined in PyMOL2 18y manually removingesidues(File 3 230328 _EPYC1_936R).
TheP. tricornutumRubiscdSSU was modelled usitite open accss web servicédlphaFold2 Jupyter
Notebook for Googl€ealaboratory (referred to as AlphaFoldolab)(69) The fullFASTA sequence
(Accession number: AAV69748) was queried, selecting a model = 1 and all other default Gaténgs
420211120 PtSSU_1 7f305_unrelaxeddei 1 rank L To model theT. pseudonan&ubiscdSSU
the full length FASTAsequence(Accession numbelP_874497was threaded intoThalassiosira
antarctica RubiscoSSU crystal structurePDB ID:5MZ2/l) usingthe Protein Homology/analogY
Recognition Engine V 2@hyred. hy WOELISNI2YWYEREQANBSIhESYy3I Q o & &
defaults (File 5 20211025_Tpthreaded_SSUintoTA (T0). Files 4 and 5 wereimported into
PyMOL2.0 and were aligned to File 3 using the PyMOL alignment protocol (Files
620211126 _TP_PT_Q@RLinker binding residuwewere manually selected andsualisedoy selecting
Show Siquorice sticks
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2.4 Results and discussion

Bioinformatic analysioof EPYC1 and PYC®as unsuccessful in identifying B pseudonaa
homolog An EPYCBLAST search identified 14 proteins of significant alignaiéfrom green algal
specieqSf. 9 suggestingeEPYC1 homologse found within theChlorphyceaelade This finding was
consistent withresearch byMeyeret al. who identifiechomologs ofC. reinhardtiRBMcontaining
pyrenoid proteirsin severagreen algal specié80). A lack of hits fronthe stramenopileslede
suggests EPYC1 homologaes not present in the pyrenoids of diatom speciegerestingly when
PYCO1 wssubjected to BLAST searoin)y a singlgorotein hit (PYCOL itself) was identified. The
complete absence of homologues suggé3¥sCOL1 is unique B tricornutumand notconserved
between diatom speciesncludingT. pseudonana

Both PYO1 and EPYCL1 have repeat regi@ostaining RBMsSequence analysis of EPYC1 valitlate

the presence off tandemrepeats ~60 amino acids in lengtlanda fifth much shorterrepeat at the
Gterminus (Fig. 4A) Each repeat contagnan 11 residueRBM followed by a additional 6 residue

RBM at the €terminus Bioinformatic analysis oPYCOldetected four repeat regionsgach
containing theKWSPRBM (Fig. 4B) In contrast toEPYC1the PYCOZXepeat regionswere much
shorter (~37 amino acidsylispersed nevenly throughout the sequencewith no shortenedG
terminus RBM. Tlis comparisonsuggestsRBMcontaining repeats are a characteristic of linker
proteins howeverrepeat and RBNpropertiesare not conservedrlhe length of the linker (neRBM)

section of @ach repeat is much shorter in PYCOL1 compared to ER®Ythe one hangdthis is
surprising as environmental selection pressures mean that physicochemical properties such as
repeat length are often conserved between disordered protgiB@). However, the sbrter linker

region in PYCO1 may be a consequeotéinding a different region of the S0 EPYC1The
flexible linker region spans the distance between SSUs and binding to the solvent channel may
reduce this distance iR. tricornutum.

EYPC1 and PYCO1 aeth highly disordered but differ inrepeat characteristics disorder
distribution, structure and binding mechanism Comparing the disorder profiles of EPYC1 and
PYCOL1 reveals these IDPs differ in disorder patira regularly spaced troughs within tBEYC1
disorder profile indicate a repeating section of secondary structure dispersed by disordered regions
of a similar length (Fig.4Cyhe length of these disordered repeats (distance between troughs)
reflects the repeat length of the flexible linker feg within the primary sequenced={g. 4A. Thisis
consistent withthe Rubiscebound EPYC1 atgl structure in which each regat region comprises of

an alpha helix (RBM) and flexible domain (linker motifyBig(68). Tre combinationof order and
disorde in EPYCtoncurs with research intédDPswhich suggests inherently unstructured proteins
can retain some preferred structures, such as alpha he(@@s Functionally, tis repeatingpattern

of structure and disordeallows EPYCb both bindthe Rubiso SSUalpha helix whilsdynamically
linking to additionalRubiscdioloenzymesnablingpyrenoidmatrix formatiorn(55,60)

Figure4. Comparison of thdinker proteins EPYC1 and PYC@)LEPYC1 has 4 repeat regions (highlighted in
cyan, green, and magenta), each containing a RBM (black bars and bold typ®&) B8G0O1 has 4 repeat regi
(highlghted in magenta, cyan, blue, and green), each containing the KWSP motif (black bars and bold type)
fifth RBM at the @erminus.C) The EPYC1 disorder profile with a repeating pattern, reflecting the alpha helica
and disordered domainglue) of each repeat (D) EPYCL1 binds the RuBisCO small subunit via a surface alpt
E) The disorder profile of PYCO1, which lacks a clear pattern of disdfg&lignment of the3 best models of PYC
repeat region
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In contrast to the regular repeating disorder profile of EPCY1, four out of five neural networks
analysed predicted PYCOL1 to be almost completely disordered (Fig 1G). Only the long read network
XLEXT predicted multiple ordered regions, however these arein a regular repeating pattern as
would be expected if reflecting the KWSP motif. Indesat;h high disorder prevented confident
peptide modellingof the PYCO1 repeat region. Alignment of the three best PYCO1 repeat region
structural models generated iRhyre2 (figure 5H) gave Root Mean Square Deviation (RMSD) values
of 4.109 A between models 1 and 2; 5.647 A, models 1 and 3; 5.738 A models 2 Ansirgjle

model could not be confidently assigned as the PYCOL1 repeat strustiR®8D values ofDA ae
considered to reflect structural similarity.

The C. reinhardtij T. pseudonanaand P. tricornutum RubiscoSSU structures suggest different
mechanisms of linker actionin silicoalignments of theT. pseudonanaP. tricornutumand C.
reinhardtii Rubisco SSUshowed a similar overall structurewith low RMSD values 0.71{T.
pseudonang and 0.734(P. tricornutun) (Fig. 5).However analysisof linker binding residues
revealeddistinctions betweerl. pseudonangP. tricornutumand C.reinhardtii. CrydeMimaginghas
previously shown the EPYCRNR bindsspecificresidues on botiRubiscdSSU alphaelices(Figs. 4G
5) (59). A brief comparison of th&. pseudonanand P. tricornutumRubiscoSSd revealednot all
residuesinvolved inhydrophobic and electrostatimteractions with EPYCdre conserved Although
all three RubiscoSSld possessed ra aspartate residue aligning t@ reinhardtii D23 differently
charged amino acids aligngd position V94. In the C. reinhardtiiSSU atposition M67 smaller
alanine residues are present in diatom species. Thiierences could prevent &EPYC1 homolog
binding tothe SSU helices anday explain whyPYCOL is proposed to bind alternative region of
the RubiscdSSU.

Unpublished CryoEM data fromueller-Cajar et alhas suggested PYC®inds to the solvent
channel ofRubiscausing the repeating KWSP mofihe individual residues predicted to bind PYCO1
are located at theP. tricornutumSSUGterminus a disorderedregion lacking secondary structure
(Fig. 5). The structurallignment of RubiscoSSU revealedthat, the C. reinhardtiiSSUdoes not
possessa flexible @erminusaligning to those ofl. pseudonanand P. tricornutum Furthermore

the pair of bda strandsimmediately preceding the-@rminus in the diatom specids absent inC.
reinhardtii These finding suggest thatthough both EPYC1 And PYCOL1 phase sepruaisco they

are employing different mechanisms to do so.

Chapter ConclusionThe comparison of EPYC1 and PYC&fied out in this studguggests that

algal linker proteins are intrinsically disordered, a feature key to LLPS. However, differences in
repeat length, RBM, anldubiscdSSU binding residues show linker metbms are not conserved
between algal species. Linker proteins may have evolved convergently to facilitate pyrenoid phase
separation and matrix formationlf so, this wouldeflectthe multiple evolutionary originsf the
algalpyrenoid11,53)
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Figure 5. Alignment of the C. reinhardtii, P. tricornutum and T. pseudonanaRubisco SSL
P. tricornutum(blue) andT. pseudonanggreen) SSthodels and were aligned to th@. reinhardtiix
SSU (orange). EPYCL1 binding residuedoaated within the two external facing alpha helices (sh
top right hand corner). The KWSP domain is location at therrlinus of theP. tricornutumSSU
Corresponding RBMinding residues are shown in the aligned Rubiscos.
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Chapter 3Carbonic anhydraseand the CCM

3.1 Chapter Summary

Carbonic anhydrases are crucial within algal CCMs actively concentrating carbon through the
interconversion of Coand HC@® 5A GARSR AyiG2 y &ddzoOflaasSa ohzx |3
characerised fourT. pseudonana ! { £ ¢4l deterimiming them theta CAs. It is not yet known

into which CA family the novdl. pseudonan&A Tpl766 is grouped. To investigate Tpl766 using
bioinformatic methods a dataset of eukaryotic CAs was created antysmuhphylogenetically.

Protein sequences of known CA families were identified across stramenopiles, alveolates,
haptophytes and green algal lineages. After several rounds of refinement a phylogenetic tree
representing the eight distinct CA families wagdito categorise Tp1766. Comparing previously
RSGSNNAYSR adz OSft f dztdlwiithe ph@ldgénatia tred dazeyfudtheRinBightimid / ! m
the relationship between CA localisation and evolutionary distance. Further analysis of the tree
provided irsight into the categorisation of th€. reinhardtiiCAs LCIB and LCIC. This phylogenetic
analysis of broad range of CAs has provided specific family identification for Tpl766 and has
implications for pyrenoid evolution.

3.2 Introduction

The algal CCM 1ek upon the active uptake of carbon dioxide, transport of KCLross
membranes, and recapturing of €@ prevent leakagé?2). Central to these processes are CAs
which catalyse the interconversion of €d HCQ (Fig 3)(71)CAs regulate thdlux of Ci across
membranes within algal cells, ensuring saturation ob @Cthe active site oRubisc¢72). Within
LIK20248YyGKSGAO 2NHIYyAaYa GKSNBE IINB y R®WBIHJGgAyOld |/
Phylogenetic analysis can beedsto distinguish between CA families and has previously been used
to identify the new iota subclas§/3). Whilst structural traits are often conserved between CA
families, for example delta and alpha CAs have similar active site structures, therendliuie
primary sequence similaritg74). This is characteristic abnvergent evolution, by which CAs are
thought to have evolve@d@s).

Different algal lineages appear to utilise different familial CAs within the COBA.rlxinhardtii the

CAsLCIB and LCIC form a complex. The LCIB/C complex is localised to the stroma, associated with
the pyrenoid at below atmospheric @vels(VLCand critical for survival undeatmospheric (LC)

levels of C@ This suggests LCIB/C plays key role inCthetnhardtii CCM(76). Categorising LCIB

appears less straightforward. Structural analysis reveals resemblance of a bdféa/@whereas
phylogenetic analysis suggests LCIB is a member of the theta CA (f&8n/) In P. tricornutum
several CAs contrilzi S (2 GKS //ad ¢KS GKSGF /! td“/!m Aa
penetrating thylakoid, and directly supplidgdubiscowith CQ (44). It contains a cygly-hisrich

(CGHR) domain thought to be a hallmark of theta CA

Within T. pseudonana CAs from 5 different protein families localise to different cellular-sub
compartments(Fig 4800 { SOSNI f 2F G(KS&S Ay Of dzZRAy3 CAZ(G NI OS¢
FYR adNRBYLFf h/ 1 wmindutide siggestivgyinvalvémeri e T[ pseudonan&CM

(72,78,79) Localisation of . pseudonan&As has recently been updated by recent work done by the

Matsuda Lab on theta type CA8)P C2 dzNJ LJdzii | G§ A @S (0 K S4)(Table)aha@l y RA R
been identified30). Sequence argsis GFP fluorescent tagging and immunogold labellird

¢ L) f4lidentified subcellular localisation¢ LY / ! M YR ¢LY /1o 22AYy ¢LI /1
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¢LY /!'n NBaAARSt SNKIIIKES ODrRE2¥2&0 AYyGSNBaldAy3d TFAYRA
thylal 2A R tdz¥YSy Ay | gl & aAYATIFINI G2 tdG°/!m O0CAT HUC
of the T. pseudonan&CM however unpublished work from the Mackinder lab suggests this is not

the complete picture. In thérkubiscopulldown by Onyou Nam ideffiied a fifth putative theta CA,

Tpl766. Containing the chloroplast transit peptide this novel protein may play involvementTn the
pseudonandCM and is a novel target for research.

Tablel Protein IDs and localisation of T. pseudonana theta CAs

Name Accession Protein ID Localisation Other names
CLY /! m XP_002297285 | 672 Stroma B8SLE19
¢cLY /' H XP_002286051 | 1093 Thylakoid lumen | B8BPY6
¢cLY /!'o XP_002297284 | 1765 Stroma BSLE17
¢cLY /!'n XP_002290372 | 5647 Cytosol

¢CLY /!'p XP_002297283 | 1766 Unknown B8LE18

This study aimed to investigate Tpl766 localisation using molecular cloning technigues to
fluorescently tag TP 1766. However, in the early stages lack of laboratory accessibility prevented this
from being possible. In the waiting period the project shiftedan accessible phylogetibased
approach. Over time it became clear that molecular biology would not be accessible, however
phylogeneticanalysisand other computational approaches proved of value and interest such that
they became the focal point of thiproject.
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3.3 Méhods

The protocol used for phylogenetic analysis osC#&n be broken down into five stagek Sequence
Identificationn 2: Alignment 3: Creation of gpreliminary phylogenetictree; 4: Multiple refinement
phasesand5: Formationof a robust phylogenetic tred~(g. 6)

MAFFT Alignment Geneious FastTree

i d?a?w(tlilfjiigggn » Alignment - Preliminary tree - Robust tree
Blastp \ / RaxML
Literature \ / 1000 bootstrap

replicates
Refinement!

Removal of mislabelled,
duplicate and incomplete
proteins

Figure6. Flowchart illustrating stages in phylogenetic analysis

Sequence identification The full length FAST&S |j dzSy O S & -2 (¥ab.t) lweré ihdwidually
subjected to BLASTp searadi NCBI databaseselecting defaults.All hits were collated in
SupplementaryTable(S). 1 (File7 211125 Table A). Zeta CAs were identified by BLASERrch
(defaults) of the T. weissflogiizeta CA(Accession Q50LE4) usitige open access data base
UniProKR80). Additionalproteinsfrom iota andeta CA subclasses were identified in the study by
Jensen et andDel Prete et a{73,81) Finally, the knowrC. reinhardtiCCM CAs, CAHland CAG1
were added taSt. 1 totallingg3 CAs.

Alignment. Full amino acid sequences from Ale 7 were imported into GeneiodsO0 (File 8
220111 Table CA geneiduSfaligned by theMAFFT Alignment protoc¢Seesection 2.3)(File 9
220111 _CA_Alignment

Preliminary tree A preliminary tree was created selectifgle 9following the FasfTree protocol
(section 2.3) (Sf. 4, Filel0 220111 _CA_Alignment_1 FastTree Tye€his showd mostlycorrect
grouping ofCA families

Fasflree protocot SelectMSA file >Tree> Fastree (with defaults)

Refinement.Analysis of preliminary trees and sequence alignments led to rounds of refineifiesat.

duplicate protein THAPSDRAFT_bd1766 was remd¥eds 11-13 220118 CA_Alignment_2,

220118 CA_Alignment_2 FastTree Tree, 220118 _CA_Alignmdn€IB and LCIC were then added

220314 _CA_Alignment_4_MAFF220314_CA_Alignment_4_MAFFT FastTree Ti@lmwed by

removal of Tp_XP_0022903%Beta/calmodulin as uncertaint it was a CA (Notehis sequence

was later readded as TP 56y4.4 . ! tnnmno ¢l & Ffaz2 YAadl{Syteée NEB
resulting dataset  contained 53 sequences was realigned  (File u

220314 _Protein_Alignment_5 MARFT and  FastTree created (Sf. 5 Fle 15

220314 _Protein_Alignment_5_MAFFT FastTree. ®@eprotein families mostly clustered together

slight crossover between the alpha and eta families.
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Robust tree An initial robust phylogenetic tree with 100 bootstrap replicates wasted using
following RaXML an@€onsensusree protocols(File 5220314 _Protein_Alignment_5_MAFFT RAXML
Tree RAXML Bootstrapping Trees conserfdus.treewassuccessful in distinguishing between CA
protein families and identified FSCA2_alpha asislabelledalpha CAphylogeric analysisuggests
gamma.

RaXMLprotocol: Select MAFFT file Tree> RAXML> select following the settings: Protein Model:
GAMMABLOSS@@¥, Algorithm: Rapid Bootstrapping, Number of Starting Trees or Bootstrap
Replicates £100), Parsimony Random Seed =1.

Consensus Tree protocol: SeléAxXML filesTree > Consensus Tree Builder selectdefaults and
changing only Support Threshold = 0.

Fnal tree. In a fnal refinementof the MSA File 14 the mislabelled=sCA2_alpha was removed,

¢ LY / TpGA 5674ddedand TpCA theta relabelled apCA_Tpl093St. 2 File 17

220809_CA table_53This dataset (File 1Was alignedFile 1820809 MAFFTALIGN )%&d
FastTreereated(File 19220809 MAFFTALIGN_53 FastTree)TAetnal robust tree was created by
selectingthe MSA File 18)using the RaXM(selecting 1000 bootstrap replicates)d Consensus
Treeprotocols(Sf. 6 Files 221220809 _MAFFTALIGN_53 RAXML Bootstrapping,Trees

220809 MAFFTALIGN_53 RAXML Bootstrapping Trees consensus

3.4 Resultsand Discussion

Theta CAs are widespread in agquatic photosynthetic organisRtsylogenetic analysis efikaryotic
CAs showed proteins cluster in eigfistinct cladeseflecting the CA familief~ig. 3. The tree is
unrooted due to the convergent evolutionary nature of CAs. Consequently, it is not appropriate to
draw conclusions relating to the evolutionary relatibis between CA familieshowever
phylogenetic analysis cabe used tocategoriseindividual CAs and discuss relationships within
clades.Recently,Jensen et aidentified the novel T. pseudonaa protein LCIP63%&s an iota CA
through phylogenetic analysi{g3,81) In this study theta CAs were identified @ reinhardtiiand
diverse diatom species (Figy. This is consistent withraextensive worldwide metatranscriptomic
study by Kalusic et al. which dentified chloroplastargeted theta CAs in stramenibgs,
cryptomonads and haptophyte genomé®2). The largest proportion of theta CAs wemind in
diatom species suggestiragpredominance othis specific innovationghloroplasttheta C/A) within
diatom chloroplasts(83). Indeed dhloroplasttargeted thda CAs were identified in the early
diverging radial centric geniuseptocylindrusimplying theta CA presence in the diatom common
ancestor(83). Nonoyma et al suggested theta CAs wacguiredthrough horizontal gene transfer
from haptophytes intoa comnon ancestoy rather than via plastid secondary endosymbiosis. (Fig
1B) (83). Further meta studiesnalysingheta CAs in red and green aldjakagescould give further
insight into the evolution of theta GAlndeed thecategorisationof C. reinhardtiLCIB and LCIC as
theta CA4Fig 7)showsthis CA family is widespread throughout eukaryofdse

Phylogenetic analysis suggests Tpl766 is a theta AlAfive T. pseudonan&As including pl766
fall within the theta CA clade with 99.5 bootstrap confidence. Within tiheta clade they are
ANRdzZLISR Ayi(2 G662 RAAGAYO(H shdckze (bSosapvaltie witd 89.8) | Yy R ¢
ASLI NI GS MNRKLIC/ODITEBs K VRK Of dzZAGSNJ 6AGK CO' /! mM60o22
The close evolutionary relationslsipf ¢ LY / ! mX ¢ Op1766ioubsurprigiigy as ttse three
proteins arenext to each other on the genom&he Tp1766geneA YYSRA L G St & F2f f 2 62
suggesting a gene duplicatiand adding confidence to theategorisationz2 ¥ ¢ LJwtcc. I a ¢ LJ
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Both¢ LI / ' m FYyR ¢LF /! o (Fg.B3OIHWR SH & 21 (RKELEaMMNEBENYA 2y 21
AYTFSNNBR ( Khade siiladsulcellplar bdalisdtiorstroma (34). However the different
localisations otlosely
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Figure7 Theta CAs appear widespread in aquatic photosynthetic organitimsooted phylogeneti
tree of Tpl766 and CAs from photosynthetic eukaryotes constructed using Maximum Lik
(ML). Node labels represent species and CA family. Node values repres@tiobigtrap replicates
The 8 CA familie$ (= 1 = 1and 10X IYNB INBLINBaSyGiSRod . | O
theta clade. Bspp Blastocystis sp Cr, Chlamydomonas reinhartiiEh, Emiliania huxleyi Fc
Fragilariopsis cylindryu$s Fistulifera solarisMc, Micromonas commodaVip, Micromonspusillg Pt,
Phaeodactylum tricornutum Pf, Plasmodium falciparum Pr, Plasmodium reichenowiPvp,
Plasmodium vinckei petteriSj, Saccharina japoni¢alo, Thalassiosira oceanicdp, Thalassiosir
pseudonanaTw Thalassiosira weissflagi
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related ¢ LJ / ! H I v Ruggests' evdlutionary relationships between theta CAs do not
necessarily reflect localisati. Instead,but presence of sequence features such as chloroplast
transit peptideand ER transit peptide are more accurate predictors wiicellular localisatior§34).
The presence of signal sequeneesl fluorescent localisation dh ¢ LJ /shopld be investigatetb
further currentunderstandng of the role theta CA undertake Th pseudonana

LCIB and LCHZe theta CAsTheC. reinhardi CAs LCIB and L@i€alised to the stroma and trap
incoming C®as HC@®underconditions LC. Under Vi@nditions these proteins form a complex
(LCIB/G)localised to the vicinity of theyrenoidand prevent CQdissipating from the matri%64,76)
Despite the importance of #1LCIB/@omplex characterisation of these proteins into a CA family
has been less than straightforwardin et al. comparethe crystal structures of CIBhe P.
tricornutumbeta CA1t( (CAJ identifying both a general structural resemblance and conservation
of residues within the beta catalytic cdi®). Conflicting characteristics of LCIB were observed,
(oligomerisation, disorder of important conserved residues, and apparent mutatiihs key CA
activity residueshowever thought to be insignificant enough that LCIB was categorised as a beta CA.
A subsequent study byikutani et al. determined LCIB and LCIC contain a CGHR motif within their
genetic sequencg suggestindg.CIB and LCHeetheta CA(44). Thisfindingis supported by
phylogenetic analysi@ig 7) which places LCIB and LCIC in the theta clade. The presence of these
green algal CAsithin the theta clade suggests this CA familgas unique within stramenopiles,
cryptophytes and haptopytes. As the pyrenoid is thought to have evolved multiple times it is
possible that a pyrenoid localised theta CA may have convergently evolved to be a widespread
feature of algal CCMs.

lota CAs aranot unique to diatom speciesAnalysiof the algakpeciegpresent withinclades

suggests evolutionary restricted distributions of certain CA families. Within the iota clade there are

four proteins from the diatom speciées pseudonana, P. tricornutum,oteanicaand F. solaris(Fig.

7). The iota family are a group of recently identified Lows @ucible Proteins (LCIPs). The
pseudonan&k 2 Y2f 23dzS [/ Ltco 2NJ ¢LY /! A& NIYLAREE& IYyR &c
under LC condition@2). Immund2f R f F 60StffAy3 t20FtAasSa ¢LY /! (2
consistent with the presence of a chloroplast transit pepiid&). Collectively these characteristics

suggest involvement of LY / | ¢ N.(pSeudbnan&TM. SAs all sequenced diatoms|uding

OSYGNRO FYyR LISYyyFEiS RAFG2Yax LRaasSaa | ¢Ly /! K2Y
iota CAs as an additional string in their CCM b8 Indeed, phylogenetic analygBig. 7seems

to suggest iota GAareunique to diatoms Thiscondusion may be misplacess ®arches made

against the NCBI database for functional CA homologues may have unintentionally missed members

of the iota family not yet recognised as GA3). WhenKarlusich et adearched the ARAoceans

database for iotdhomologues, without restricting results to functional casyide geographic and

taxonomic distribution of iota homologues was reved&®). Species present includedanchaea

bacteria and the eukaryotigreen algal specigs.reinhardtii Chlorella variabiliand Tetrabaena

socialis These findings suggest that the iota subclass is in fact not unique to diatoms, and iota CAs
mayplay a role in green algal CCMs. The precise role of iota CAs in algal CCMs is yet to be

establishedand presents an exciting avenue of further research.

Chapter onclusion Phylogeneti@analysis and comparison of photosynthetic microalga as
identified the novel protein TP 1766 as a theta @#drevealed the widespread distribution of
several CAubclasses including theta and iofEheacquisition and evolution of CAs within algal
appears complexeflecting the convergent evolution of both CAs and pyrenoids.
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Chapter 4CharacterisingutativepyrenoidShell proteins
4.1 Chapter Summary

Recent unpublished’. pseudonand&ubiscopulldown assays from the lab have identified seven
putative Shell proteins (Shelt7) which localise to specific regions around the pyrenoid periphery.
These novel proteins are hypothesised to act as a diffusion barrier and/or maintain the
structural integrity of the pyrenoid. Little is currently known about similarities and differences
between Shell 7, particularly their protein structures, evolutionary relationships and algal
homologues. This study charadss Shell ¥ using a threefold approach. Firstly, Shell protein
homologues were identified and a consensus sequence determined by MSA. Secondly, phylogenetic
analysis revealed evolutionary relationships between Shé&llabhd suggested mechanisms of Shell
protein evolution. Finally, modelling of the predicted Shell protein structures revealed distinctions in
beta fold positioning. These three approaches were then combined with localisation data to
hypothesise about the distinct structural roles of Shelitpins inT. pseudonana

4.2 Introduction

Diffusion barriers surrounding the algal paranoid prevent £{@akage from the matrix.An
extensive review of pyrenoiddy Barett et al, revealedpyrenoid outerlayer morphologyvaries
greatly between algal spaxg(11) Analysisof TEM images categorisedpyrenoid starch sheath
morphologiesinto five groups (with example species)a single cytosolic plate (for example,
dinoflagellatesA. carteraeand S. tridacnidorury two starch plates (for example, dinoflagella@e
aff. operosumand chlorophyteC. glomerat$, a loosely associated globulaheath (rhodophyteR
Violaceg, multiple starch plates (chlorophytesC. geminataand C. reinhardt) and no sheath
(diatomsP. tricornutum and A baicalensis The starch sheath has been proposed to functioraas
structural barrier preventing CO2 leaking from the paranoid magiidence for this is most strongly
supportedby research irC. reinhardtiiMutatnt models haveshown the garch sheath required for
LCIB operationand starch sheath formation correlates with the induction of the CCM under LC
conditiong61,84) A study by Itakura et alshowed increasing starch sheath surface areas
favourable for pyrenoid numbeand CCM functiof85).

Asalgae derived by complex secondary endosymbiasisunable to synthesisgtarch within the
chloroplast it has been previously assumed thiiitoms do not possess a pyrenoid outayer.
Recent unpublished studies now presentalternative solution. Instead of the starch outer sheath
P. tricornutumand T. pseudonanare posited to possesa protein layer surrounding the matriue
to their localisation 1 KS4S LINRPGSAYy A KI @S 0 Sé&afe yetSNbeIR W{ KSf
characterised

Localisation of pyrenoid Shell proteis in T. pseudonanaUnpublished ricroscopy images from
fluorescent localisation experimés by Onyou Nam, show two distinct Shaidbtein subpyrenoid
localisation patterns. Shell1,2, and 3 form a giltte band surrounding the longest regions of the
lenticular pyrenoid, whereas Shell4 and 5 appear to cover a larger curved region. These findings
have been combined to propose a madof Shell protein placement within th€. pseudonana
pyrenoid outer laye(Fig. 7)in vivocryETimagespresented at CCM10, August 20@2Matsuda and

Engel, suggesteld. tricornutumShell protein homologues form a macromolecular structure a single
protein in diameter. They predicted Shell proteins dock at 90° angles, although this has not been
confirmedin viva The currentl. pseudonananodel proposes a similar one protein thick pyrenoid
outer layer (Fig. 7). Localisation experiments for Shell 6 arma ¢warently being undertaken, with
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the aim of incorporating these proteins into tfle pseudonan@ayrenoid model The structural and
functional implications of distinct supyrenoid Shell protein localisations are currently unknown. By

modelling Shell prgin 3D structures, this study aims to suggest a structural basis underlying
localisation.

AlphaFold computationally predictsShell protein structures Knowledge ofprotein structure
provides insight intomechanisms of protein formation, moleculanteractions and guides
biochemical experimentatiqi@6). At present all experimentally resolved mawrolecular structures
are available in the Protein Data Bank (PCE) open access database containing thousands of
protein structures(87). Typicallythese structures have been solved usgxperimental techniques
such as cgEM and Xay crystallographywhich are bothtechnically challenging and time
consuming69). Recent computational developments in protein structure prediction have
revolutionisedstructural biology determination of novel proteins. AlphaFold imachine learning
algorithm which predicts protein structurfom an amino acid query sequer(é®). Physical and
geometric constraints of protein structures are learnt frafata within the PDBand combined with
understanding of evolutionary conservation derived from M&&). Usingthis multilevel approach
AlphaFold can predicBD protein structure with near experimental accura(89). Despite the
obvious benefits, the algorithm isohperfect, and limitations includan inability to accurately fold
IDPs, protein multimers, andifficulty predictingdocking interactionsldeal candidates for analysis
by AlphaFold includ@ovel singlesubunit proteins of low disorder Excitingly, theT. pseudonana
Shell proteins fall within this category, enabling analysis by AlphaFold.
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Figure 8 The proposed model of Shell protein localisation around the T. pseud
pyrenoid. Unpublished fluorescent localisation images suggest Shell1,2 and 3 loca
different region of the pyrenoid periphery to Shell4 and 5. Putative regions of
curvaure (Shell4 and 5) and low curvature (Shell 1,2 and 3) are indicated.
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Molecular phylogeny provides insight into the evolutionary relationships between proteins.
Phylogeneticanalysis can usamino acidMSAs to illustrate how proteins have evolvedeytcan
identify protein origin, the presence ofa common ancestor, give insight into evolutionary
YSOKIyAaya yR OG0 a  wyz2ft SOdz I (8D, 90fMblEcll& Y S| & dz
phylogenetics using protein MSAs has sevbedlefits overtheir genetic counterpartsVariations in
protein, rather than genetic, sequence directly impact structure and function and it is proteins which
interact with the environment and are the object on which natural selection g§88,91) The
availability of open access proteomic databases such as NCBI prichid®urce of molecular data
Proteinsfrom distantly related species can leasilyidentified and usedto construct phylogeatic

trees (65,89) As algae are polyphyletic this ability mine databases for diverse algae Shell protein
homologues is an exciting research prospect. The dataset generated can be analysed
phylogenetically to characterise the evolutionary relationships between The@seudonanghell
proteins and their homologes.
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4.3 Methods

Shell17 proteins inT. pseudonanaere identified byRubiscqulldown experiments by Onyou Nam.
Protein sequencefccession codandGenbank ID are detailed in supplementary taBleAll MSAS in

this section (4.3) were undertaken using the MAFFT Alignment Protocol, detailed in sectAdh 2.3.
phylogenetic analysis used the FastTrBaXLML, and Consensus protocols detailed in section 3.3.
Any deviatiorin method is detailed.

Identification of Shell protein homologues preliminary MSAs and phylogenetic analysis.
The Shell® full protein sequences weréendividually submitted for BLASTsearch (with defaults)
selecting an E value = 1. Hits were sorted by highest to lowest alignmeri Jemgt a cubff length

of 100 amino acids was employedil€ 22 220526 Collated shell csv files_Shé)l1Proteins were
categorised into diatoms, haptophytes, coccolithophores, pelagophytes, -poaitive bacteria,
proteobacteria, Grarmegative bacteriaand Archaea.

Protein hits were imported into GeneiousR11 and a preliminary MSA underiaikére top 100
sequencesKile 23220530 MAFFTalignment_100.($f 7)

As this alignment revealdughly conservedonsensus regioresfull MSA was undertaken vtitthe
144 Shell BLASProtein hitqFile 24220606 MAFFTAlignment_ 1ddquencels From this MSA an
initial FastTreavas createdFile 25220606_MAFFTAlignment_ 144 sequences FastTreg Tree
Phylogeny revead a lack of clear clade groupings betwedmell proteins. At this point in the
projectit became apparent that analysis &iell7 should be included within this study.

Initial Shell7 BLAST@nalysiswas undertaken withthe full amino acid sequence seleagirdefaults
and E = 1(File 26220801_Collated shell csv files_Sh&)lINone of the hits overlapped with hits
from the ShellX6 BLASEearch §t. 4 and MSAevealedprotein hits from Shellr lacked the Shellt

6 consensus regioffFile 27220607 MAFFT ighment_154 (4. 8). To ensire the Shell7 hits
contained thecharacteristicthell beta foldthe structure ofthe top hit Chrysochromulingobinii
calmodulinkO034179.1 was modelletihefull KOO34179.1amino acid sequenceas entered into
AlphaFoldCalab selectingdefaults, expect cycles =5, and kan 5. The top ranked model showed
lack of characteristic ~ Shell protein beta fold %f. 9 File 28
220608 KO034179 cb5ceb _unrelaxed _rank 1 moyleTHis suggested the extendedt&minal
region of Shell7 was skewing theearchresults. To identify trueShell7homologuesa new BLAST
search (defaultse =1) was undertaken querying only ttghell7beta sheet region.

QGGRIKSFTFGEEIESVEVLLVTKHRNLKAMLEILQGPNDDNEIIEVETEDGRVNFERVVINREGA
EFPFEAFVRPFV

The protein hits unique to Shell7 were selected (KAH8046553, KAH8064147, KAH8066543,
KAH8085487, KAH8094245, KOO028333, KOO034466, KOO034832, VEU33671) imported into
GeneiousR11 andligned withcombined with Shelkb homologuefFiles29-30 220801 _Collated

shell csv files_Shellt 220629 MAFFTShell protein)4%fhe onsensus region now appears present

in all species.

Consensus sequence identification and visualisatiba identify Shell protein consensus sequence
residues>95%,>90%,>85%,and >5% conserved were identified GeneiouR1by selecting Display
> Consesnsus > more options > threshold > #%%e File 26 MSAResidueswere manually
highlighted onto the consensus sequer(& 10. The selection process was repeatethwhreshold
values of 90%, 85%nd 75%.The File 28MSAwas exported into Jalview22) and visualized as a
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histogram: Consensus > show histogram.eThistogram was copied and pasted into PowerPoint,
residue single letter codeadded beneath each corresponding bar and the consensus residues
coloured. This identified small regions of low percentage conservation within the consensus region,
suggesting insrtions within certain Shell protein homologueaf(1).

MSA refinement. Several refinement phases removed proteins with duplicates or insertions.
Returning to theMSA (File 26in GeneiousR11, four proteins with insertions were identified and
removed fom the dataset Aa_KAH804381%a_KAHB8097243; Aa_KAH8046383; KAH8070514).
The dataset was realigne@File 31 220704_MAFFTAIlignShellprot}38he duplicate proteins
Aa_KAHB8072502Aa_KAHB8075838 were identified, removed and dataset realig(fete 32
220704_MAFFTAlignShellprot)}36ne further protein Aa_KAH8059281 removed from the dataset
before alignmen(Sf. 12,File 33220704_MAFFTALIGN_Shell1BBe final datasetcontained 135
proteins

The finaIMSA (File 33)as exported into Jalview22)and trimmed tothe consensus regio(File 34
220407_MAFFTALIGN_Shell135 Copy_ TRIMMEDscreenshot of the consensus sequence
histogram was copied into MicrosoRowerPoint. The consensus sequence was typed(single
letter codes) aligned tothe corresponding histogram bar, and manually coloured to reflect
percentage conservation identified in GeneiousK&ile 33) Hydrophobicresidueswere manually
identified underlined in the sequence

Visualisation of consensus residue positioningsing T. pseudonanaShell proteins structural
models. To visualise consensus residue structural positioning the Alphafmlab structures of
Shell27 were imported into PyMol2.0. The following structur@sles 3541) were created using
AlphaFoldCalabby Onyou Nam by entering the full protein sequencéeating defaults.

Tp7881_unrelaxed_model_1 Shelll,
Tp23918_unrelaxed_model_1_Shell2,
Tp7883_unrelaxed_model_1_Shell3,
THAPSDRAFT 24512 56be9 unrelaxed_model_1 Shell4
THAPSDRAFT_3883 df672_unrelaxed_model_1_Shell
Tp8449 7947 unrelaxed_model_1_ Shell6

220613 _Shell7_ef9c4 _unrelaxed_rank_1 model_3 Shell7

Shell protein beta folds were manually selected and renarSéellX betafoldvhere X = Shell
number. Beta folds were aligned by selecting Align > ShellX_betafold > Shelll_beg&iffold.(
Consensus regigts at each percentage threshold were manually selected for to create four
selections (95, 90, 85, 75). These selections were visualised using Show > Liguasiaks The
selections were differentially coloureoly sequentiallyselectingcolour > red 95); colour > orange
(90); colour>limegreen(85); colour > marine (755{ 14. Amino acidsvere manually removed
either side of the consensumsegion to enable clear beta foldSf. 15 File 42220726_Shelll
7consensus

To determine the presence of consensus residues at the Shell protein stiitaedéignmentin File

42 was visualised as a surface model by selecting each Shell protein then Show > lildate
220726_ShellsurfaceconsensuSurface charge oéach Shell proteins was visualised by selecting

APBS electrostatics > main > polyrreBhell proteirfwith defaults) > runThen2 RSt WLINB LJF NB R
was selected(File44 220726_Shellsurfacechargeconsensitsered to blue sliding scale represents

positive to negativeeharge.

36



Docking simulations of Shell proteidimersusing AlphaFoldColab.

An initial homodimer interactiometweentwo Shelll protein beta folds was modelléd AlphaFold
Colab (4. 16) selecting defaults, cycles = 3, rank = 3, 3Ducture (File 45
220725_Shelllhomo1l.1).2Analysis of the highest ranking modshowed low confidence the
relative positions of théwo proteins as thepredicted pLDDT has low rank at the strands interfacing
the proposed interaction(Sf. 13. The predicted aligned error (PAE plotsyénbow confidence in
relative domain position. To check if thigs a consequence of querying a trimmed Shelll strugture
a query with the fullShelllhomodimerwas queriedin AlphaFoldColab (Sf.1§, selecting defaults
(File 46220726_Shell1fullhomo).The full sequence Shelll homodimer query also stbwo
obvious protein interaction§f. 19 with low pLDDT at the point of interface, and PAE plots giving no
confidence in relative domain position.

Phylogenetic analysis

Phylogenetic analysis of Shell protein homologues undertaken using the stages illustrated in
Figure6. MAFFT alignment, FastTree, RAXML tree and Consensus tree GeneiousR11 protocols were
consistent with those outlined in section 3.3. Any deviation from these protocols as detailed below.
All alignments undertaken used the MAFFT protocol.

Preliminary phybgenetic analysisThe full amino acid sequence of Shell3 was subjecteBL#ST
search (default¢p3). The top 100 hits were collatedull amino acid sequences inputted into
GeneiousR11, and align€Bile 47220530 MAFFTalignment_1003f. 20. This MSA was selected
and FastTree creatg@File 48220530 MAFFTalignment_100.1 FastTree JTedéhough this treavas
unrooted, T. pseudonanghell proteins occupy distinct cladeSf.(2). Thisgave confidence to
pursue this methodology of research.

Full Shdl protein homolog MSAand phylogenetic analysisThe MSAf 144 Shell homologs (File 26)
wasusedto createa FastTreeHRjle 49 220606 MAFFTAlignment_ 144 sequences FastTregeSiree
22). Ths MSA (File 49) was duplicated creatingrile 50220606_MAFFTAlignment_ 144 sequences
Copy extraction 2and File 51220629 MAFFT142Shéifiote these alignments/trees contain 142
sequences despite the filenamed). FastTree was created in which phylogeny is unclear and
unrooted (File 52220606_MAFFTAligment_ 144 sequences Copy extraction 2 FastTiree Sf. )

Initial Fasfree rooting. TheP. tricornutumCAPTCABETAL (Accessiohl07493) was added the
File51 datasetand realignedFile53 220622_MAFFT_164+CAhis file was wrongly labelled, there
are 143 sequences including the JApseudonan&hell proteins were relabelled to ShellX where X
is the Shell protein numberThe aldition of PTCABETALl successfully edbtree (File 54
220622_MAFFT_164+CA FastTrese Sf 24)

MSA edited to contain the consensus region onk.copy ofthe File 51 datasetvas made and
trimmed to the previously identified consensus regi@file 55 220801_Shell142_betaThis was
realigned(File 56220801_Shell142_betarealigned . 25 and preliminaryfFasTree created(Fike
57220801_Shell142_betaealigned FastTree Tresf. 26.

Rooting theFastTreewith CCM proteinsSequences of th€. reinhardtiCCM proteins Bestrophinl
3 (BSTL: AOA2K3CTNO, BT A0A2K3CTQ2, BETAOA2K3CTR3vere added to thedataset (File
58 220801_Shell142_beta realigned (modified)dataset). This dataset was realigne(File 59
220802_MAFFTShellwithBS3)land FastTree createdFile 60 220802 _MAFFTShelthBST13
FastTree Tre&f. 27. Addition of BST3 successfully rooted the tree.
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Further dataset refinement Analysis of thtMSAconsensus regiofFile 59 s and FastTre¢File 60)
led to the removal of the following proteins from the dataséta_KAH8066543 contany an
insertion in consensus regiprCtob KOO2833a protein fagment and 4 proteins from non
eukaryotic species (ObIBO57542.1Ea MBA45229.1Ab NCY17740,1and Pb NDD31680.]). The
resultingdatasetcontaining137 proteinswasrealigned(File 61221007_MAFFT_13and FastTree
created (File 62221007 _MAFFT 137 FastTree Tigk 28. Branches were coloured manually in
GeneiousR11 to reflect the aldgeleage

Determining a obust phylogenetictree. Arobustphylogenetidree with bootstrappingvas created
by lectingthe MSA(File 61)and following the RaXML protocol $ection 3.3 (Botstrap Replicates
= 1000) A consensus tree was created following the protocol in section (i 62
221007 _MAFFT_137 RAXML Bootstrapping Trees consensysS€di), Branches were coloured
manually to distinguish proteins from haptopky pelagophyte, and centric and pennate diatom
groups. Thel. pseudonan&hell proteinsShellX7 were manually highlighted in bold. Multiple clade
A homologues frond\. anophagefferenandC. tobiniiwere hidden manually for clearer visualisation.

Analysis of Shelkr predicted AlphaFold structuresThe AlphaFold structures &helll-7 (Files 35
41) were imported into PyNDL2.0Q refined, and aligned to compare beta fold positioning.

Tp7881_unrelaxed_model_1 Shetdnamed Shelll _Tp7881

Tp23918 urelaxed_model_1 Shell&named Shell2_Tp23918
Tp7883_unrelaxed_model_1_Shell@&named Shell3_Tp7883_

THAPSDRAFT 24512 56be9 unrelaxed_model 1 Shelidhed Shell4d Tp24512
THAPSDRAFT_3883 df672_unrelaxed_model_1 r8haihed Shell5_Tp3883
Tp8449 794 unrelaxed_model_1_Shellenamed Shell6_Tp8449

220613 _Shell7_ef9c4 unrelaxed _rank_1 model 3 Sheti@med Shell7_Tpl1762

To align Shellf aWa St SOGA2y Q F2NJ SIFOK { KSff LINE Fierx3y
221014 7shells.iResiduesaligning with consensus residu€GGS-MTAAVVRvere highlighted in
sequence pae. Séection were renamed to ShellX_betafold where X is the shell numiSér 30.
ShellX_betafold alignments were made between sev&aéll proteincombinationsselecting >

Sdt

alignment> action > align > to selection > select alignment. Nine initial alignments were created,

RMSD values givefst. 5. The similarity between alignments anevo, and three led to final
decision to aligrshell27(i 2 W{ KStt mpo SGI F2ft RQd ! f ATy YSyin &
. 5) and refined by manual deletion of residues outsile consensus regiofFile 63,Sf. 3).

Analysis of betafold strand positioningbetween Shell15. In PyMOR.0 Slections were made for
strand 1A of Shellsi (St. § in the File 63 structural alignmertrandresidues were highlighteih
the selection pan@and renamed by Action > Rename selection > 1ASI#X8. Shell25 strand 1A
selection(1AShell2,1AShell3, 1AShell4, arfdAShellS)were individually aligned td AShelllusing
Alignment> action > align > to selection > 1A3hdllignments were refinedy manual selection
and removal of residuesto visualise gand combinationéFiles 64-67 221018 7shells.7_1A2A,
221017_7shell.3_6A7R21017_7shells.4_13B_ 1481018 7shells.6_8BYB
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4.4 Results

The ShellX7 protein structures share aharacteristic beta foldInitial AlphaFoldColab models of
Shelll-7 were generated byDnyou NamViewing the structures sidby-side reveals characteristic
beta fold comprising of eight beta strand pairsdawo short additional outer strandé~ig.9A). The
beta fold consistof two halveqdesignated A and B3trands are curved and there ia averall twist

to the fold (Fig.9B). Shell 15 show additional secondary structure in the form of two short alpha
helicesdirectly above the beta foldThere are subtle distinctions between the sev@ell protein
structures. Beta fold strands appear at slight different angles and orientations, and &iglaes
differ in length and position. Each protein possesses a disorderedeNninal region containing
transit peptideand chloroplast targeting doains. In addition, Shell7 contains a bulky alpha helical
Cterminal domain.lt still requires experimental validation if thet@minal extension is part of the
Shell7 gene model or codes for a separate protein.

Broad parameteBLASTEearch of ShellY created a dataset of Shell protein homologues from

diverse algal species. After refinement, the dataset comprised of 135 proteins from haptophytes,
diatoms (centric and pennate) and pelagophytes. Performing a MSA analysis of the Shell
homologues identified &wo-part consensus sequengeachpart around 100 amino acids in length
(Fig.10A). Residues75%,>85%,>90%, and95% conserved (56 total) were highlighted and termed
consensus residues. Short stretches-$~@sidues long) of consensus residues werseobed in

both consensus regions however, the overall distribution of consensus residues lack a clear pattern.
Characteristically hydrophobic consensus residues were identified and accounted for a high
proportion of the total consensus residues (38 outle# 56 residues).

To investigate the structural positioning of consensus residdespseudonanaShell protein
AlphaFold models were aligned and consensus residues visualised in correspondence to their
percentage conservation (FigOB).Consensus residulcationwas analyseih 3D space by rotating

the Shell protein alignment and capturing images of different orientations. Several observations
regarding consensus residue placement were made. Firstly, consensus residues, particularly with
>85%,>90%, andthp:’z: O2y aSNIWIF GA2y s FNB SEGSNYyLt FIF OAyS3
Secondly, a high proportion of these residues are hydrophobic, located in the loop régioveen

beta strandswith outward facing side chaingig. 11) Thirdly, themost highly conserved residues
Chpr 0 FLIISEN G2 t20FtA&aS Ay (GKS OAOAYKR.(GIBB 2 7F
undersideorientation).

To further investigate consensus residue structural positioning the Shell protein alignment in Figure
10B was shown as surface model (Fig 11). From the right hand side (RHS) orientation consensus
residues mapped to similar surface positions in Skellvith clusters of consensus residues facing

the external environment. To see if these similarities exeshdo surface charge patterning,
hydrophobicity of the corresponding protein models was analysed. This shows visible differences in
surface hydrophobicity between the seven Shell proteins. Distinctively, Shell7 has a large negatively
charged pocket withithe centre region of the beta fold (RHS orientation), a feature absent in Shell
1-6. There are some similarities in charge patterning between SBellbwever these were not
guantified.

Similarities between Shelll consensus residue localisations sugggsa Shell protein docking
mechanism. Shelll homodimer docking was simulated using AlphaFolib Csoftware.

PYTF2Nlidzyl §Sfex 6KSYy WR201SRQ K2Y2RAYSNE RAR
(supplementary figure X). These findings leading to tamal this avenue of research.
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Figure9) Predicted AlphaFold structuresf Shelll (blug)Shell2 (green), Shell3 (cyan), Shell 4 (magenta),
(orange), Shell6 (purple), Shell7 (blasigwed from a RHS orientatid) The &elll beta fold structure in thre
orientations
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Figure1l0 A) Two part Shell proteins consensus sequences constructed using Geneious and Gviesnst
residues >95% (red), >90% (orange),> 85% (green), and >75% (blue) are highlighted consensus
constructed using Geneious and Jalview. Hydrophobic residues are undeB)#dijned beta fold structure
TP Shell . Consensus residudgyhlighted corresponding to (A). Protein structures determined by Alphe
visualised in PyMOLZ2.0.

Phylogenetic analysis of Shell protishowed homologues from 11 species are distributed
throughout the six clades, termed A, B, C, D, E and X (Ejg.Species are categorised as
haptophytes C. tobiniiand E. huxleyi centric diatoms . pseudonanaT. oceanicaand C.
tenuissimu} pennate diatomsN. inconspicuaF. cylindrusP. tricornutum and P. multistriatg and
pelagophytes A. anophageffereds Many of these species contain multiple Shell protein
homologues, often closely related within a clade. For example, in clade A alone there &e 27
anophagefferenand 12C. tobin homologs

Shell17 are located \thin five distinct clades termed-B.T. pseudonan&hell proteins fall into the
following clades: A) Shelll, Shell2, Shell3; B) Shell6; C) Shell4; D) Shell7; E) ShelbaShedirto
have at least one closely relatdd oceanicahomologue, often asister branch. Interestingly, a sixth
clade (X) contains near exclusively pennate diatom homologues and latkpseeudonanghell
protein. In clade X there are only two Shell protein homologues from the centric di€totmbirii.
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To place phylogenetic nalysis in a
structural context the Shell-I beta

fold structures were aligned. Shell2
were individually aligned to Shell:
giving RMSD values indicatin
structural similarity (Fig. 13). Thes
values show Shel3 (0.194\, 0.208

A) possess the highest rattural

similarity, followed by Shell6 (0.4AR

Shell4 (0.588), Shell7 (0.62% and

Shell5 (0.898). Mapping each Shel
protein RMSD value to the
corresponding phylogenetic positior
(Fig. 12) showed differences in She
protein beta fold structure are
reflected by evolutionary distance. Ir
clade A close evolutionan
relationshipsbetween Shelll, 2,rad 3

are consistent with the close
structural similarity and low RMSIL
value observed.

To investigate nuances in beta fol
positioning, alignments  between
Shell15 beta strands were made. Thi
14 beta strands were assigned th
identities 1A7A and 8BL4B (Fig. 14)
with A and B representing the two
halves of the betafold consensus
regions (Fig. 10A). Alignments of th
aSt SOtAzya Wa 4 N
Wm! { KStfoQ (2 Wwm
values of 0.04 and 0.0

respectively, indicating near identica
structural positioning. The structura!
similarity of strand positioni

between Shell1,2, and 3 continue
throughout the beta fold, with
strands 6A, 7A, 13B, 14B, 8B and '
appearing interchangeable (Fig. 14
Following alignment of 1AShell4 t
1AShelll, there is a slight shift in th

Figure 11 Surface representations Sh
1-7 beta fold structures visualisir
Consensus residues and surface cha
From the RHS orientationConsenst central strands (6A, 7A, 14B,

residues >95% (red), >90% (oran and 13B) psition. The Shell4 outer strands 8B, 9B remain
>85% (green), and >75% (blue) closely aligned to Shelll 8B and @Rnversely, there is
highlighted consensus sequence. Sur

charge represented as a sliding s

from red (negative) to blue (positiv

Structures created in PyMOL2.0. N

Shell6 structure isnissing strand 1A al

2A.




RAAGAYOU &aKAFTG Ay oSGl AGNIYR LRaAldGA2yAy3ad (§KNERc

Ym! { KSEEtMQd Ly {KSftfp arileNawgyRm@dm their Shelil |b&ta strand YR
counterparts, indicating increased curvature within the beta fold.
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Figure12 Phylogenetic tree ofShell protein homologuegproteins constructed using Maximum Likelihood (M
Node values represent 100bootstrap replicates Protein colour reflects algal grouping. pseudonanaShel
proteins are highlighted in bold. RMSD values are given for alignment of -8heh2ctures © Shelll. ShellY are
group into cladesA) Shelll, Shell2, ShelB) Shell6 C) Shell4 D) Shell7 E) Shell5. Asterisk indicates comn
ancestor.C. reinhartiBST13 root the tree.

Aa A. anophagefferen<Cr, Chlamydomonas reinhartiCt, C.tenuissimus Ct, C. tobinii; Eh,Emiliania huxleyiFc
Fragilariopsis cylindrusFs,Fistulifera solarisNt, N. inconspicuaPt, P.tricornutum;, P-mn, P. multistriatg To, T.
oceanica Tp,T. pseudonana

4.4 Discussion

Shell proteinhomologues are found in geographically and morphologically diverse algae sharing
similar pyrenoid structure and and evolutionary origirMining proteomic databases for Shelll
homologues identified.35 proteirs from species grouped within ghhaptophyte andstramenopiles
clades These species are geographically widespread, found in coaStatequissimusand T.
pseudonang open ocean T. oceanicg widespread marineE huxleyj C. tobinij N. inconspicua
P.tricornutum andA. anophageffereng freshwater N. inconspicuaandC. tobini) and polar oceanic

(F. cylindrup environment$94¢102) They also exhibit diverse cellular morphologies varying in
shape, size, pigments, and cellular outer layer. These findings suggegtrStegtis are not unique

to algal species found within the same environment, or with similar cellular compositiom, to
pseudonana

Despite these differences the Shell protein containing algal species have two characteristics in
common: pyrenoid morphologand the mechanism of evolutionary origin. The 11 algal species all
possess pyrenoids, consistent with the putative role of Shell proteins as a pyrenoid diffusion barrier.
Except for the golden algA. anophagefferenshese pyrenoids are similar in morplogy being
elongated and containing a single penetrating thylakoid tubule, in contrast to the greenCalga
reinhardtiiwhich possesses multiple thylakoid tubules branching from a central thylakoid14not
Haptophytes, diatoms and pelagophytes fatbithe haptista and stramenopile algal clades (Fig.1).

As deatiled in section 1, these algae are derived by complex secondary endosymbiosis. The clear
absence of Shell protein homologues in red and green algal species suggests an relationship
between Shelproteins and evolutionary origin. This will be discussed further in conjunction with
phylogenetic analysis (Fig.12).

An unexpected finding was the presence of multiple shell homologues in the pelagophyte gpecies
anophagefferensSEM images @&. anoplagefferenshave shown the pyrenoid is rarely traverdeyl
thylakoidg100) The sheer number (37) of Shell proteins identified in database mining. Raises the
possibility A. anophagefferenss employing Shell protein homologues for completely different
function to T. pseudonanaFluorescent localisation k. anophagefferenshell homologues from
different phylogenetic clades (Fig. 12) may reveal an alternative functioA. Asophagefferesis

the only pelagophytespecies tchave itsgenome sequencedt is possiblenore algal species of the
same subclass possess multiple Shell protein homologues.

46



Shelll
Shell2
Shell3

Shelll ;
<hells Increasing
RMSD
905 Decreasing
structural
similarity

Shell1l
Shell4

Shelll
Shell7

shelll
Shell5

RHS Front

Figure13 Alignment of predicted show beta fold after fold stiures into orientations, aligne
to shell one(marine blue) A shell to (limegreen) and Shell three (cyadShell6 (purplelC Shell
(magenta),D Shell7 (blacke Shell5(orange),. Arrow represents increasing difference in stru
and increasing RMS@lue



MSA of theShell protein homologues revealetivo highly conserved regions within primary
protein sequencegFig. 10. Analysis of thesShell protein consensus sequence reveaksidues>75%
conserved are distributed throughout the consenseguence often clustering as short stretches of
consecutive residue2-8 amino acids in lengtMisualisation of the consensus sequence as a
histogram also shows amy of the residues<75%are often >50% conserved~{g. 10A Further
analysis of the comnisus sequence identifidughly conservethydrophobic residues across the 137
Shell protein homologues. Such high conservatiosaisensus residues across diverse species
suggests possible structural and/or functioimalolvementof these residuewvithin algal Shell
proteins.

Shell protein consensus sequence residue localised to distinct regioskef protein 3D structure.
Mapping consensus regions onto the Shé&llktructural alignment Kig 10A reveals the two
consensus sequence sections (Ei@A) are located to the two dives of the Shell protein beta fold.
Consensus residues tend to cluster at the edges, underside, and corners of the beta fold with the
more highly conserved residues96%) appearing closer to the edges. Viewing $hell protein
alignment from theundersde shows highly conserved residues (95%) in the corner regions with
exposed side chains. This residue structural patterning may explain why the primary consensus
sequence contains seemingly sporadic short clusters of consensus residues. In partictilexjkitee

loop regions appear to be populated with highly conserved hydrophobic G, P, T and W reBidsies.
suggests theseesidues are critical withisShell protein structure and/or functiorHowever, within

beta sheets there are a limited number of mhses which can occupy loop regions in a given
secondary structure confirmation. Furthermore, the presence of hydrophobic residues at the corners
of the beta fold may be due to #hincreased frequencyf hydrophobic residuesn beta rich

Figure 14 Shelll beta fold with strands numberedCut through images depict Shel
aligned to Shelll strand 1A, rotated by 90

48



structureg103) The current understanding of diatom Shell proteindintricornutum(proposed by

Ben Engel and Yusuke Matsuda) suggests that Shell proteins form a sheath with a single protein layer
surrounding the pyrenoid. Within this layer proteins are predicted t@ratt at 90 degree angles

along the edges/front/back of the beta fold. If this is replicated withirpseudonanahe structural
positioning of these highly conserved residues into loop regions and corners may play a role in Shell
protein docking.

Modelling Shell protein surfaceThe clustering of consensus residues to the edges and corners of
the secondary structural model (FitOB) is reflected in the surface models. The surface models of
Shellt7 show consensus residue side chains at the protein sarfgig. 1). Although not identical,
specific localisation of side chains appears conserved between Shdlldis suggests involvement
consensus residues ifhell proteinShell protein interactions.Modelling surface hydrophobicity
showed consensus residue positioning does translate into neutral patches, although these are
reduced in sizéFig. 1). The most consistent feature between Shdllis a region of negative charge
(red) in the cleft where aalpha helix sometimes sits. From ttight hand sideRH$ orientation the

beta fold surface exhibits patches of high, low and uncharged regions. Conversely, Shell7 appears
strongly negatively charged in the central beta fold region. Whether this chaatiern affects
Shell7 localisation and protein interactions is yet unknown.

Shell protein docking simulations do not suggest obvious method ofShell proteininteraction
Computationakimulationsin AlphaFoldCo-lab failed to confidently predicgell protein homodimer
interactions(supp fig) As modelling simulations improve it may be possible to predict Shell protein
dockingin silicq howeversharedlocalisationof multiple Shell proteingFig. 8) presentthat multiple

Shdl proteins interact in a copiex pattern to form the pyrenoid outer layer. There is also the
possibility that an additional protein is involved in macromolecular structiauture researchusing

in vivoimaging techniquesnay revealShell protein associations ampyrenoid outer layer structure

in T. pseudoana

Phylogenetic analysis suggests divergent evolution of Shell proteins from a common ancestor
Shell protein phylogenetic analysferms six distinct

clades(A, B, C, D,E and X) with branching patterns Shell protein
suggestingnultiple roundsof evolution(Fig. 12). The common ancestor

C. reinhardtii proteins BST-B are an outgroup,

rooting the tree and suggesting the node position of

a Shell protein common ancestorThis ancestor D

underwent four divelgence events (Fig. 14)first E
separaing into clades D, E andthe remaining 4

clades Two subsequenteventsled to the divergence

of clades C and B, followed by a final divergence C
eventforming cladesA and X. Despite these multiple

rounds of eolution Shell proteins retain high B
sequence similarity, as demonstrated through

presence of a consensus sequen€&gg( 10A It is A X

plausible that a Shell protein common ancestor also

possessed such a consensus sequence, probably rFigUrelS Diagram outlining Shell protei
similar to the consesus region of proteins in clade Dyjyergence  events  identified &
Sphylogenetic analysis (Fig. 12Asterisk
represent divergence events. Line ler
are not quantitatie representations (
evolutionary time

The clear absence of Shell protein homologue
green and red algal lineages suggests Shell prote
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were not present in the algal endosymbionts forming haptophytes and stramenopiles (Fig.1). If they
were, it is unlikel that Shell proteins have subsequently disappeared from all sequenced red and
green algal species. Instead, it is mprebablethe Shell protein common ancestor was present in
the heterotrophic host preendosymbiosislf sg Shell proteins would predataghe origin of both
centric and pennate diatoms originating around 141M3).

Pennatediatoms have evolved a Shell protein distinct froffi. PseudonanaShell proteirhomologs

from diverse species ardistributed throughout the phylogenetic tre¢Fig 12) Proteins from
diatoms, pelagophytes and haptopytes are present throughout clades D,E,C andofadmé lacks

only A. anophagefferengroteins .In contrastclade X lack T. pseudonanaand comprises nearly
entirely of Shell proteirhomologues from pennate diatom speciethe class Bacillariophycal

clade X possessed exclusively pennate diatoms, the date of the split of Bacillariophycae from the
centric diatoms class Mediophycae could be used to date the divergence of this XI&R).
However,two of the 33 clade X proteins are from the centric diatothtenuissimusThis makes the
picture within Clade X less clear and suggests a greater complexity to the evolution of Shell protein
homologs.

Combiningsequencebased phylogeny with structural analysis can answer questions relating to
protein evolution and biological function In an attempt to reveal the deep evolutionary
relationships among proteins, computational biologists have combined structural datta
phylogenetic analysis. This is desirable as protein structures are often better conserved than the
sequences from which MSAre derived(104) Generating phylogeny from structural data alone is
challenging as there is a need to create a quantifiabetric for structural similarity. When there is
evidence of common descent, RMSD values between protein structures can be used with distance
based methods to reconstruct structural phylogéhs) However, to determine the statistical
significance ofY 2 f SOdzf  NJ NBf I 0 A2y & KA LJA = combinigRENSDA v@aluei S NI S
FfAIYYSyYyid Sy3adKz yR Y2tSOdZ I NJ ReylrYAaoa OFy o685
able to add statistical support to qualitative structural phylogeny of the tfarlike protein
superfamilyf105,106) Such structurabhylogeny techniques can provide insight into the
evolutionary relationships of structurally similar proteins. Inspired by this combined approach, Shell
protein structural alignments were created and RMSD values determined. Unfortuntiely®
scoredmetric could not be employe@s query structures need to be registered in the PDB, not
simulated in AlphaFoldf the structures of SheltT are solved experimentally  y I f @ aAa @Al
A02NBQ YSUNRO LINBaSyidanofsyidd AYGSNBAGAY A Fdzi dzZNBE RA

Structural similarity between of T. PseudonanaShell proteins is reflected by phylogenetic
positioning. Aligning the structures of Shel®to Shelll revealed a pattern of decreasing structural
similarity (Fig. 3). Shell2 and 3 were the mostructurally similar to Shellgiving RMSD values of
0.208 and 0.194 respectively. The RMSD values then increased in the following order: Shell6, 4, 7,
and 5 which is the least structurally similar to Shelll. Interestinghgn these RMSD values were
mapped onto the corresponding phylogenetic branchéise trend in structural similarity was
reflected with increased with phylogenetic distance from Shelll (F®). This is perhaps
unsurprising as protein sequence influences bpttylogenetic positioning rad protein structure,
howeverit does suggest a consistency aaublutionary conservationof both Shell proteinsequence

and structurein T. pseudonanaCombining structural and phylogenetic analysis in this way is a novel
approach within the study of pyrenoigissociated proteins.
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Analysis of beta strand positioning suggests a structural rationale behind shell protein localisation
patterns. Alignments 6 individual beta strands in Shel5lshowed differences in strand positioning
and fold curvature (Fig.4). Shell 13 show near identical strand positioning throughout the beta
fold. In comparison the slight shifts in shell4 strands 6A, 7A, 13B, andsugtgst an overall
increased curvature towards the centre of the beta fold. The Shell5 central strandsashuawe
marked separation in positioning from Shelll,2, and 3. Furthermore, at the opposite end to the
aligned stranq1A) strands 8B and 9B are tteid away from the other fouBhellproteins analysed.

This suggests not only increased curvature towards the centre of the beta fold but an overall twisting
in the fold structure. These distinct twistsstrand position may explain why tt&hell SRMSD viaie

is the greatest(0.893}) (Fig. B). The apparent increased curvature $ifiell4 and Sould explain

their distinct subpyrenoid localisation. Fluorescent microscopy images have shown Shell4 and 5
localise to the cylindrical surface of the pseudonanalenticular pyrenoid (Fig. 8). This circular
region may possess higher curvature than teetangularlocalisation pattern of Shil,2, and 3. If

s0, the increased beta fold curvature observed in Shell4 and 5 may influence the overall curvature of
the Shell protein layer. Using this hypothesis of distinct high/low curvat8kell6 and 7 would be
predicted to localise with Shell4 andi® the more curved regions surrounding the pyrenoid. As
localisations experiments for Shell6 andre currently being undeéaken it will be interesting tesee

how they fit into theT.pseudonanghell protein model.

Chapter conclusionsTheT. pseudonanghell proteins shara conserved sequence with protein
homologs from algal species derived by secondary endosymbiosis. likely that the diatom
commonancestorpossessea Shell protein which then diverged into the homologs present today.
Structural analysis of Shelflhashighlighted a characteristic beta folthd conserved positioning of
consensus residuesSubtle differencesin strand positioning between thd. pseudonanghell
proteins has been usefbrm ahigh/low curvaturehypothesiswhich suggests atructural basidor
Shell protein localisation patterns.
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Chapter5: Final Conclusions and Future Perspectives

Despite the great diversity ithe pyrenoid structures,ttree key parts of thelgal pyrenoidbased
CCM appear to becommon between different algal and hornworts specieShese are:the
formation of a pyrenoid with a densely aggregated Rubiswrix, the release ofCQ by CAs
increasing Cg@concentration at the site oRubisco, and thirdly, the formation of a diffusion barrie
surrounding the matrixvhich prevens CQ leakage from the pyreno{d1). Little is currently known
about the presencepresenceof traversing thylakoid membranes that appear to contain a CA to
releaseCQ, particularlyin the ecologically relevant diatom speci@firough bioinformatics analysis
this study hashighlighted the underlying evolutionary complexity of pyrencmimponents with
implications to the origins of addjspecies derived secondarnendosymbiosis.

There appears to be convergent evolution of linker proteins between algal clades. \W&hilst
reinhardtii EPYChomologues have been found in in greelga speciesthis studywas unable to
identify homologues in other lineaggsncluding diatoms.As the pyrenoid containing algae are
polyphyleticalternative mechanisms of matrix formation, perhaps analogousRdY Clmust occur.

In P.tricornutum, PYCO partitions RBisCO by LLR&ming the pyrenoid matrixThe differences in
RBVI, RuBisCO binding site, asécondary structural featurehighlighted in this studysuggest
convergent evolution ofalgal linkerfunction but not necessarilylinker mechanismConvergent
evdution of CCMcomponentsis consistent witithe multiple evolutionary origins fopyrenoid¢53).
Linker analyis suggests thd®. tricornutum and C. reinhardtiievolved independentlydeveloping
distinct mechanisms of linker action within tpgrenoid

The specific localisation of CAswithin T. pseudonanaP. tricornutum and C. reinhardtiisub
compartmentsalso suggests convergent emtibn of pyrenoid componentsin T.pseudonanandP.
tricornutum, theta CAdocalise topyrenoidpenetratingthylakoidlumen, whereasin C. reinhardtiit

is the alphaCA (CAH3Which is presen(107) CAR releases CEOfor Rubisco ands essential for
CCMfunction (108) Although functional studies of luminal ‘REAland Tp CA2 are yet to be
undertaken they are proposedto fulfil the same functionlf sg it would appear diatoms have
convergentlyevolved a thylakoidlocalised CAdistinct from the green algal lineag&hisa G dzR & Q&
classificationof the green algaLCIB and C as theta C#kw that this CA family isiot unique to

diatom specieslt is possiblefuture studies will reveabdditional theta CA across increasingly
diverse algagperhaps withimplications for algal CCMs.

The putative role of Shefiroteins as aCQ barrier, suggestsan analogoudunction to the starch
sheath observedn diverse algakpecies If so,this suggestsconvergent evolution of yranoid
substructureand protein componets. Despite thisphylogenetic analysisarried out in this study
suggess within the shell protein family there islivergent evolution deriving from a common
ancestor The absence of Shell protein homologues from red and green algal lineaugpdies Shéel
proteins are unique to algaederived bycomplex secondargndosymbiosislf so, Shell proteins
would predate diatoms originating before 141Mya and possiblyeven earlier if present in the
haptophyte common ancesta23,109) It is interesting to speculate on the role 8hell proteins
within the heterotrophic host. It icurrentlydebated whetherthe diatom common ancestor possess
the peer annoyedIf so, dil Shell proteins act as a @iffusion barrier and ihot, what was the
alternative function ofShell proteis? Until further studieshed light ordiatom pyrenoidevolution,
this question may remain unanswered.

Through combining bioinformatic analysischniques this study hashighlighted the convergent
evolution of algalpyrenoidsand CCM component£haracterisation of the novel. pseudonana
Shell proteinswvas used to hypothesise the rotlifferences inShell proteinstructure relate to the
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Shell protein localisation modeS$tructural phylogenetigsa novel technique in investigating algal
CCMs,provided insight into the structural and sequence conservation between Shell proteins,
relationships to Shell protein homajaes and evolutionary origiThese findings, contribute to our
understanding ofthe algal CCM within diverse algal lineag@fe insight gained into diatom
evolution, CCMs and relationship to other algal species is vital for understamalmgiatoms shap
global carbon flows, both noand in the future.
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Supplementary Figure 3: Alignment of PYCOL repeat region peptide models
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